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Lariat RNAs (LaRNAs) with 2',5'-
branched linkages are well-recog-
nized intermediates by both the
group Il introns and the spliceo-
somes of higher organisms, and
play an important role in biological
RNA splicing.!! In this process, the
maturation of mRNA is achieved
through a series of transesterifica-
tion reactions that ultimately lead to
the excision of noncoding regions
(introns) from the pre-mRNA in the
form of RNA lariats. The branch
point of these molecules is a highly
conserved adenosine residue that is
connected to the loop and tail
extensions through vicinal 2'-5
and 3'-5" phosphodiester linkages,
respectively  (Figure 1a). Some
group II intron LaRNAs, which are
referred to as mobile groupII
introns, can be found in bacterial
and organellar genomes and can
function as parasitic RNAs or
mobile genetic elements that
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Figure 1. a) Chemical structure of the branched point of lariat RNA. Detection of intron b) prelariat
RNA (pLaRNA) and c) lariat RNA (LaRNA) by using a reduction-triggered fluorescent (RETF) probe.

migrate within a genome or into new genomes.”! In addition,
intron LaRNAs cause gene silencing by behaving as micro-
RNA.PI LaRNA was found not only in introns but also in
mature mRNA. Most mRNAs are capped at their upstream
terminus with a modified guanosine residue that protects the
mRNA against degradation, however Nielsen et al. reported
that an mRNA referred to as I-Dirl is capped by a
circularized RNA.™ The upstream terminus of mature I-
Dir I mRNA is a circle that results from a branching reaction
in which a 2’-hydroxy group near the beginning of the mRNA
reacts with a nearby phosphodiester linkage. Thus, LaRNAs
potentially have a large number of functions in biological
processes.

Despite the biological importance of LaRNA, a rapid
method for its detection remains to be established. Some
methods for the detection of LaRNA have been reported,
such as the reverse transcription/polymerase chain reaction
(RT-PCR), RNase R treatment, two-dimensional gel electro-
phoresis, and debranching enzyme assays.”! In these assays,
LaRNA is incubated with enzymes, and after terminating the
reaction, the cleaved products and the fragment of LaRNA
that includes the branch point are separated by gel electro-
phoresis and visualized by fluorescence or autoradiography.

Angew. Chem. Int. Ed. 2011, 50, 1202012023


http://dx.doi.org/10.1002/anie.201104425

However, the gel-based assays
are laborious and time-consum-
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tached to oligonucleotide tem-
plates (see Figure 1b,c and Fig-
ure S4 in the Supporting Infor-
mation). Hybridization of these
oligonucleotides to the comple-
mentary template brings both
reactive groups close enough to
react with each other. There-
fore, they cannot react as a
template on the pre-lariat RNA (pLaRNA, Figure 1b), but
they can react as a template on the lariat structure and
subsequently emit strong fluorescence (Figure 1¢). In this
study, we report the development of a simple, rapid, and
nonenzymatic fluorescence detection method for LaRNAs
with RETF probes.

We first synthesized two LaRNA sequences to test the
utility of the RETF system for the fluorescence-based
detection of LaRNA. These sequences are the 69 nucleotide
(nt) LaRNA derived from yeast YBLO59W intron with a 51 nt
lariat loop, and the 258 nt LaRNA derived from chicken 6-
crystallin (CDC) intron® with a 230 nt lariat loop. The
LaRNA sequences were synthesized by using in vitro tran-
scribed RNA and deoxyribozymes according to the method
by Silverman and co-workers (see the Supporting Informa-
tion for details).”*® The core-branched structures of each
LaRNA and probe sequences are shown in Figure 2. We
designed three different probe pairs, which hybridize
1) 5" upstream and 3’ downstream from the branch-site ade-
nosine (5-3 in Figure 2), 2) 5’ upstream and 2’ downstream
from the branch-site adenosine (5-2 in Figure2), and
3) 3’ downstream and 2’ downstream from the branch-site
adenosine (3-2 in Figure 2). The 5-3 probe pair can react on
both pLaRNA and LaRNAs, therefore, we used the 5-2 or 3—
2 probe pairs for the specific detection of lariat structures.

The fluorescence intensities of YBLO59W and CDC
intron LaRNA were measured after incubation with RETF

Angew. Chem. Int. Ed. 201, 50, 1202012023
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Figure 2. Probe design and sequences for the detection of a) YBLO59W (51 nt loop) or b) CDC (230 nt
loop) intron lariat RNAs. Only core-branched structures from each lariat RNA are shown. Flu-
az=azidomethyl fluorescein, TPP=triphenylphosphine.

probes for 30 min at 37°C (Figure 3). For the specific
detection of lariat RNA, the fluorescence signal from
LaRNA should be significantly higher than that from
pLaRNA. Firstly, we tested whether the RETF probe can
detect YBLO59W LaRNA (Figure 3a), and, as expected, the
5-3 probe pair can detect both YBLOS9W LaRNA and
pLaRNA. The fluorescence signal was 1.8 + 0.6 times higher
with pLaRNA than with LaRNA. This result might arise from
the higher steric accessibility of pLaRNA compared with

a b
) 250 4 ) 300 1 = with LaRNA
swith LaRNA 8 with pLaRNA
200 1 awith pLaRNA 250 o without RNA

owithout RNA 200

150
I; 100 1

50 1

5-3 5-2 3-2 5-3 5-2 3-2

Figure 3. Comparison of the fluorescence detection of a) YBLO59W or
b) CDC LaRNA and pLaRNA. Reactions were performed in phosphate
buffered saline (100 mL, pH 7.4) containing PEG6000 (0.025 %) and
calf thymus DNA (1 mgmL™") with two probes (100 nwm) in the
presence of LaRNA or pLaRNA (100 nm) at 37°C for 30 min. Excitation
and emission wavelength were 490 nm and 520 nm, respectively. Error
bars represent the standard deviation of three independent analyses.
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LaRNA. However, no significant differences between the
fluorescence signals of LaRNA and pLaRNA were observed
when either the 5-2 or 3-2 probe pairs were used. There are
two possible explanations for these observations: 1) although
both oligonucleotides can hybridize the YBLO59W LaRNA,
the Flu-az and TPP molecules might not be able to get close
enough to react with each other, 2) the Flu-az and/or TPP
probes might not be able to hybridize with the branched site
of YBLO59W LaRNA. To assess scenario (1), an alkyl (C;,) or
poly(ethylene glycol) linker were inserted between Flu-az and
the oligonucleotide (Figure S4), because the insertion of a
flexible linker could increase the chemical reactivity. How-
ever, the YBLO59W LaRNA could not be detected when this
modification was used (data not shown). This result indicated
that the reason we were unable to detect YBLOS9W LaRNA
is not the low reactivity between Flu-az and TPP (scenario 1),
but a low accessibility of the oligonucleotides near the
branched sites of LaRNA (scenario2). To confirm this
hypothesis, we synthesized YBLO5S9W branched RNA
(bRNA), which does not have a loop region and should
therefore be more accessible than LaRNA. Both 5-2 and 3-2
probe pairs could detect the bRNA with significant fluores-
cence signals, although these signals were lower than that
from the 5-3 probe pair (Figure S5). These data suggest that
the lower accessibility of the small loop structure with 51 nt is
caused by the considerable strain that is induced when probes
bind and form double strands with the targets. Therefore, we
designed LaRNA with a bigger loop to increase the accessi-
bility of the RETF probes.

The CDC intron LaRNA was successfully detected with
all probe pairs (Figure 3b). Both 5-2 and 3-2 probe pairs
generate a significantly higher fluorescence signal with the
CDC LaRNA than with the pLaRNA, thus indicating that
RETF probes specifically detect the lariat structure. The
signal-to-background (S/B) ratios of the fluorescence signals
were calculated by dividing the fluorescence signal intensities
with LaRNA by those with pLaRNA, and were 1.1£0.1,
38.7+16.2, and 52.9+12.5 for the 5-3, 5-2, and 3-2 probe
pairs, respectively. Therefore, the sites for both 5-2 and 3-2
probe pairs on CDC LaRNA can be used to detect the CDC
intron LaRNA with RETF probes.

These results indicated that it is difficult to detect
relatively small LaRNA (<100nt) with RETF probes,
which is likely due to steric effects. However, the majority
of human introns are longer than 1000 nt and the group II
intron is 400-1000 nt in size;"™"! therefore, most biologically
related LaRNAs are expected to have sufficient accessibility
to be detectable with RETF probes.

We next conducted an assay under conditions identical to
those summarized in Figure 3 except that four LaRNA
samples (50 pM—50 nm) were used (Figure 4). The results
indicated that the detection limit for LaRNA with the RETF
probe is at an LaRNA concentration of around 500 pMm.
Interestingly, the fluorescence signals with 500 pm and 5 nm
LaRNA were higher than one-hundredth and one-tenth of the
signal with 50 nm LaRNA, respectively. This result is probably
caused by multiple turnover reactions that use target LaRNA
as a catalytic template. Given that the volume of a typical
mammalian cell is 1072 liter, an RNA concentration of

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Detection limit of LaRNA with RETF probe. Conditions were
identical to those stated in Figure 3 except that the concentration of
LaRNA was varied. The 3-2 probe pair for CDC LaRNA was used.

500 pm corresponds to approximately 300 copies per cell.
Since the amount of LaRNA in cells should theoretically be
equal to that of pre-mRNA, the LaRNAs derived from
moderate and abundant mRNAs, of which more than
300 copies per cell exist, could be detected. Generally, the
splicing and debranching reactions occur in the nucleus,
therefore, the RETF probes should be delivered into the
nucleus when they are applied for the visualization of
intracellular LaRNA. It has been reported that the bulk of
short oligonucleotides are rapidly transported from the
cytoplasm into the nucleus when they are introduced into
cells with the help of pore-forming agents, such as streptoly-
sin 0. We have also reported that RETF probes can be
delivered into the nucleus with streptolysin O and that the
probes can be used to visualize 28S rRNA in the nucleolus.
The RETF probes that target LaRNA will most likely be
delivered into the nucleus in a similar manner. Furthermore,
the RETF probes might interfere with the binding of
spliceosomes to pre-mRNAs and inhibit the splicing reaction.
To validate this hypothesis, we carried out in vitro splicing
reactions with nuclear extracts in the presence or absence of
probes. As shown in Figure S6, similar amounts of LaRNA
were observed in each lane (6.7 % and 8.9 % for lane 1 and 2,
respectively), although possible RNase H cleavage products
were observed only in the presence of probes (lane 1). This
result indicates that RETF probes have only little influence
on the function of the spliceosome and the production of
LaRNA in cells.

To prove the efficacy of RETF probes, we next used
fluorescence resonance energy transfer (FRET) probes for
the detection of CDC intron LaRNA, and compared the
potential utility of FRET probes with that of RETF probes.
The probe sequences of the FRET probes were identical to
those of the 5-2 probe pair for CDC LaRNA. The probe pair
was labeled with fluorescein and tetramethylrhodamine
(TAMRA) to generate FRET signals (Figure 5a). FRET
probes and CDC LaRNA were incubated under the same
conditions as RETF probes, and fluorescence spectroscopic
analysis was carried out. As shown in Figure 5b, a FRET
signal was observed only in the presence of LaRNA. We
optimized the distance between the two fluorophores by
changing the nucleotide attachment points for the fluoro-
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Figure 5. FRET detection of CDC intron LaRNA and pLaRNA. a) FRET
probe pair: probe 11 labeled with fluorescein, probe 12 labeled with
TAMRA. b) Fluorescence spectrum analysis. Reactions were performed
in PBS buffer (100 mL, pH 7.4) containing PEG6000 (0.025 %) and calf
thymus DNA (1 mgmL™") with two probes (100 nm) in the presence of
LaRNA or pLaRNA (100 nm) at 37°C for 30 min. Excitation and
emission wavelengths were 490 nm.

phores, and estimated their FRET values (ratio of FRET
signal with LaRNA to FRET signal with pLaRNA; Fig-
ure S7).' The FRET value 7.3 is obtained when the distance
is six nucleotides (Figure 5b and Figure S7). It must be noted
that the FRET signal might be improved by optimizing
acceptor and/or hybridization sites. However, we successfully
detected the CDC LaRNA without any optimization, thus
indicating that the RETF system is more straightforward for
the detection of LaRNAs than the FRET system.

In summary, we succeeded in the fluorescence detection
of intron LaRNA by using RETF probes. Moreover, our
RETF probes are superior to FRET probes in terms of the
ability to discriminate LaRNAs from pLaRNAs. To the best
of our knowledge, this is the first report on the fluorescence
detection of intron LaRNA, although there are a few reports
on the visualization of splicing through the detection of the
exon junction sites by using fluorescent oligonucleotide
probes both in vitro'? and in vivo."®! Furthermore, this is
the first example for the detection of higher-order-structured
RNA by using a nucleic acid templated chemical reaction,
although the DNA-templated detection of G-quadruplex or
hairpin DNA was recently reported.!'!! Studies on the real-
time detection of LaRNA with RETF probes both in vitro and
in vivo are currently under way.
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