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The “light-up” RNA aptamer—Hoechst pair can be used as a
fluorescent tag to monitor transcription processes.

Currently, there is much interest in visual monitoring of
biological processes. Particularly intriguing targets are RNAs,
which play key roles in protein biosynthesis and its regulation.
RNA targets may be visualized via hybridization to an appro-
priate probe with a light-up device.!® Another potential yet
unexplored approach, the theme of this report, is to use a light-
up tag.* The potential utility of such an approach is evidenced
by the common use of fluorescent proteins such as GFP (green
fluorescent protein), which, when fused with a protein, can be
used as a fluorescent tag to monitor the protein of interest.’
The greatest obstacle in applying tag technology to RNA
sensing is that fluorescent RNAs do not exist. An alternative
method would be to use an RNA tag that binds specifically to
and thereby lights up an otherwise nonfluorescent dye.* Spe-
cific RNA-based binders (aptamers) may be produced using
selection/amplification procedures known as SELEX.® as was
demonstrated by the preparation of a light-up RNA apta-
mer—fluorophore pair.”” However, despite the high potential
of the light-up pairs, no successful demonstration has so far
been reported on monitoring of biological processes even
under in vitro conditions. We recently developed a method
to generate systematically a light-up fluorophore—aptamer pair
from a microenvironment-sensitive fluorophore using simple
SELEX technology. The method is based on the concept that
simply selected aptamers can induce change in the microenvir-
onment of a bound dye and thereby enhance fluorescence, and
is discussed in a previous report on DNA paired with a
modified Hoechst dye.'® The present report concerns light-
up RNA-dye pairs. We describe how RNA aptamers were
successfully selected against a modified Hoechst dye, resulting
not only in high affinity (Kg = 35 nM) but also in high light-up
properties. The aptamer, when fused with luciferase mRNA,
can be used as a BFR (blue fluorescent RNA) tag in the
presence of the dye to monitor RNA transcription processes.
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Fig. 1 Chemical structures of Hoechst derivatives.

We carried out in vitro selection of RNA aptamers for
Hoechst 1, a derivative of microenvironment-sensitive Hoechst
33258 modified by introducing two ortho tBu groups to suppress
its binding affinity to the original AT-rich dsDNA target
(Fig. 1)."%'2 Hoechst 1 was converted into Hoechst 1b, which
contains a biotin moiety, using a polyethylene glycol linker and
was immobilized on magnetic particles using the streptavi-
din—biotin interaction. RNA aptamers for immobilized Hoechst
1b were selected from an RNA pool with a randomized sequence
of 31-nt (total length = 7l-nt, approximately 10" different
initial RNA molecules). After the eighth round of selection, 32
clones were isolated from the enriched pool and sequenced.
Twenty-five of the 32 isolated clones could be classified into
three types (Classes I, I, and III in Fig. S1 in ESI¥).

We first measured enhancement of the fluorescence of the
Hoechst derivative.'* The fluorescence intensity of the other-
wise almost nonfluorescent Hoechst 1a (200 nM, excitation at
345 nm and emission at 470 nm) was enhanced upon addition
of the selected aptamers (Ion/Iog = 3.1-13.1; Fig. S1+).'* This
indicates that the RNA aptamer more or less causes an
environmental polarity change for the bound Hoechst 1
derivative, thereby functioning as a light-up trigger in a
manner similar to the corresponding DNA aptamers.'® This
is noteworthy because the Hoechst dye was originally specific
to AT-rich DNAs and thus is well known as a fluorescent
nucleus stainer that has almost no light-up properties against
RNAs,'" indicating the wide applicability of the present
aptamer—fluorophore pair-generating strategy. Among the
aptamer types, Class II aptamer (200 nM), hereafter denoted
aptamer II, exhibited the highest I/l ratio (13.1) under
these experimental conditions. SPR analysis confirmed a very
strong interaction between aptamer II and Hoechst 1b im-
mobilized on a streptavidin-coated gold surface (dissociation
constant, Ky = 35 nM; Fig. S1b¥). Therefore, aptamer I was
used to develop a blue fluorescent RNA.

To shorten the aptamer sequence, we examined the light-up
properties (1,,/1og) for Hoechst 1a of various partial structures

3858 | Chem. Commun., 2008, 3858-3860

This journal is © The Royal Society of Chemistry 2008



leallonr = 56.2

(a) kGGU-------ﬂ-G"---—_ ()  5pg  + aptamer ll-mini3-4
UKEUEAU%: Ccaaegs !
A . c )
CU'&G:UAGGUU R’\GL‘:GG' = 160|
aptamer Il G U LE B
.......... ﬁsuu &E‘
5 8¢ ES120
Ue G 5 3
s Yu 82
C3 £ =~ aptamer fandom
g% 80 sequence
2L
49 S a0
GeoaaBe 8 s
AGGUUCGA:G“EGU . Hoechst 1¢ only
C. U
Uy 350 450 5§50 650

aptamer l-mini3-4

wave length / nm

Fig. 2 (a) Predicted secondary structures of aptamer II and II-mini3-
4."% (b) Fluorescence spectra of Hoechst 1¢ (200 nM) in the absence
and presence of aptamer II-mini3-4 (200 nM). The fluorescence
intensity was measured in the binding buffer (I x PBS containing
2.5 mM MgCl,) at 25 °C. The inset shows the fluorescence images
(excited by a 366-nm transilluminator) of a solution (2 uM) of Hoechst
1c in the absence (left) and presence of aptamer II-mini3-4 (2 pM,
center) or random 29-nt RNA (2 uM, right).

of the predicted structure (Fig. 2a) of aptamer II (71-nt)
(Fig. S2a¥), focusing on the stem-loop/bulge domains which
would accommodate bulky /Bu groups. We produced a sub-
stantially shortened (28-nt) sequence (aptamer II-mini3) that
had a fluorescence-enhancement ability (/,,/lox = 10.4, rela-
tive Ion/log = 0.79) similar to that of the original aptamer 11
(Ion/Iog = 13.1, relative I,,/I,¢ = 1.0). We modified aptamer
II-mini3 further via addition/exchange of base pairs or dele-
tion/mutation of individual bases (Fig. S2b¥), producing
aptamer II-mini3-4 (Fig. 2a), which enhanced the fluorescence
of Hoechst 1a with I,,/I,x = 28.2 (relative I,,/Iox = 2.15).
These results suggest that the sequences of the head-stem and
the bulge region of aptamer II-mini3 are sensitively reflected in
the light-up properties for the bound dye (Fig. S2b¥). Unlike
the DNA aptamer,'® the stem region of the RNA aptamer
does not contain successive AU base pairs, as indicated by the
low I/l value (2.1) for class II-mini3-5, which had an
additional AU base pair. I/l efficiency was improved
further by modifying the dye. The I,,/I,+ values of aptamer
II-mini3-4 were sensitive to the side chains of the Hoechst 1
scaffold (Fig. S31 and 2b). Hoechst 1¢, which has a simple
aminoalkyl side chain, exhibited the highest enhancement of
I/ Iog (56.2; Fig. 2b) and the complex had a fluorescence
quantum yield of @ = 0.26.'%!7 This high light-up (Ion/Im)
efficiency enabled easy color visualization of the shortened/
optimized aptamer II-mini3-4 against random RNA sequences
in the presence of the otherwise almost nonfluorescent imager
1c (Fig. 2b). Job analysis confirmed 1 : 1 stoichiometry of the
lc—aptamer complex (Fig. S47).

Having produced an optimized 29-nt RNA aptamer se-
quence, we evaluated its utility for mRNA transcription
monitoring. We prepared dsDNA-templates for T7 transcrip-
tion of luciferase mRNA fused or not fused with five succes-
sive aptamer II-mini3-4 sequences at the 3’ side of the UAA
stop codon (tag-fused mRNA for Luc in Fig. 3a). The tail-side
stem regions of the aptamers (shown in green), which were not
expected to affect the binding/light-up properties, were partly
modified to suppress undesired self-hybridization. The tag-
fused mRNA and unfused control mRNA were transcribed
from dsDNA templates using T7 RNA polymerase, and
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Fig. 3 (a) Control and tag-fused mRNAs for luciferase. The latter
contains, after the UAA stop codon (underlined in blue), a tag domain
composed of five successive aptamer II-mini3-4 sequences with slight
modifications in the tail-stem regions (green) to suppress undesired
self-hybridization. (b) Transcription monitoring using a light-up RNA
aptamer-modified Hoechst pair (left) and non-sequence specific Ribo-
Green dye (right). mRNAs were transcribed from dsDNA-templates
(6.8 ng pL™!) in transcription buffer containing 7.5 mM NTPs (T7-
MEGAscript), and 2.5 pM Hoechst 1c. After incubation, reaction
solution was diluted with buffer and the fluorescence intensity was
directly measured with a microplate reader (ex./em. = 355/460 nm and
485/535 nm filter sets for Hoechst and RiboGreen, respectively;
experimental details, see supporting informationf). Error bars are
standard deviations of three experiments.

fluorescence enhancement of the coexisting Hoechst 1¢ was
monitored. As shown in Fig. 3b, definite fluorescence enhance-
ment was evident during transcription only for mRNA fused
with the RNA tag. In marked contrast, when the transcribed
mRNA was detected using a RiboGreen dye, a non-sequence
specific fluorescent RNA stainer, the observed fluorescence
intensities of both the control and tag-fused mRNAs increased
during incubation with almost the same behavior as that of
tag-fused mRNA in the presence of Hoechst 1c¢, suggesting
that Hoechst 1c¢ was practically specific to the RNA-tag
sequence. This indicates that the RNA aptamer selected for
the Hoechst 1 derivative can be used as a light-up blue
fluorescent RNA tag when fused with a particular RNA.

In conclusion, the optimized aptamer can be fused with
luciferase mRNA and the fused RNA as a whole is readily
transcribed from the corresponding DNA template with light-
ing up because of a specific aptamer—dye interaction. Thus, in
vitro transcription of a particular luciferase gene can be
monitored visually. To the best of our knowledge, this is the
first successful example of a fluorescent RNA tag (light-up
RNA tag—fluorophore pair) that enables transcription mon-
itoring of specific mRNA. This is an important step for
production of a fluorescent RNA module, although careful
investigation and further experiments are necessary for in-cell
application to overcome low but non-zero background fluor-
escence arising from non-tagged RNAs and dsDNAs.!® The
blue pair can also be used as a light-up probe for label-free
aptamer-based fluorescence sensor targeting of proteins or
small molecules.*'® Combination with other light-up pairs
such as fluorescent aptamer-malachite green,” DCF-aniline
conjugate® or fluorogenic cyanine dye’ pair may even enable
multicolor parallel sensing for two or more targets. Further
work along these lines is now underway in our laboratory.
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