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Abstract—A labeling probe containing a pyrenecarboxamide-tethered modified DNA base, *¥U, has been developed for fluoromet-
ric detection of RNA poly(A) tracts, in which the fluorescence emission intensity was controlled by the microstructural change

around PYU caused by binding with the target RNA.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Recent advances in fluorescence microscopy, imaging,
and probe technology have enabled the rapid monitor-
ing of the spatial and temporal distribution of RNA.
A fluorescent in situ hybridization method using a fluo-
rescence-labeled DNA, such as a molecular beacon tech-
nique by a doubly labeled DNA, has been developed so
far for the marking of a sequence of poly(A), which
most eukaryotic mRNAs have at the 3'-termini."> The
design of fluorescence-labeled DNA has become a
central feature of new chemistry-based biotechnology
because of the great potential of modified oligonucleo-
tides as diagnostic tools in molecular biology.

Modified oligonucleotides containing pyrene derivatives
have been widely used for DNA and RNA quantifica-
tion, single nucleotide polymorphism (SNP) typing,
hybridization, and structural alteration.> The fluores-
cence of pyrene-1-carboxaldehyde is known to show a
strong dependence on the solvent polarity,* so that the
fluorescence of pyrene-1-carboxaldehyde is strong in
methanol, but negligible in nonpolar solvents.> Using
this unique characteristic, we developed a pyrenecarbox-
amide-tethered modified DNA base, YU (Fig. 1), and
applied it to SNP discrimination in DNA. Fluorescence
probes containing the YU base selectively emit fluores-
cence only when the complementary base is A. In this
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Figure 1. Chemical structure of PYU.

case, the chromophore of *¥U is extruded to the outside
of the duplex because of Watson—Crick base pair forma-
tion, and exposed to a highly polar aqueous phase. In
contrast, the duplex containing a *YU/N (N=G, C,
and T) mismatched base pair shows a structure in which
the glycosyl bond of uridine is rotated to the syn confor-
mation. In this conformation, the chromophore is lo-
cated at a hydrophobic site of the duplex. The control
of base-specific fluorescence emission is based on the
polarity change in the microenvironment where the
chromophore locates dependent on the *YU/A base pair
formation.

In this paper, we report a ¥YU-containing fluorescence
probe for the labeling of poly(A) tracts in RNA. The
fluorescence of the ¥YU-containing probe that we de-
signed was quenched in the absence of poly(A) tracts,
whereas the conformation of the probe changed in the
presence of an RNA poly(A) tract and a much higher
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fluorescence intensity was observed. The conformation
change upon hybridization with poly(A) resulted in a
change in fluorescent intensity. Standard molecular bea-
con probes should include both of the fluorophores and
the quenchers, and thus these modifications are trouble-
some. Our strategy would be advantageous for evolving
fluorescence probes.

2. Results and discussion

We prepared a PYU-containing DNA, 5'-d(CGCAA
TPUTAACGC)-3’ (ODN(*YU)), and hybridized it with
complementary DNA (cDNA) and RNA (cRNA). The
results of fluorescence and absorption measurements
are summarized in Figure 2 and Table 1. The fluores-
cence spectrum of ODN(*YU)/cDNA showed a strong
fluorescence at 440 nm after 350 nm excitation
(@ = 0.203). In contrast, the fluorescence of a DNA-
RNA duplex, ODN(*YU)/cRNA, was much weaker
(@ = 0.055). The wavelength of the absorption maxi-
mum, Jmax, of ODN (*YU)/cDNA was 340 nm, which
was close to the Ay, reported for the PYU nucleoside,®
whereas the ., of ODN(*YU)/cRNA and ODN(*YU) it-
self were observed at 350 nm, suggesting that the chro-
mophore was located on the inside of a higher-ordered
structure (i.e., lower polarity microenvironment). In
other words, lower stability of a *YU/A base pair in a
DNA-RNA duplex resulted in a red shift in absorption
and lower intensity of fluorescence emission, which is
different from the photophysical behavior observed for
a DNA-DNA duplex. Actually, the thermal stability
of ODN(*YU)/cRNA was low. To investigate the duplex
stability, the melting temperature (7,) of 2.5 uM "YU-
containing duplexes was measured in sodium phosphate
buffer (pH 7.0) and 100 mM sodium chloride (Table 1).
Compared with native duplexes, the incorporation of
PYU caused a decrease in T,, values. In particular,
ODN (*YU)/cRNA was significantly destabilized by the
use of P¥YU-containing DNA. The low T7,, value of
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Figure 2. Spectral changes of 2.5 uM ODN(*YU) (black line) hybrid-
ized with 2.5 pM ¢DNA (magenta line) or cRNA (green line) (50 mM
sodium phosphate, 100 mM sodium chloride, pH 7.0, 25 °C). Excita-
tion wavelength was 350 nm.
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Table 1. Melting temperatures (7,,) and photophysical properties of
PYU-containing DNA®

Sequences” T °C)  Jipax (M) £ !
ODN(™*U) 350 19,600 0.034
ODN(™*U)/cDNA 507 340 23200 0.203
ODN(**U)cRNA 286 350 17,500 0.055
ODN(T)/cDNA 573

ODN(T)/cRNA 47.4

#The duplexes (2.5 uM) were measured in 50 mM sodium phosphate
and 100 mM sodium chloride (pH 7.0) at 25 °C.

®ODN(N) = 5'-d(CGCAATNTAACGC)-3' (N = ™YU or T), ¢cDNA =
5’'-d(GCGTTAAATTGCG)-3’, cRNA = 5"-r(GCGTTAAATTCG
C)-3".

®emax 18 the molar extinction coefficient given at the peak of the
absorption spectra.

9The calculation of fluorescence quantum yields (@) is described in
experimental sections.

ODN (PYU)/cRNA strongly suggests lower stability of
the base pair between YU and A in RNA.

Based on the experimental results described above, we
designed a P¥YU-containing probe, pODN, for the label-
ing of an RNA poly(A) sequence (Fig. 3a). This probe
usually has a hairpin conformation with a 7-base stem.
A PYU/C mismatched base pair was incorporated in
the stem region. The mismatched base pair would sup-
press the YU fluorescence efficiently, because the chro-
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Figure 3. Newly designed ¥YU probe for RNA detection. (a) Sequence
and schematic illustration of pODN for target detection. When pODN
binds to the target, the intramolecular stem structure dissolves, and
PYU is isolated into a polar environment. (b) Fluorescence spectra of
2.5 uM pODN (gray line) and pPODN/RNA(A3) (black line) (50 mM
sodium phosphate buffer, 0.1 M sodium chloride, pH 7.0, 25 °C).
Excitation wavelength was 350 nm.
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mophore is located at a hydrophobic environment of the
duplex.® The GGG sequences in the proximity of PYU
could contribute to the higher stability of the hairpin
structure. Addition of poly(A) RNA into a pODN solu-
tion resulted in the opening of the hairpin structure and
hybridization with poly(A) RNA because of higher ther-
mal stability (AT, =+10.2°C). This conformation
change is expected to alter the micropolarity around
the pyrenecarboxamide chromophore of ¥YU and re-
cover the fluorescence emission. Fluorescence measure-
ments of 2.5uM pODN or a DNA-RNA duplex
pODN/RNA(A3y) were performed in sodium phosphate
buffer (pH 7.0) and 100 mM sodium chloride (Fig. 3b).
The fluorescence of a hairpin pODN was almost
quenched (@ =0.038). In contrast, the fluorescence
spectra of pODN/RINA(A3zg) showed strong fluorescence
emission at 440 nm (@ = 0.51). The fluorescence inten-
sity obtained from pODN/RNA(A3g) was 14 times larger
than that from pODN. In addition, to examine the influ-
ence of the presence of nonspecific RNAs, the fluores-
cence intensity at the 440 nm peak obtained from the
solution containing 2.5 uM pODN/RNA(A3¢) duplex
(10 pg) was evaluated before and after adding 120 pg
of total RNA extracted from HeLa cells. No significant
change in the fluorescence spectrum was observed, indi-
cating that nonspecific interaction of the pyrenecarbox-
amide chromophore of YU was negligible (Fig. 4).

To examine the effect of the probe binding length on
poly(A) RNA, the changes in the thermal stability and
fluorescence intensity of the duplexes formed between
pODN and RNAs with different poly(A) lengths,
RNA(A,) (n=21, 24, 27, and 30), were evaluated
(Fig. 5). The Ty, values of pODN/RNA(A,) (2.5 uM)
measured in 50 mM sodium phosphate (pH 7.0) and
100 mM sodium chloride decreased with the decreasing
number of A of RNA. In particular the T, value
dropped off rapidly below n = 24. This large decrease
indicates that the number of base pairs between pODN
and RNA(A,) decreases when n is below 24 and thus
pODN recognizes approximately 24 bases of poly(A)
RNA. The fluorescence intensity of pODN/RNA(A,)
also exhibited almost the same behavior depending on
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Figure 4. Fluorescence spectra of 2.5 uM pODN/RNA(Aj3) in the
presence (blue line) or absence (magenta line) of 120 pg of total RNA
extracted from HeLa cell (50 mM sodium phosphate buffer, 0.1 M
sodium chloride, pH 7.0, 25 °C). Excitation wavelength was 350 nm.
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Figure 5. Length of poly(A) RNA recognized by pODN. (a) Sequence
of pPODN/RNA(A,) (n =21, 24, 27, and 30). (b) The influence of the
length of poly(A) RNA on the thermal stability and fluorescence
emission of duplexes formed with pODN. The T7;, values were
measured using 2.5 pM pODN/RNA(A,) (50 mM sodium phosphate
buffer, 0.1 M sodium chloride, pH 7.0) (blue plots). The temperature
was raised by 1 °C/min from 5 °C to 90 °C, and the absorption change
was monitored at 260 nm. Fluorescence intensities of 2.5 uM pODN/
RNA(A,) at 25 °C (magenta plots). Excitation wavelength was 350 nm.

the number of A in the hybridizing RNA(A,,). These re-
sults suggest that the formation of a stable higher-or-
dered structure by hybridization between pODN and
poly(A) RNA plays a critical role in the higher fluores-
cence emission of pODN.
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Figure 6. Fluorescence image of the samples containing 2.5 uM pODN
and 2 pg of total RNA or poly(A)" mRNA extracted from HeLa cells
(50 mM sodium phosphate, 0.1 M sodium chloride, pH 7.0, 25 °C).
Fluorescence was observed using a fluorescence imager equipped with
a 290-365 nm transilluminator. The image was taken through a
380 nm long pass emission filter. The data points represent the average
of three experimental runs and the 15% error bars are retained from
the individual data sets.
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Having established poly(A)-selective fluorescence emis-
sion by pODN, we performed fluorescence labeling of
poly(A) tracts in mRNA (Fig. 6). The fluorescence of
pODN (2.5 uM) was evaluated after pODN was added
to a solution containing 2 pg of total RNA or 2 pug of
poly(A)" mRNA, which was prepared from total
RNA with oligo-dT beads. The fluorescence was ob-
served immediately without any washing process. In
the presence of total RNA, the solution showed a
slightly stronger fluorescence compared with that of
pODN alone. On the other hand, strong fluorescence
emission was obtained from the sample with concen-
trated poly(A)" RNA. pODN worked as an effective la-
bel for poly(A) tracts in mRNA.

3. Conclusion

In conclusion, we have designed a *YU-containing fluo-
rescence probe for the labeling of RNA poly(A) tracts.
The change in micropolarity around a pyrenecarboxa-
mide chromophore caused by hybridization with the tar-
get RNA regulated the fluorescence emission of FYU.
Fluorescence measurement using this probe does not re-
quire any fluorescence quencher or washing process to
suppress the fluorescence emission from nonbinding
probes and nonspecific binding probes. This function
would be advantageous for detection of mRNAs with
poly(A) tracts in cells. Therefore, this probe is a concep-
tually new design for efficient RNA detection.

4. Experimental
4.1. General information

"H NMR spectra were measured with Varian Mercury
400 (400 MHz) spectrometer. '*C NMR spectra were
measured with JEOL JNM a-500 (125 MHz) spectrome-
ter. Coupling constants (J value) are reported in hertz.
The chemical shifts are expressed in ppm downfield from
tetramethylsilane, usin§ residual chloroform (6 = 7.24 in
'"H NMR, 6 = 77.0 in ’C NMR) as an internal standard.
FAB mass spectra were recorded on JEOL JMS DX-300
spectrometer or JEOL JMS SX-102A spectrometer.
Masses of ODNs were determined with a MALDI-TOF
mass spectroscopy (acceleration voltage 21 kV, negative
mode) with 2’,3’,4’-trihydroxyacetophenone (THAP) as
matrix, using Tg ((M—H]™ 2370.61) and T{; (M—H]™
5108.37) as an internal standard. HPLC was performed
on a cosmosil SC-18AR or CHEMCOBOND 5-ODS-H
column (4.6x 150 mm) with a Gilson Chromatography
Model 305 using a UV detector Model 118 at 254 nm.

4.1.1. Synthesis of "YU phosphoramidite unit. The synthe-
sis of PYU phosphoramidite unit was executed according
to Ref. 6a.

4.2. Oligodeoxynucleotide (ODN) synthesis and
characterization

ODNSs were synthesized by the conventional phospho-
ramidite method by using an Applied Biosystems 392

DNA/RNA synthesizer. Synthesized ODNs were puri-
fied by reverse phase HPLC on a 5-ODS-H column
(10x 150 mm, elution with a solvent mixture of 0.1 M
triethylammonium acetate (TEAA), pH 7.0, linear gra-
dient over 30 min from 5% to 20% acetonitrile at a flow
rate 3.0 mL/min). An aliquot of purified ODN solution
was fully digested with calf intestine alkaline phospha-
tase (50 U/mL), snake venom phosphodiesterase
(0.15 U/mL), and P1 nuclease (50 U/mL) at 37 °C for
3 h. Digested solution was analyzed by HPLC on Cos-
mosil 5C-18AR or CHEMCOBOND 5-ODS-H column
(4.6x 150 mm, elution with a solvent mixture of 0.1 M
triethylammonium acetate (TEAA), pH 7.0, linear gra-
dient over 20 min from 0% to 20% acetonitrile at a flow
rate 1.0 mL/min). Concentration of each ODN was
determined by comparing a given peak area with those
of 0.1 mM standard solution containing dA, dC, dG,
and dT. Each ODN was characterized by MALDI-
TOF MS. ODN(*'U) 5'-d(CGCAAT™UTAACGC)-3":
MALDI-TOF [(M—H) "] calcd 4184.85, found 4185.62.
pODN(*YU) 5-(GGGCGGG(T);(CCCPYUCCC(T);0)-3":
ESI-TOF [(M—10H)""] calcd 1057.88, found 1058.81.

4.3. UV absorption measurements

ODN solutions were prepared as described in 7}, mea-
surement experiment. Absorption spectra were obtained
using an Ultraspec 3000pro UV-vis spectrophotometer
(Amarsham Pharmacia Biotech) at room temperature
using 1 cm path length cell.

4.4. Melting temperature (7,,) measurements

All T,s of the ODNs (2.5 uM, final duplex concen-
tration) were taken in 50 mM sodium phosphate buf-
fers (pH 7.0) containing 100 mM sodium chloride.
Absorbance versus temperature profiles were mea-
sured at 260 nm using a Shimadzu UV-2550 spectro-
photometer equipped with a Peltier temperature
controller using 1cm path length cell. The absor-
bance of the samples was monitored at 260 nm from
5°C to 90 °C with a heating rate of 1 °C/min. From
these profiles, first derivatives were calculated to
determine T, values.

4.5. Fluorescence experiments

ODN solutions were prepared as described in T,
measurement experiment. Fluorescence spectra were
obtained using a Shimadzu RF-5300PC spectrofluoro-
photometer at 25 °C using 1 cm path length cell. The
excitation bandwidth was 1.5 nm. The emission band-
width was 1.5nm. The fluorescence quantum yields
(@) were determined using 9,10-diphenylanthracene as
a reference with a known @ of 0.95 in ethanol accord-
ing to Ref. 7. The area of the emission spectrum was
integrated using the software available in the instru-
ment, and the quantum yield was calculated according
to the following equation:

Prs)/ Prr) = [A(s)/Aw)] % [(Abs)g)/(Abs) )]

x [n(ZS)/n%R)]'
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Here, ®gis) and ®gr, are the fluorescence quantum
yield of the sample and the reference, respectively. A4,
and A, are the area under the fluorescence spectra of
the sample and the reference, respectively, (Abs)s) and
(Abs)r, are the respective optical densities of the sample
and the reference solution at the wavelength of excita-
tion, and n, and n(g, are the values of refractive index
for the respective solvents used for the sample (1.333)
and the reference (1.383).

Fluorescence imaging was performed using Bio-Rad
VersaDoc 3000. The sample solution was illuminated
with a 290-365 nm transilluminator. Image was taken
through a 380-nm long pass emission filter.

4.6. Extraction of total RNA from HeLa cell and
purification of poly(A)" mRNA

Total RNA was prepared from HeLa cells using Trizol
reagent (Invitrogen) accordmg to the manufacturer’s
instruction. Brleﬂy, 107 cells were homogenized in
5SmL of Trizol using Polytron, and the homogenates
were further incubated for 5 min at 55 °C to promote
complete dissociation of nucleoprotein complexes. After
adding 1 mL of chloroform, the samples were vigorously
shaken for 1 min, centrifuged at 21,000g for 5 min, and
RNA was precipitated by adding 2.5 mL of isopropanol
to the aqueous phase. After centrifugation at 21,000g for
5 min, the RNA pellets were dissolved in TE (10 mM
Tris, ] mM EDTA, pH 8.0) at a concentration of 1 ug/
uL. Poly(A)" enriched RNA was purified from the total
RNA using Quick-prep micro mRNA purification kit
(GE healthcare) according to the manufacturer’s
instruction. Typically, 100 pg of total RNA from HeLa
cells yielded 10 pg poly(A)” enriched RNA.
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