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Detection of RNA Hybridization by Pyrene-Labeled Probes

Guojie Wang,® Georgii V. Bobkov,” Sergey N. Mikhailov,” Guy Schepers,™
Arthur Van Aerschot,'? Jef Rozenski,'” Mark Van der Auweraer,*™ Piet Herdewijn,*“ and

Steven De Feyter*®

By covalently attaching pyrene chromophores with different
linkers onto altritol nucleotides or ribonucleotides, and by
varying the number of these pyrene modified altritol nucleo-
tides and ribonucleotides in HNA (hexitol nucleic acid) and
RNA, respectively, we have explored the general applicability
of pyrene absorbance and especially fluorescence as a probe
to monitor RNA hybridization. The results reveal that the back-
bone of the probes, the number of pyrene units attached and
the nature of the tether can all substantially affect the absorb-
ance and fluorescence properties of the probes both in single

Introduction

In view of the developments in the field of RNA biology, it is
important to develop probes for the sequence specific detec-
tion of RNA. An easy way to do this is to use fluorescence as a
detection system and to be able to discriminate between
single stranded and duplex RNA. A large change in absorption
or fluorescence or a wavelength shift upon hybridization of
the probe covalently bond to RNA with the target RNA might
be diagnostic for the presence of the complementary RNA in
the solution. RNA and DNA molecular diagnostics by fluores-
cent labeling has indeed been a research topic of increasing
interest.l" Pyrene is widely used in this field because its fluores-
cence quantum efficiency is high and its fluorescence is largely
affected by environmental factors, such as solvent and nearby
nucleotide bases. The photophysics of pyrenes and pyrene de-
rivatives in aqueous and other organized media have been
studied in detail.” Fluorescent pyrene-labeled probes can be
used to detect the hybridization of DNA and RNA since it is re-
ported that their absorbance and fluorescence properties can
change upon hybridization; this also depends on the structure
of probes and targets. For instance, it was reported for some
probes that pyrene is highly emissive in the monomer-emis-
sion region when attached to a RNA duplex but not to a DNA
duplex. This was attributed to the difference in environment
for the pyrene probes appended to the sugar unit of pyrene-
RNA and pyrene-DNA duplexes.*™ Yet for some other pyrene-
labeled DNA oligonucleotides (ONs), the fluorescence emission
was reported to increase rather than decrease upon
hybridization.®”!

Although pyrene has been used as a fluorescent probe to
monitor the hybridization or tertiary folding of nucleic acids,”®
pyrene-oligonucleotide probes based on monomer emission
intensity are usually disturbed by fluorescence quenching
through an electron-migration process between excited
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strand and double strand form. Moreover, the strength of hy-
bridization is also affected. The disappearance of pyrene aggre-
gate/excimer emission and simultaneous increase in monomer
emission intensity of the multipyrene-labeled probes has been
successfully used to monitor the hybridization of oligonucleo-
tides, including a hairpin structure. Differences in optical re-
sponse between the HNA- and RNA-skeleton probes upon hy-
bridization indicate that the interaction of pyrene with the nu-
cleobases in both types of duplexes is different.

pyrene and nucleotide bases.”" The quenched fluorescence
may decrease the detection ability of the probes. This means
that for some DNA duplexes the fluorescence quenched by
the flanking C/G base pair differs little from that of a single
stranded probe.l'>"!

To overcome this disadvantage, pyrene excimer emission in-
stead of monomer emission has been explored for monitoring
RNA and DNA hybridization,"*?"" as pyrene-excimer emission is
less sensitive to quenching by nucleobases than monomer
emission.

Very recently pyrene excimer signaling molecular beacons
for probing nucleic acids were reported.'” In another study, a
pyrene-labeled DNA probe bearing a row of five adjacent
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chromophores has been reported to be sensitive to the struc-
ture of DNA, as the excimer fluorescence could be enhanced
22-fold upon hybridization." It has also been reported that
the shift of the excimer emission band can be used as a signal
to detect hybridization, as the excimer fluorescence could red-
shift or blue-shift upon hybridization by the interstrand-
stacked pyrenes."® Although both monomer and excimer
emission of pyrene-labeled probes has been investigated in
detail, the often complex response depends on the structure
of the probe.

In this paper, we report the synthesis and hybridization of
two kinds of pyrene-labeled probes with RNA targets. These
pyrene-labeled probes include: 1) so-called hexitol nucleic acid
(HNA)-skeleton probes, which contain one or more pyrene
functionalized altritol nucleotides (adenine derivative of 3-O-
(pyren-1-ylmethyl)-2-deoxy-p-altritol incorporated into ONs),
and 2) RNA-skeleton probes (ONs containing pyrenyl residue
attached to 2'-O-position of adenosine). The pyrene-labeled
ONs differ in: 1) the nature of the tether that links pyrene to
the nucleotide, 2) the nature of the sugar that carries the
pyrene chromophore (altritol or ribose), 3) the nature of the
backbone (HNA or RNA), and 4) the number of chromophores
on the oligonucleotide. The thermal stability, the absorbance
and the fluorescence properties of the probes and complexes
were investigated. The HNA- and RNA-pyrene-labeled probes
show differences in absorbance and fluorescence properties
when hybridized with RNA targets; this reflects the structural
differences in the probe-target interaction. Especially the di-
chromophoric probes turned out to be efficient to signal hy-
bridization, by virtue of their disappearing aggregate/excimer
emission upon hybridization. We use the expression “aggre-
gate/excimer” as excitation spectra reveal that the multichro-
mophoric species show spectral characteristics as well of ag-
gregates as of excimers (see the Supporting Information).

This system represents the first example of a probe to
detect the hybridization of oligonucleotides by probing the
disappearance of aggregate/excimer emission.¥
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Results and Discussion

Design and synthesis of pyrene-labeled probes

Several ONs containing 2'-O-(pyren-1-ylmethyl)uridine®' were
prepared and used as fluorescent probes of DNA and RNA in
hybridization assays.®>??% Here we report on the synthesis of
ONs containing pyrenyl residue attached to 2'-O-position of
adenosine with different linkers. Moreover the adenine deriva-
tive of 3-O-(pyren-1-ylmethyl)-2-deoxy-p-altro-hexitol was also
incorporated into hexitol ONs.

The structure of the pyrene-labeled adenine nucleotides and
the oligonucleotide sequence of the targets and pyrene-la-
beled probes are shown below. The probes differ in the
number of pyrene fluorophores (one, two or three) attached to
HNA and RNA oligonucleotides. In the HNA probes, the pyrene
fluorophores are linked to altritol nucleotides at the supple-
mentary hydroxyl group, in analogy to the pyrenylated RNA
monomers. Altritol nucleic acid (ANA) is an analogue of oligori-
bonucleotide containing the standard nucleoside bases, but
with a phosphorylated 1,5-anhydroaltritol backbone, which can
be hybridized sequence-selectively by RNA and which is often
used as antisense agents. Hexitol nucleic acids are oligonucleo-
tide derivatives with a six-membered carbohydrate moiety.?’*"
(For HNA-skeleton probes HA1-1, HA1-2 and HA1-3, and RNA-
skeleton probes RA2-1, RA2-2 and RA2-3, the pyrene moiety is
connected to the HNA- or RNA skeleton through a methylene
group. For the RNA-skeleton probes RA3-2 and RA4-2, the
pyrene moiety is connected to the RNA skeleton through an
amide carbonyl group). To study the thermal stability of the
binding between the pyrene-labeled probes and RNA targets,
HNA reference HO and RNA reference RO without pyrene were
used as standards to bind RNA targets. Here two RNA targets,
HP, which has a hairpin motif, and TAR, were used.

HNA-skeleton probes and reference:

o HA1-1: 6'-CAU ACA,* UUC UAC UUG-4

e HA1-2: 6'-CAU ACA,* UUC UA*C UUG-4
o HA1-3: 6'-CA,*U ACA,* UUC UA*C UUG-4'
e HO: 6'-CAU ACA UUC UAC UUG-4
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RNA-skeleton probes and reference:

o RA2-1: 5-CAU ACA,* UUC UAC UUG-3'

@ RA2-2: 5'-CAU ACA,* UUC UA,*C UUG-3'
@ RA2-3: 5'-CA,*U ACA,* UUC UA,*C UUG-3’
@ RA3-2: 5'-CAU ACA;* UUC UA;*C UUG-3'
o RA4-2: 5'-CAU ACA,* UUC UA*C UUG-3'
@ RO: 5-CAU ACA UUC UAC UUG-3'

RNA targets:

o HP: 5'-GCA CAA ACA AGU AGA AUG UAU GUG C-3’
® TAR: 5'-CAA GUA GAA UGU AUG-3'

Synthetic approach for the pyrenylated ANA monomer: Ben-
zoylation of altritol nucleoside 1® using a transient protection
procedure®™ gave the 3'-O-trimethylsilyl(TMS) derivative 2 in-
stead of the desired nucleoside 2. The TMS group was found
to be stable under standard ammonium hydroxide treatment;
its cleavage required the presence of fluoride anion. Condensa-
tion of the sodium salt of 2 with pyren-1-ylmethyl chloride in
DMF gave its 3’-O-pyren-1-ylmethyl derivative (3) in 42% vyield
(Scheme 1). After acidic deblocking, nucleoside 4 was ob-
tained, which was converted into monomethoxytrityl deriva-
tive 5 and finally amidite 6.

Synthetic approach for RNA-skeleton probes RA2-n: 2'-O-
(Pyren-1-ylmethyl)uridine derivatives were prepared by alkyla-
tion of 3',5’-O-bis-trityluridine with pyren-1-ylmethyl chloride in
the presence potassium hydroxide in benzene-dioxane mix-
ture under reflux conditions.”™ For the preparation of 2'-O-
(pyren-1-ylmethyl)adenosine we used the modified alkylation
procedure of 9-(5-O-trityl-B-p-ribofuranosyl)-N°-trityladenine (7)
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developed by Pfleiderer et al.*°*" Condensation of the sodium

salt of 7 with pyren-1-ylmethyl chloride in DMF resulted in a
mixture containing 2'-O-(pyren-1-ylmethyl)adenosine derivative
8 and its 3’-isomer in a 5:1 ratio as main products and some
traces of starting nucleoside 7 and 2’,3'-O-bis-(pyren-1-ylmeth-
yl) derivative. The desired 2’-isomer 7 was obtained in 48%
yield after double crystallization from acetone. The structure of
2’-isomer 8 was proved by COSY spectra, cross peaks between
3’-OH and 3’-H, 3'-H and 2'-H, 2’-H and 1’-H could be observed.
After detritylation 2'-O-(pyren-1-ylmethyl)adenosine (9) was
prepared and converted to the required amidite 12 via usual
reaction sequence 10—11—12 in overall good vyield
(Scheme 2).

Synthetic approach for RNA-skeleton probes RA3-2 and RA4-2:
The RA3-2 and RA4-2 probes with pyrene-carboxamide chro-
mophores attached via longer linkers, were prepared according
to Scheme 3 by using recently developed methodology.?*=*
Condensation of 3',5-O-blocked adenosine 13 with excess of
14a,b in the presence of tin tetrachloride in 1,2-dichloroethane
at —12°C for 40 min gave products 15a,b in the yields of 54—
56%. Selective cleavage of the trifluoroacetyl group was ac-
complished using 8 M MeNH, in ethanol and following conden-
sation with N-hydroxysuccinimidylpyrene-1-carboxylate in the
presence of DBU compounds 16a,b were obtained (yields 75-
78% for two steps). N-benzoylation afforded nucleosides
17 a,b, which were converted into desired amidites 20a,b via
the usual reaction sequence 18 —19—20 in overall good yield
(Scheme 3).

The structures of the prepared compounds were established
by NMR and MS. It should be mentioned that some of the
'H NMR spectra of the obtained compounds, especially altritol
derivatives, are rather complicated due to the overlap of sig-
nals of the adenosine residue
and the diastereotopic protons
of CH,Pyr, OCH,CH,O and
CH,OCH,CH,CH,O groups. In
spite of this, most of the chemi-
cal shifts and coupling con-
stants may be calculated direct-
ly from NMR spectra. In some
cases double resonance, 'H,"*C
correlation and COSY spectra
were used for the assignment.

Synthesis and purification of
oligonucleotides: ~ Oligonucleo-

AdeB? tide assembly was performed
0 with an Expedite™ DNA synthe-
sizer (Applied Biosystems) by
using the phosphoramidite ap-
proach (see the Experimental
Section).
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Scheme 1. a) TMSCl/pyridine, 20°C, 1 h, BzCl/pyridine, 20°C, 2 h, 4% NH,OH, NH,F/pyridine, 20°C, 1 h (yield 64%);
b) 1-(chloromethyl)pyrene, NaH/DMF, —5°C, 4 h (yield 42%); c) TFA/dichloroethane, 0°C, 40 min (yield 61 %);

d) MMTrCl/pyridine, 20°C, 24 h (yield 74%); e) iPr,NPCI(OCH,CH,CN), iPr,NEt/dichloromethane, 20°C, 4 h (yield
61%); f) automated oligonucleotide synthesis. Ade: adenine; Bz: benzoyl; MMTr: monomethoxytrityl.

ChemBioChem 2009, 10, 1175- 1185

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1177

www.chembiochem.org


www.chembiochem.org

BIO

Ade Ade®?
e HO o HO o
k j a) b) c)

o} o) .
7 10
ces.
Fluorescence spectra: The fluo-

HO OH

Bz

MMTrO fide
f) €)
ONs —=—— -
(/PreN /
NC- 0"

5

Scheme 2. a) 1-(Chloromethyl)pyrene, NaH/DMF, 0°C, 30 min (yield 48%);

66%);
dine, 20°C, 24 h (yield 83%);
mated oligonucleotide synthesis. Ade: adenine; Bz: benzoyl; Tr: trityl.

RNA hybridization

HNA-skeleton probes (A;*)

Absorption spectra: As an example, the temperature-dependent
absorption spectra of the HNA probe HA1-2 and its complexes
are shown in Figure 1. The corresponding spectra of HA1-1
and HA1-3 are documented in the Supporting Information
(Figure S2). In all cases, for the probes the pyrene absorption
band at 349 nm blue-shifts gradually to 346 nm upon increas-
ing the temperature from 10 to 80°C (Figure 1A). Yet for the
HA1-n/TAR mixtures the pyrene absorption band at 343 nm
red-shifts to 347 nm upon increasing the temperature (Fig-
ure 1B and Q). Thus, the spectral shift of pyrene absorption
can be used to monitor the hybridization of oligonucleotides:
the absorption band of pyrene peaks at 343 nm for the du-
plexes compared to 349 nm for the single stranded probe.

In contrast to HA1-1, which shows a comparable shift for
mixtures with HP, the pyrene absorption band peaks already at
347 nm at room temperature and changes very little with in-
creasing temperature for HA1-2/HP and HA1-3/HP mixtures.
This suggests that the multichromophoric probes do not com-
plex efficiently with HP. The formation of a hairpin structure is
expected to compete with the hybridization of the probe.

Melting curves: The UV-melting curves monitored at 260 nm
for the HNA-skeleton probes (HA1-n), the HNA reference (HO),
which is a HNA ON, and RNA reference (RO), with TAR and HP
are shown in Figure 2 (see also Table 1 for melting points).
With increasing number of pyrene units in the HNA-skeleton
probes, the melting point decreases: the stability of the du-
plexes becomes lower the more pyrene chromophores the
probes contain. The melting curves with TAR (Figure 2 A) show
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www.chembiochem.org

b) 80% AcOH, 120°C, 30 min (yield
¢) TMSCl/pyridine, 20°C, 1 h, BzCl/pyridine, 20°C, 2 h, 4% NH,OH, 20°C, 1 h (yield 68%); d) MMTrCl/pyri-
e) iPr,NPCI(OCH,CH,CN), iPr,NEt/dichloromethane, 20°C, 4 h (yield 89 %); f) auto-
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a more clear melting profile
than those with HP (Figure 2B):
the melting curves with HP re-
flect the melting of the hairpin
structures rather than the inter-
action with probes or referen-

rescence spectra of HNA-skele-
ton probes HA1-1 and HA1-2
and “complexes” with RNA tar-
gets TAR and HP at 20°C are
shown in Figure 3A and B, re-
spectively. For these probes the
emission  fine  structure of
pyrene is lost and there are only
two bands in the vicinity of 378
and 398 nm. In addition, HA1-2
and HA1-3 (Figure S5) also show
aggregate/excimer emission
with  a maximum around
480 nm.

It should be noted that this
long  wavelength  emission
shows characteristics of excimer
as well as of aggregate emis-
sion. The excitation spectrum of this emission (see the Sup-
porting Information) clearly indicates a significant increase of
the relative intensity of the 0-1 band compared to that of the
0-0 transition while at the same time the 0-0 transition is shift-
ed to the red. On the other hand the long wavelength part of
the emission spectrum is completely featureless, strongly
broadened and red shifted. It is absolutely not a mirror image
of the excitation spectrum. While the first observation points
to aggregates, the second one is characteristic for excimers.

The aggregate/excimer emission is attributed to single
strand folding. The fluorescence intensities and spectra of the
mixtures with TAR and HP differ little from those of single
stranded probe HA1-1 (Figure 3A). Yet for the multichromo-
phoric systems (Figure 3B), the fluorescence intensity at
378 nm in presence of TAR or HP is significantly larger than
that for the probes themselves: for HA1-2/TAR, the fluores-
cence intensity is even twice that of HA1-2. In addition, the
complexes of the multichromophoric probes with TAR do not
show aggregate/excimer emission anymore (Table 1). Only for
HA1-2/HP and HA1-3/HP is aggregate/excimer emission still
observed. Again, this is attributed to only partial duplex forma-
tion with the hairpin structure; this leaves free probe mono-
mer in solution.

Temperature-dependent fluorescence spectra of HNA-skele-
ton probes and their complexes confirm the interpretation
(Figure S5) of the temperature dependent absorption spectra.
HA1-1 never shows aggregate/excimer emission at any tem-
perature, while the multichromophoric probes HA1-2 and HA1-
3 always show aggregate/excimer emission around 480 nm.
Yet for their mixtures with TAR, aggregate/excimer emission is
essentially only observed at higher temperatures (HA1-2/TAR:
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&

MMTroO
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20°C, 2 h, 4% NH,OH, 20°C, 1 h (yield 73-77 %);

n=3; Ade: adenine; Bz: benzoyl.

40°C; HA1-3/TAR: 30°C). As the appearance of the aggregate/
excimer emission is attributed to the denaturation of the com-
plexes, the lower temperature at which aggregate/excimer
emission appears for HA1-3/TAR indicates the lower stability of
the latter complex. This is in line with the stability trend sug-
gested by the UV/Vis melting curves.

For complexes HA1-2/HP and HA1-3/HP, aggregate/excimer
emission appears almost as for the single stranded probes,
which is attributed to a considerable fraction of noncomplexed
single stranded probes.

Note that the pyrene fluorescence emission intensity is ex-
pected to decrease with increasing temperature.**=% The emis-
sion band at 378 nm is higher than that at 398 nm at low tem-
perature, but this situation is reversed at high temperature.
The temperature dependent changes in intensity of these two
bands suggest a decrease in polarizability at high temperature.
This holds both for the pure HNA-skeleton probes and mixed
with targets.

ChemBioChem 2009, 10, 1175- 1185
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Scheme 3. a) SnCl,/dichloroethane, —12°C, 40 min (yield 54-56 %); b) 8 M MeNH,/ethanol, 35°C, 6 h; c) N-hydroxy-
succinimidylpyrene-1-carboxylate, DBU/dichloroethane, 20°C, 4 h (yield 75-78 % for two steps); d) BzCl/pyridine,
€) Bu,;NF/THF, 20°C, 15 min (yield 85-91%); f) MMTrCl/pyridine,
20°C, 24 h (yield 76-82%); g) iPr,NPCI(OCH,CH,CN), iPr,NEt/dichloromethane, 20°C, 4 h (yield 82% for 20a; 67 %
for 20b); h) automated oligonucleotide synthesis. For compounds 15a-20a, n=2, for compounds 15b-20b,
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Ade These tendencies could be
o quantified by monitoring the
monomer to aggregate/excimer
intensity ratio I/l at differ-

ent temperatures (Table 1).
15ab

b}, c)

RNA-skeleton probes:

)\ o Ade
7//81 ° 2'-0-(1-pyrenylmethyl) tether:
;—; A*

-0
Y )\ Absorption spectra: The temper-
0\ ature-dependent absorption
(CH,), spectra of the complexes of
Og Nﬁ RNA-skeleton probes RA2-1,
,‘ RA2-2 and RA2-3 with TAR are

o 16ab -
shown in Figure 4. For the RNA-
skeleton probes, the absorption
band at 351 nm gradually blue-
shifts to 347 nm. This indicates
a decreased polarizability: the
contact with RNA bases is re-
h) placed by contact with water
ONs upon increasing the tempera-
ture from 10 to 80°C. Yet for
the mixtures, the absorption
band of pyrene at 351 nm does
not shift until denaturation sets
in; this induces a blue-shift to

347 nm.
The absorption band of
pyrene  blue-shifts gradually

upon increasing the tempera-
ture both for single stranded
RNA- (from 351 nm to 347 nm)
and HNA-skeleton probes (from
349 nm to 346 nm). Though, it
is important to note the differ-
ent temperature-dependent spectral shift upon denaturation
of the complexes: HNA-skeleton probes from 343 nm to
347 nm; RNA-skeleton probes from 351 nm to 347 nm. This
suggests that the micro environment of pyrene is different for
both types of probes upon complexation. The absorption of
polyaromatic intercalators including pyrene is known to shift
to longer wavelengths upon mt-stacking with nucleobases.® In
line with these arguments, we suggest that for RNA-skeleton
probes, pyrene is intercalated upon hybridization, while for
HNA-skeleton probes, the pyrene molecules are relatively free
from interaction with the nucleobases.

Melting curves: The UV-melting curves monitored at 260 nm
for the RNA-skeleton probes/RNA complexes are shown in
Figure 5. The melting point of complexes RA2-1/TAR, RA2-2/
TAR, and RA2-3/TAR is 52, 45, and 42°C, respectively, and de-
creases again with increasing number of pyrene units in the
RNA-skeleton probes (Figure 5). The melting points of complex
RA2-1/HP, RA2-2/HP and RA2-3/HP are probe independent (Fig-
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Figure 1. Temperature-dependent absorption spectra of HNA-skeleton
probes and their complexes. A) HA1-2 (1 pum); B) HA1-2/TAR (4 pum); C) HA1-
2/HP (4 um); Spectra of the probes and their mixture with TAR and HP were
recorded using optical cells with a path length of 1 cm and 1 mm, respec-
tively. The arrow indicates the spectral shift upon increasing the tempera-
ture.

ure S8). This is attributed to the hairpin formation of HP (melt-
ing point is 57 °C).

Note that the melting points of the complexes with RNA-
skeleton probes are higher than those with HNA-skeleton
probes by 2-5°C; this indicates a higher stability of the com-
plexes with the RNA-skeleton probes and is remarkable in view
of the increased affinity of HNA and HNA probes which was
described before.””!

Fluorescence spectra: The fluorescence spectra of RNA-skele-
ton probes RA2-1 and RA2-2 and their complexes with RNA
targets TAR and HP at 20°C are shown in Figure 6. The fluores-
cence intensity of RA2-1 is affected very little by duplex forma-
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Figure 2. UV-melting curves monitored at 260 nm for: A) HNA-skeleton
probes/TAR, HO/TAR and RO/TAR and B) HP, HNA-skeleton probes/HP, HO/HP
and RO/HP; concentration is ~4 pm.

tion (Figure 6 A). Yet Figure 6B shows a great difference in fluo-
rescence profile and intensity between RA2-2 and its mixtures,
especially RA2-2/TAR. It is important to note again (see Sl) that
the excitation spectra of the long wavelength emission differ
in the same way from those of the 378 nm emission as ob-
served for HA1-2 and HA1-3. The fluorescence of RA2-2 is do-
minated by aggregate/excimer emission, peaking at around
490 nm. RA2-2/TAR shows only monomer emission. The fluo-
rescence intensity at 377 nm of RA2-2/TAR is about nine times
that of RA2-2. RA2-3 also shows aggregate/excimer emission,
but to a smaller extent than RA2-2 (Figure S6). As a result,
though the aggregate/excimer emission also disappears for
RA2-3/TAR, the overall change/gain in monomer emission is
much lower. Mixtures of the probes with the hairpin RNA
target HP do not show a similar strong decrease in the aggre-
gate/excimer emission region and enhanced fluorescence in
the monomer region. Note that the fluorescence quantum
yields (Table 1) are lower than those of HNA-skeleton probes.
Temperature-dependent fluorescence spectra (Figure S6) of
the RNA-skeleton probes RA2-1, RA2-2 and RA2-3 mixed with
TAR reveal that the fluorescence intensities in the monomer
region of the single stranded probes decrease with increasing
temperature. Though RA2-2 and RA2-3 show aggregate/
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Table 1. Melting temperatures of pyrene-labeled oligonucleotide mix-
tures, fluorescence quantum yields and monomer/excimer ratios of the
pyrene-labeled oligonucleotides and their mixtures.
Single strands T2 [°q oM (D, Dr) W19 (£0.2)
or complexes (£2) (£0.002)

20°C 70°C
HA1-1 - 0.055 oo 00
HA1-1/TAR 50 0.052 00 00
HA1-1/HP 50 0.050 00 00
HA1-2 - 0.055 (0.041, 0.014) 6.5 2.8
HA1-2/TAR 45 0.098 00 2.6
HA1-2/HP 50 0.084 (0.071, 0.013) 1n4 2.8
HA1-3 - 0.056 (0.040, 0.016) 5.9 1.7
HA1-3/TAR 40 0.075 00 17
HA1-3/HP 50 0.065 (0.052, 0.013) 7.8 17
HP 57 N.A. N.A. N.A.
RA2-1 - 0.009 00 00
RA2-1/TAR 52 0.010 00 00
RA2-1/HP 55 0.009 00 00
RA2-2 - 0.025 (0.003, 0.022) 0.5 1.6
RA2-2/TAR 45 0.019 00 1.6
RA2-2/HP 55 0.030 (0.012, 0.018) 15 1.6
RA2-3 - 0.036 (0.016, 0.019) 1.9 1.6
RA2-3/TAR 42 0.047 00 17
RA2-3/HP 55 0.040 (0.021, 0.019) 23 17
RA3-2 - 0.22 (0.16, 0.06) 6.2 29
RA3-2/TAR 60 0.23 oo 29
RA3-2/HP 58 0.26 00 2.9
RA4-2 - 0.20 (0.10, 0.10) 23 1.5
RA4-2/TAR 55 0.25 00 1.4
RA4-2/HP 55 0.24 o0 1.5
[a] All samples are aqueous solutions (pH 7.5, 0.1 M NaCl, 20 mm potassi-
um bihydrogen phosphate, 0.1 mm EDTA) without degassing oxygen;
melting temperatures were monitored at 260 nm. [b] Quantum yields
were measured at 20°; quinine sulfate in 1.0 N sulfuric acid was used as a
standard; @y, @ are quantum yields in monomer and aggregate/excimer
emission region, respectively. [c] Ratio of emission maxima for monomer
(half-sum of the emission intensity at 378 and 398 nm) and aggregate/ex-
cimer (intensity at around 480 nm) fluorescence at 20 and 70°C. [d] co
denotes that there is no aggregate/excimer emission.

excimer emission, for RA2-2/TAR and RA2-3/TAR no aggregate/
excimer emission is observed until denaturation sets in. The
monomer to aggregate/excimer intensity ratios /y/lz at 20 and
70°C are listed in Table 1.

Hybridization suppresses aggregate/excimer emission and
enhances monomer emission of probes that carry two or three
pyrene labels. This effect is most pronounced for RA2-2.

The multichromophoric RA2-n probes show, relative to the
monomer emission, a more intense aggregate/excimer emis-
sion than the multichromophoric HA1-n probes. Combined
with the larger stability of the RA2-n/TAR complexes, RA2-2 is
the most promising probe, despite its lower fluorescence
quantum yield.

Pyrene-carboxamide tether: A;* and A*

The drawback of the 2'-O-(1-pyrenylmethyl) probe is the low
fluorescence quantum yield. Therefore, we also explored a
pyrene-carboxamide chromophore because of its known larger
fluorescence quantum yield. The fluorescence spectra and
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Figure 3. A) Fluorescence spectra of HNA-skeleton probe HA1-1 and the
complexes with RNA targets TAR and HP at room temperature. B) Fluores-
cence spectra of HNA-skeleton probe HA1-2 and its mixture with RNA tar-
gets TAR and HP at room temperature. Probe and target concentration was
0.16 uMm; the excitation wavelength was 350 nm.

quantum yields of pyrene-carboxaldehyde are known to be
highly dependent on the solvent polarity t00.**” It has been
used as a base-discriminating fluorescent DNA probe to detect
the microenvironment of DNA duplexes and sense the differ-
ence in polarities between the inside and the outside of the
duplexes.” Here we attached a pyrene-carboxamide chromo-
phore to the RNA skeleton, and thus prepared probes RA3-2
and RA4-2.

Absorption spectra: The temperature-dependent absorption
spectra of RA3-2 with the targets are shown in Figure 7 (For
RA4-2, Figure S4). For the probes the absorption maximum of
pyrene blue-shifts gradually from 349 to 345 nm with increas-
ing temperature. The complexes with the RNA-skeleton probe
with the methylene tether (for example, RA2-2/TAR) show a
blue-shift only upon denaturation; for RA3-2/TAR, the pyrene
peak blue-shifts upon denaturation from 353 nm to 344 nm;
for the other mixtures, the pyrene peak blue-shifts from 351 to
344 nm.

Melting curves: The UV-melting curves are shown in Figure 8.
The melting points of RA3-2/TAR (60°C) and RA4-2/TAR (55°C)
are considerably higher than for RA2-n/TAR (45 °C). The amide
carbonyl tethers lead to more stable complexes. The melting
points of RA3-2/HP and RA4-2/HP are 58 and 55 °C, respective-
ly; these are comparable to the melting point of HP. However,
in contrast to the RNA-skeleton probes with a methylene
linker, there is evidence for hybridization with HP based upon
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Figure 4. Temperature-dependent absorption spectra of RNA-skeleton
probes and their complexes with TAR. A) RA2-1/TAR; B) complex RA2-2/TAR;
C) complex RA2-3/TAR. Spectra were recorded at 4 um in optical cells with a
1 mm path length. The arrow indicates the spectral shift upon increasing
the temperature.

temperature dependent fluorescence measurements (Fig-
ure S7).

Fluorescence spectra: The fluorescence spectra of RNA-skele-
ton probes RA3-2 and RA4-2 and their complexes with RNA
targets TAR and HP at 20°C are shown in Figure 9. Only one
band appears in the monomer emission, yet there are two
bands in the vicinity of 378 and 398 nm for HNA- and RNA-
skeleton probes with methylene tethers. In this case, the fine
structure of pyrene monomer emission is lost completely as
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Figure 5. UV-melting curves monitored at 260 nm for RNA-skeleton probes/
TAR. Concentration was ~4 um.
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Figure 6. A) Fluorescence spectra of RNA-skeleton probe RA2-1 and the
complexes with RNA targets TAR and HP at room temperature. B) Fluores-
cence spectra of RNA-skeleton probe RA2-2 and the complexes with RNA
targets TAR and HP at room temperature. Spectra were recorded at 0.16 um
at 20°C upon excitation at 350 nm.

was also observed in DNA probes with pyrene-carboxamide
chromophores.® Like the other probes with two or three
pyrene units, both RA3-2 and RA4-2 show aggregate/excimer
emission. When compared to those of emission below 420 nm
the main maximum of the excitation spectra of the long wave-
length emission is broadened towards longer wavelengths.
Furthermore a shoulder is observed around 380 nm. This be-
havior is analogous to that observed for HA1-2, HA1-3, RA2-2
and RA2-3. Note that RA4-2 shows a stronger aggregate/exci-
mer emission than RA3-2. A longer linker favors the increased
aggregate/excimer emission. The aggregate/excimer emission
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Figure 7. Temperature-dependent absorption spectra of RNA-skeleton
probes with pyrene-carboxaldehyde chromophores and their complexes be-
tween 300 and 370 nm. A) RA3-2; B) RA3-2/TAR; C) RA3-2/HP; spectra of the
probes and their mixture with TAR and HP were recorded by using optical
cells with a path length of 1 cm and 1 mm, respectively. The arrow indicates
the spectral shift upon increasing the temperature.

disappears upon hybridization. In case of RA3-2, the monomer
fluorescence intensity is only weakly enhanced upon duplex
formation (Figure 9A), while for RA4-2, the monomer emission
intensity is almost doubled (Figure 9B). The quantum yields of
the probes in single stranded form and double stranded form
are shown in Table 1. All the probes with amide carbonyl teth-
ers show higher fluorescence quantum yields than those with
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Figure 8. UV-melting curves monitored at 260 nm for mixtures of pyrene-
carboxamide labeled RNA-skeleton probes and targets; concentration was
~4 um.
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Figure 9. A) Fluorescence spectra of RNA-skeleton probe RA3-2 and the
complexes with RNA targets TAR and HP. B) Fluorescence spectra of RNA-
skeleton probe RA4-2 and the complexes with RNA targets TAR and HP.
Spectra were recorded at 0.16 um at 20 °C upon excitation at 350 nm.

methylene tethers. For example, the quantum yield of RA3-2 is
0.22 and that of RA2-2 is only 0.025.

Temperature-dependent fluorescence spectra of RA3-2 and
RA4-2 (Figure S7 in the Supporting Information) and their mix-
tures with targets show that the fluorescence intensities in the
monomer emission region decrease with increasing tempera-
ture. The probes show aggregate/excimer emission over the
complete temperature range yet upon addition of the target,
aggregate/excimer emission is only observed for denatured
systems. The monomer to aggregate/excimer intensity ratio I/
Ie at 20°C and 70°C is listed in Table 1.
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In contrast with RA1-n and RA2-n, mixtures with hairpin HP
exhibit only little aggregate/excimer emission below 20°C; this
indicates that the pyrene-carboxamide probes hybridize with
the hairpin target effectively. The amide carbonyl tethers lead
to more stable complexes, and this is consistent with the con-
clusion drawn from the melting curves.

Conclusions

We have explored two kinds of pyrene-labeled probes (HNA-
and RNA-skeleton probes) to detect RNA hybridization. The
effect of probe skeleton (HNA or RNA), the number of pyrene
fluorophores (one, two or three), and the nature of the tether
linking pyrene to the skeleton on the thermal stability, absorp-
tion and fluorescence properties of the complexes was investi-
gated and compared with the properties of the single stranded
probes.

The melting curves show that complexes of RNA-skeleton
probes are more stable than those of HNA-skeleton probes.
Also the nature of the linker connecting the pyrene chromo-
phores to the skeleton plays a role: complexes of RNA-skeleton
probes with pyrene-carboxamide groups are more stable than
those of RNA-skeleton probes attached by pyrene-methylene
groups.

With an increasing number of pyrene units in the probes,
the melting point and therefore the stability of the duplexes
decrease.

As far as the fluorescence characteristics are concerned, sig-
nificant changes are only observed upon hybridization for the
multichromophoric probes. Namely, the aggregate/excimer
emission of the free probes disappears upon hybridization and
simultaneously, the monomer emission intensity increases. In
general, the probes carrying two pyrene units perform better
than those with three pyrene units, as far as the changes in
fluorescence intensity are concerned upon hybridization. Two
probes outperform clearly the others for TAR recognition: RA2-
2 and RA4-2. In absolute numbers, the relative intensity
change (monomer vs. aggregate/excimer emission) is more
pronounced for RA2-2/TAR than for RA4-2. Note though that
the quantum yield of fluorescence is about 10 times larger for
RA4-2 than for RA2-2.

Most of the probes interact well with TAR but not with the
hairpin HP, except for the RNA-skeleton probes with pyrene-
carboxamide amide groups, for which the aggregate/excimer
emission disappears upon mixing RA3-2 or RA4-2 with HP.

To detect the hybridization of ONs by probing the disap-
pearance of aggregate/excimer emission might turn out to be
useful in biological fluorescence assays.

Experimental Section

Sample solutions: Samples were prepared under buffered condi-
tions (20 mm KH,PO,, 0.1 m NaCl, 0.1 mm EDTA, pH 7.5 adjusted by
NaOH). Complexes were prepared from a 1:1 mixture of ONs
(4 um). The mixed solution was heated at 80°C for 5 min and then
cooled to room temperature over 30 minutes. Samples were not
degassed prior to the fluorescence experiments.
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UV/Vis absorption: Measurements were carried out by using a
Perkin-Elmer UV/Vis spectrometer Lambda 40. Temperature-de-
pendant absorbance measurements for the complexes were car-
ried out using a 1 mm path length cell; other measurements were
carried out using a 1 cm path length cell.

Steady-state fluorescence: Spectra were recorded by using a Fluo-
rolog FI3-22 fluorometer (Edison, USA) equipped with two double
monochromators and correction of the fluorescence spectra for
wavelength dependence of the sensitivity of the instrument. Fluo-
rescence quantum yields, ®, of the pure probes and complexes
were determined at 20° by using quinine sulfate in sulfuric acid
(1.0 N) as a standard with a known ® of 0.546. The fluorescence
quantum yields were calculated according to the following equa-
tion (1)1

Dy = Dr[Dy/Ds;][Ast/Ax] [N/ Nsr] Q)

Here, @, and @ are the fluorescence quantum yield of the test
and the standard, respectively. Dy and Dg; are the area under the
fluorescence spectra of the sample and the reference, respectively.
Ay and Ag; are the respective absorbencies of the sample and refer-
ence solution at the wavelength of excitation. ny and ng; are the
values of refractive index for the respective solvents used for the
sample and reference. The monomer to aggregate/excimer intensi-
ty ratio (/w/Iz) was calculated by taking the ratio of the half-sum of
the emission intensity at 378 and 398 nm to the intensity at
around 480 nm.
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