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ABSTRACT

Oligonucleotide conjugates bearing two pyrene
residues attached to 5′-phosphate through a phos-
phoramide bond were synthesised. Fluorescence
spectra of the conjugates show a peak typical of
monomer emission (λmax 382 nm) and a broad
emission peak with λmax 476 nm, which indicates the
excimer formation between the two pyrene residues.
Conjugation of these two pyrene residues to the
5′-phosphate of oligonucleotides does not affect the
stabilities of heteroduplexes formed by conjugates
with the corresponding linear strands. A monomer
fluorescence of the conjugates is considerably
affected by the heteroduplex formation allowing the
conjugates to be used as fluorescent hybridisation
probes. The 5′-bis-pyrenylated oligonucleotides have
been successfully used for investigation of affinity
and kinetics of antisense oligonucleotides binding to
the multidrug resistance gene 1 (PGY1/MDR1)
mRNA. The changes of excimer fluorescence of the
conjugates occurring during hybridisation depended
on the structure of the binding sites: hybridisation to
heavily structured parts of RNA resulted in
quenching of the excimer fluorescence, while
binding to RNA regions with a loose secondary struc-
ture was accompanied by an enhancement of the
excimer fluorescence. Potentially, these conjugates
may be considered as fluorescent probes for RNA
structure investigation.

INTRODUCTION

Recognition of RNA sequences by complementary strands has
been applied for specific down-regulation of gene expression
by antisense RNA, antisense oligonucleotides and ribozymes
(1). Results of the studies demonstrate that the structure of the
target RNAs dramatically affects the performance of particular
antisense agents (2). Gel-shift assay (3,4), RNase H mapping
(5–7) and RNA hybridisation to oligonucleotide arrays (8,9)

are used for identification of accessible hybridisation sites
within RNA. Among these approaches, only gel-shift assay
can provide quantitative evaluation of kinetics and thermo-
dynamics of oligonucleotide binding to RNA, which is important
for understanding the factors influencing antisense oligo-
nucleotide activity. However, this technique is laborious espe-
cially for analysis of many oligonucleotides.

Fluorescence detection of hybridisation process using fluo-
rescent oligonucleotide conjugates can be a powerful method
for investigation of antisense oligonucleotide binding to target
RNA (10,11). One of the most attractive dyes for the develop-
ment of fluorescent oligonucleotide probes is pyrene (12).
Pyrene molecules are able to form a bimolecular complex
called an excimer, wherein one molecule is in an excited state
and the other molecule is in a ground state (13). Because of
spatial requirements, excimer formation is very sensitive to
various interactions involving the label, which makes pyrene
excimer fluorescence a powerful tool for investigation of
nucleic acid interactions and structures. Fluorescent oligo-
nucleotide conjugates with two (14–17) or multiple pyrene
residues (18) were used for investigation of model DNA oligo-
nucleotide hybridisation. However, the advantages of these
probes have not yet been used for investigation of RNA oligo-
nucleotide interactions or for investigation of RNA structure.

In the present study, we developed a simple and reliable
procedure for synthesis of oligonucleotide conjugates
containing two pyrenyl-1-methylamino residues attached to
the 5′-phosphate of oligonucleotides via phosphoramide
bonds. These conjugates display both pyrene monomer and
excimer fluorescence and therefore can be used as sensitive
non-perturbing oligonucleotide probes. Increase in pyrene
monomer fluorescence intensities occurs upon binding of these
conjugates to the complementary RNA sequences allowing us
to study kinetics and thermodynamics of oligonucleotide
binding to RNA. The changes in excimer fluorescence are
affected by RNA structure within oligonucleotide binding sites
that provide possibility to use such conjugates as probe for
analysis of RNA secondary structure. The bis-pyrenylated
oligonucleotide conjugates were applied for investigation of
antisense oligonucleotides binding to the 5′-part of the human
multidrug resistance gene 1 mRNA (PGY1/MDR1 mRNA).
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MATERIALS AND METHODS

Nucleic acids

The RNA target was a 678-nt-long 5′-terminal fragment of
PGY1/MDR1 mRNA (hereafter denoted as MDR 1 RNA). The
SmaI-linearised pMDR-670 plasmid (19) was used as a
template for RNA synthesis by T7 RNA polymerase (20). The
RNA transcript was purified using Speen-column-30 (Sigma),
ethanol precipitated, dissolved in MilliQ water and stored at
–20°C.

Oligonucleotides

Oligodeoxyribonucleotides were synthesised using
ASM-102U synthesiser (BIOSSET, Novosibirsk, Russia) by
standard phosphoramidite chemistry. DNA oligomers were
purified by consecutive ion-exchange and reverse-phase
HPLC. Oligoribonucleotide r-tg-B was provided by TriLink
Laboratories Inc., San-Diego. The homogeneity of synthesised
oligonucleotides was assayed by 15% PAGE under denaturing
conditions followed by staining with Stains-All (21).

Synthesis of bis-pyrenylated oligonucleotide conjugates

Two pyrene residues were attached to the 5′-terminal phos-
phate of the oligonucleotides (Scheme 1), which was activated
by a mixture of triphenylphosphine (Ph3P) and 2,2′-dipyridyldi-
sulfide (PyS)2 in the presence of 4-(N,N-dimethylamino)pyri-
dine (DMAP) (22,23). Briefly, 1–10 A260 OD (5–100 nmol) of
oligonucleotide in water (20–50 µl) was precipitated with
N-cetyl-N,N,N-trimethylammonium bromide: after centrifuga-
tion, the oligonucleotide pellet was thoroughly dried in
vacuum over P2O5. To activate the oligonucleotide phosphate,
the reaction mixture [containing 5–100 nmol of the dried

N-cetyl-N,N,N-trimethylammonium salt of the oligonucleotide,
0.05 ml of dried dimethylsulfoxide (DMSO), 10 mg (38 µmol)
of Ph3P, 10 mg (50 µmol) of (PyS)2 and 10 mg (80 µmol) of
DMAP] was thoroughly mixed, heated for 1 min at 50°C and
intensively vortexed. The heating–mixing procedure was
repeated four times followed by incubation at 25°C for 10 min.
After adding 2 mg of pyrenyl-1-methylamine hydrochloride,
the reaction mixture was incubated at 25°C for 40 min at
constant mixing. The reaction was quenched by precipitation
of the oligonucleotide conjugate with 1.5 ml of 2% lithium
perchlorate solution in dry acetone. The bis-pyrenylated oligo-
nucleotide was isolated by reverse-phase HPLC using a
LiChrosorb RP-18, 10 µm (Merck), 4.6 × 250 mm column,
Waters 600E chromatograph and Waters 484 tunable absorbance
detector (USA). A linear (0–30%) gradient of acetonitrile in
0.05 M LiClO4 pH 7.5 (flow rate 2 ml/min) was used. Lithium
salt of bis-pyrenylated oligonucleotide was precipitated with
acetone, centrifuged, dried, and dissolved in water.
Bis-pyrenylated oligonucleotides were stable under storage in
water at –20°C for several months. The conjugates were
characterised by polyacrylamide gel electrophoresis, reverse-
phase HPLC, UV- and fluorescence spectroscopy, and liquid
chromatography–mass spectrometry (LC–MS). LC–MS
analysis was carried out by Dr Hans Gaus (ISIS Pharma-
ceutical). The Mr values of conjugate Bbis were as follows:
expected, 5001.13, found, 4999.8 for the peak with retention
time 21.13–22.71 min; and charge states –3 and –4.

Concentrations of targets and probes

Concentrations of RNAs, DNAs and unmodified oligo-
nucleotides were determined by measuring UV absorbencies
at 260 nm (A260) in 50 mM HEPES buffer, pH 7.5, containing
5 mM MgCl2, 200 mM KCl and 0.5 mM EDTA, using calcu-
lated molar extinction coefficients (24). The ε260 were assumed
to be 149 × 103, 135 × 103, 134 × 103, 145 × 103, 141 × 103,
140 × 103, 153 × 103 and 132 × 103µM–1cm–1 for oligonucleotides
A–H (see Table 1), respectively. Concentrations of the
bis-pyrenylated probes were calculated from the absorption at
λ = 260 nm of their oligonucleotide constituents as described
(14,25). Contribution of the pyrene moieties to the total
absorbance at 260 nm was calculated assuming that A260 of
pyrene residues conjugated to oligonucleotide was the same as
for pyrenyl-1-methylamine. The ε260 of pyrene used was
24 000 µM–1 cm–1 (23). A260 of the oligonucleotide portion was
calculated using the following equation:

A260
oligonucleotide = A260

(Pyrene)2–oligonucleotide – 2A260
Pyrene.

Hybridisation of bis-pyrenylated oligonucleotide to in vitro
transcript of the MDR1 mRNA and to RNA and DNA
oligonucleotides

Binding of bis-pyrenylated oligonucleotides to the RNA and
DNA targets was studied at 37°C in a standard hybridisation
buffer containing 50 mM HEPES pH 7.5, 5 mM MgCl2,
200 mM KCl and 0.5 mM EDTA. RNA or DNA targets at
concentrations ranging from 1 × 10–7 to 1 × 10–5 M were added
to the solution of bis-pyrenylated oligonucleotide conjugate
(5 × 10–7 M). Before fluorescence measurement, reaction
mixtures were allowed to set under hybridisation conditions
until no fluorescent changes were detected.

Scheme 1. Synthesis of bis-pyrenylated oligonucleotide conjugates.
Pyr-CH2-NH2, pyrenyl-1-methylamine; 1) reaction mixture was briefly heated
(1 min) four times at 50°C followed by incubation at 25°C for 10 min;
2) pyrenyl-1-methylamine hydrochloride was added to the reaction mixture. No
isolation steps take place between phosphate activation and condensation.
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Fluorescence measurements

Fluorescence spectra were recorded on a MPF4 Hitachi
spectrofluorimeter using a bandwidth of 15 nm and 0.5 × 2 cm
quartz cuvettes with a light pass of 1 cm. The cell holder was
thermostated with circulating water controlled by an
LKB-2219 Multitemp II Thermostatic Circulator. Pyrene was
excited at 343 nm. Pyrene fluorescence emission was monitored
at 382 nm for monomer and 476 nm for excimer fluorescence.
Emission spectra were measured using reference dye
(rodamine-B) to compensate for lamp fluctuations. In all the
spectra, the background emission from the buffer alone was
subtracted.

Thermal denaturation experiments

Thermal denaturation of oligonucleotide complexes was moni-
tored in 50 mM cacodylate buffer pH 7.5, containing 5 mM
MgCl2, 200 mM KCl and 0.5 mM EDTA. The concentration of
each component was 1 × 10–5 M. The melting curves were
recorded in a multiwave length mode; at least three different
wavelengths were used. Absorption was measured for each
oligonucleotide mixture as a function of temperature; the
heating rate was 0.5–1°C/min; the thermoregulated sapphire
cell (V = 2 µl) of the Millichrom liquid chromatograph
(Econova, Co., Russia), which was specially designed for this
purpose. Equilibrium optical melting curves were determined
on the basis of more than 600 experimental points with the step

10 points/°C and were completely reversible in heating–
cooling processes. The first derivatives of optical melting
curves versus temperature were calculated using gradient of
linear approximation by 10 experimental points. Melting
temperature (Tm) of the duplex was determined as the average
temperature corresponding to the maximum of first derivatives
of optical melting curve of duplexes formed by stoichiometrical
mixture of DNA or RNA target and the probe.

RESULTS

Synthesis and fluorescence properties of the 5′-bis-
pyrenylated oligonucleotides

To develop fluorescent oligonucleotide probes displaying
excimer fluorescence for real-time monitoring of the hybridi-
sation process, we synthesised oligonucleotide conjugates with
two pyrene residues, whose fluorescence emission spectra
were considerably affected by microenvironment. We developed
a simple and reliable synthetic procedure for preparation of
5′-bis-pyrenylated oligonucleotide conjugates displaying
excimer fluorescence using well-known Mukaiyama reagents
(26,27) and nucleophilic catalysis (22). Oligonucleotides A–H
listed in Table 1 were used for synthesis of bis-pyrenylated
conjugates Abis–Hbis. To synthesise 5′-bis-pyrenylated oligo-
nucleotide conjugates, 5′-phosphate of the oligonucleotides

Table 1. Effective association constants (Kx) and association rate constants (k+) for oligonucleotide probes binding to the in vitro transcript of mdr1 mRNA

aIn the text, oligonucleotide and oligonucleotide derivatives are named as follows. N, non-modified oligonucleotide; Nbis, 5′-bis-pyrenylated oligonucleotide
conjugate; r, oligoribonucleotides; d in the names of oligodeoxyribonucleotides is omitted.
bNucleotide numbering is according to Kostenko et al. (19) where 1 corresponds to the first 5′-nucleotide of the MDR1 mRNA.
cData are presented for bis-pyrenylated oligonucleotide conjugates.
dEffective association constants (Kx) were determined from fluorescence monitoring titration experiments using modified Shtern–Folmer equation:

Where Fk represents fluorescence intensity of oligonucleotide conjugate bound to RNA; Fo represents fluorescence intensity of free oligonucleotide conjugate.
eAssociation rate constants k+ were estimated using two states model and the following equation:

fnd, binding not detected.
gShort oligonucleotide targets correspond to the indicated fragments of MDR1 mRNA.

Oligonucleotidesa 5′→3′ Complementary regionb Kx [M–1]c,d k+ [M–1 s–1]c,e

A pTGAGCTTGGAAGAGC 17–31 (0.61 ± 0.18) × 106 (6.0 ± 0.3) × 102

B pGACCTCGCGCTCCTTG 122–137 (0.99 ± 0.28) × 106 (3.2 ± 0.25) × 103

C pCATTGCGGTCCCCTTC 150–165 (0.87 ± 0.14) × 107 (1.2 ± 0.13) × 103

D pCATATACAACTTGTC3′ 279–293 ndf ndf

E pGTCCAGCCCCATGGA3′ 319–333 (0.77 ± 0.14) × 106 (3.2 ± 0.25) × 103

F pGTCTTCCTCCAGATTC3′ 455–470 (0.23 ± 0.2) × 106 (8.6 ± 0.12) × 102

G pCCACTGTAATAATAG3′ 485–499 nd nd

H pTATCTCCTGTCGCAT3′ 606–620 (0.11 ± 0.15) × 106 (2.1 ± 0.15) × 102

r-tg-B CCAAGGAGCGCGAGGTCG 121–139g – –

tg-B CCAAGGAGCGCGAGGTCG 121–139g – –

tg-F TGAATCTGGAGGAAGACA 454–470g – –

F∆
Kx RNA[ ]×

1 Kx RNA[ ]×+
--------------------------------------- Fk Fo–( )=

F∆ t( ) Fk Fo–( ) Kx RNA[ ]××
1 Kx RNA[ ]×+

-------------------------------------------------------------= 1 e
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Kx RNA[ ]×
------------------------------+� �
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was activated with dipyridyl-disulfide (Py2S2), triphenyl-
phosphine (PPh3), in the presence of DMAP in dry DMSO and
then treated with pyrenyl-1-methylamine hydrochloride
(Scheme 1). Synthesis of pyrenyl-1-methylamine was
described earlier (23). The presence of two pyrene residues in
the conjugates was confirmed by polyacrylamide gel electro-
phoresis, reverse-phase HPLC, UV- and fluorescence spectro-
scopy, and LC–MS. Previously, a similar method was
used for oligonucleotide derivatisation with N-methyl-N-(2-
chloroethyl)-benzylamine (22) and pyrenyl-1-methylamine
(23) to obtain alkylating oligonucleotide derivatives and
mono-fluorophore labelled oligonucleotides. We used two
modifications of the described protocols (22,23). To couple
two pyrene residues to the 5′-phosphate of oligonucleotides,
we used higher concentrations of activating agents (0.4 M
PPh3, 0.5 M Py2S2 and 0.8 M DMAP) and fluorophore (0.08 M
pyrenyl-1-methylamine). In addition, reaction mixtures were
heated briefly (1 min) several times at 50°C during the
activation step. The high concentration of DMAP permitted to
use pyrenyl-1-methylamine hydrochloride instead of pyrenyl-
1-methylamine base in the reaction without additional treat-
ment with triethylamine. This synthetic procedure provides
82–98% yield of bis-pyrenylated oligonucleotides, while the
mono-fluorophore-labelled oligonucleotide is formed as a
byproduct with a yield of 2–8%. It was shown previously that
di-anilide of pT(Ac) was formed in the reaction of pT(Ac) with
Py2S2 and PPh3 in the presence of aniline (27). Recently,
attachment of two alkylamine residues to the 5′-phosphate of
oligonucleotides under the described conditions was
confirmed by NMR studies (28).

UV spectra of the conjugates are consistent with the presence of
two pyrene residues in their structure. Absorption spectra of
bis-pyrenylated oligonucleotides (λmax = 344 nm) are similar to
spectra of mono-pyrenylated oligonucleotide conjugates
(λmax = 342 nm), suggesting additive contribution of two
pyrene residues. This suggestion is in good agreement with the
obtained A260/A342 ratio for bis-pyrenylated oligonucleotides.
As expected, absorption intensity at 342 nm of the bis-
pyrenylated oligonucleotide Bbis is enhanced twice as
compared to mono-pyrenylated oligonucleotide Bmono (data not
shown). Figure 1A shows the fluorescence excitation and
emission spectra of bis-pyrenylated oligonucleotide Bbis that
are typical for this type of oligonucleotide conjugate. The
bis-pyrenylated oligonucleotides exhibit the typical pyrene
monomer fluorescence emission with a maximum at 382 nm
and a broad pyrene excimer emission band with a maximum at
476 nm (Fig. 1A, spectrum 3b), which is consistent with the
proposed structure with two pyrene residues. The fluorescence
spectrum of control mono-pyrenylated oligonucleotide
(spectrum 2b) has no maximum at 476 nm.

The intensity of the monomer (F382) and the excimer (F476)
fluorescence of bis-pyrenylated oligonucleotide conjugates
Abis–Hbis varies depending on their sequences and structures.
Figure 1B presents relative changes in the pyrene fluorescence
upon conjugation to oligonucleotides as compared to pyrenyl-
1-methylamine. The strong pyrene monomer fluorescence
quenching (up to 50 times) was observed for conjugates Abis,
Bbis and Fbis. Moderate quenching (7–14 times) was observed
for all other oligonucleotide conjugates. Intensities of excimer
fluorescence and ratios of monomer to excimer fluorescence
emission intensities differed for different conjugates (Fig. 1B).

Hybridisation of bis-pyrenylated oligonucleotides to RNA

We studied the interaction of the bis-pyrenylated oligonucleotides
with oligoribonucleotide and with the complementary
sequences in the 678-nt-long 5′-fragment of the human multi-
drug resistance gene 1 mRNA (MDR1 mRNA) as a model
(29). Binding sites for oligonucleotides were chosen in the
RNA regions containing 4–12-nt-long single-stranded
sequences, allowing nucleation complexes to be formed
followed by invasion of the oligonucleotides into the RNA
structure and extended heteroduplex formation (30–32). Figure 2
shows the secondary structures of oligonucleotide binding sites
within MDR1 mRNA. Sequences of oligonucleotides A–H are

Figure 1. Spectral properties of pyrene-labelled oligonucleotide conjugates.
(A) Fluorescence excitation (a) and emission (b) spectra of pyrenyl-1-methylamine
(1), 5′-mono-pyrenylated oligonucleotide B (2) and 5′-bis-pyrenylated oligo-
nucleotide Bbis (3). (B) Fluorescence of bis-pyrenylated oligonucleotide conju-
gates Abis –Hbis as compared to pyrenyl-1-methylamine (Pyr). Open and closed
bars show monomer (F382) and excimer (F476) fluorescence of the conjugates,
respectively. Oligonucleotide conjugates (5 × 10–7 M) were dissolved in
hybridisation buffer. 100% corresponds to the fluorescence of 5 × 10–7 M
pyrenyl-1-methylamine in ethanol at λ = 382 nm. Pyrenyl-1-methylamine has
equal fluorescence intensities in hybridisation buffer and ethanol (14,23).
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shown in Table 1. Hybridisation of bis-pyrenylated oligo-
nucleotides to the RNA was investigated by the fluorometric
titration assay. Binding of pyrene labelled oligonucleotides to
the target RNA resulted in characteristic changes in the fluo-
rescence spectra of the conjugates (Fig. 3). Addition of the
non-complementary RNA to bis-pyrenylated oligonucleotides
did not affect hypochromicity and fluorescence emission
spectra of the conjugates. Thus, the increase in monomer and
excimer fluorescence of the conjugates in the presence of
MDR1 mRNA can be attributed to duplex formation. Minor or
no increase in the monomer and excimer fluorescence in the
presence of MDR1 mRNA was observed for conjugates Gbis

and Dbis that failed to form stable complexes with the RNA
under the experimental conditions as shown by probing with
RNase H and gel-shift assay. Although the target regions for
oligonucleotide G and D include single-stranded tracts necessary

for nucleation complex formation, these sites might be unfavour-
able for binding due to some tertiary interactions within the
RNA molecule. All other oligonucleotide conjugates display
an increase in the monomer fluorescence intensity (F382) upon
the binding to the target RNA in a time- and concentration-
dependent manner.

The excimer fluorescence (F476) of oligonucleotide conju-
gates displayed a complex behaviour upon their binding to the
RNA, which may be explained by the sensitivity of excimer
fluorescence to the environment of the binding site. The fluores-
cent probes may be divided into four groups according to the
characteristic changes in their excimer fluorescence emission
upon hybridisation with their targets. Conjugates Cbis and Abis

show little changes in the excimer fluorescence upon hybridi-
sation to the MDR1 mRNA. Spectral changes occurring upon
hybridisation of oligonucleotide conjugate Abis to the RNA are

Figure 2. Secondary structure of the target sites for oligonucleotides A–H within MDR1 mRNA (19,29). Two pyrene residues attached to the 5′-phosphate of
oligonucleotides are indicated as R. Letters A–H indicate target sites of oligonucleotides A–H, respectively.
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shown in Figure 3A. The conjugates Ebis and Hbis display
quenching of excimer fluorescence upon binding to the RNA
(Fig. 3B). Hybridisation of conjugates Bbis and Fbis to the RNA
resulted in increase of their excimer fluorescence (Fig. 3C).
The changes to the oligonucleotide conjugates excimer fluo-
rescence in the presence of MDR1 mRNA can be determined
by the features of the RNA secondary structure including the
oligonucleotide binding sites. The effect of the target structure
on the excimer fluorescence of the conjugates was tested by the
experiments with conjugate Bbis. It was found that binding of the
conjugate Bbis to the long structured MDR1 mRNA fragment and

to the short oligoribonucleotide r-tg-B (Table 1) resulted in
considerably different effects on the excimer fluorescence of
the conjugate (Fig. 3D).

The binding of complementary bis-pyrenylated oligo-
nucleotides to MDR1 mRNA was tested in parallel experiments
by probing the RNA/conjugate hybrid duplexes with RNase H
and by gel-shift assay. Figure 4 shows the results of RNase H
footprint analysis of conjugates Bbis and Cbis binding to the
RNA. It is evident that the conjugates bind to their target
sequences 122–137 and 150–165: the main cleavages
by RNase H occur in the regions 131–137 and 160–165

Figure 3. Fluorescence monitoring titration of bis-pyrenylated oligonucleotides Abis (A), Ebis (B) and Bbis (C and D) with their target RNAs in 50 mM HEPES,
pH 7.0 containing 200 mM KCl, 5 mM MgCl2 and 0.1 mM EDTA at 37°C. In all figures, 1 corresponds to fluorescence emission spectrum of free conjugate
(5 × 10–7 M) in hybridisation buffer; (A) 2–8 fluorescence emission spectra of 5 × 10–7 M conjugate Abis in the presence of 1 × 10–7, 3 × 10–7, 5 × 10–7, 7 × 10–7,
1 × 10–6, 2 × 10–6 and 2.5 × 10–6 M of the in vitro transcript of MDR1 mRNA, respectively. (B) 2–10, fluorescence emission spectra of 5 × 10–7 M conjugate Ebis in
the presence of 1 × 10–7, 3 × 10–7, 5 × 10–7, 7 × 10–7, 1 × 10–6, 2 × 10–6, 2.5 × 10–6, 3 × 10–6 and 4 × 10–6 M of the in vitro transcript of MDR1 mRNA, respectively.
(C) 2–10, fluorescence emission spectra of 5 × 10–7 M conjugate Bbis in the presence of 1 × 10–7, 3 × 10–7, 5 × 10–7, 7 × 10–7, 1 × 10–6, 2 × 10–6, 2.5 × 10–6, 3 × 10 6 and
4 × 10–6 M of the in vitro transcript of MDR1 mRNA, respectively. (D) 2–8, fluorescence emission spectra of 5 × 10–7 M conjugate Bbis in the presence of 1 × 10–7, 3 × 10–7,
5 × 10–7, 7 × 10–7, 1 × 10–6, 2 × 10–6 and 3 × 10–6 of r-tg-B, respectively.
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(Fig. 4, lanes 2 and 3 for Bbis and Cbis, respectively). The data
for RNase H footprinting and gel-shift assay are in good agree-
ment with fluorometric titration. According to RNase H assay,
the conjugates Abis, Bbis, Cbis, Ebis, F bis and Hbis efficiently bind
to the RNA at their complementary sequences, while the
conjugates Dbis and Gbis do not form complexes with the RNA.
The gel-mobility shift assay data confirmed the complexes
formation (data not shown).

The time- and concentration-dependent changes of pyrene
monomer fluorescence intensity upon binding of
bis-pyrenylated conjugates to the MDR1 RNA allowed us to
obtain kinetic and thermodynamic parameters of the hybridisa-
tion process. Kinetics of oligonucleotide hybridisation to the
RNA was studied at 37°C in a standard hybridisation buffer.
To determine the effective association constant, solution of
5 × 10–7 M oligonucleotide conjugate was titrated with
increasing concentrations of MDR1 mRNA fragment. Since
RNA unfolding is the limiting step of oligonucleotide hybridi-
sation to structured RNA, the reaction mixture was incubated
under hybridisation condition for 10–20 min after addition of
each RNA portion, until no more changes of the fluorescence
spectra occurred. Pyrene was excited at 343 nm and monomer
and excimer fluorescence changes were measured as functions
of time and RNA concentration. Second order rate constants
and effective association constants of conjugate hybridisation
to the MDR1 mRNA were calculated based on time- and
concentration-dependent changes of pyrene monomer fluores-
cence. Kinetics and thermodynamic parameters of the binding
process are summarised in Table 1. The constants obtained had
a similar order of magnitude; the observed variations in

association and rate constants can be explained by the differ-
ences in stability of RNA structure within the binding sites of
the oligonucleotides.

Temperature melting studies

To exclude the possibility that presence of pyrene residues
could affect the duplexes stabilities due to pyrene intercalation,
we studied the hybridisation of the conjugates with their DNA
and RNA targets in the independent UV-melting experiments.
Stabilities of self-structures formed by bis-pyrenylated oligo-
nucleotides themselves and stabilities of their complexes with
the corresponding complementary targets were studied in the
standard hybridisation solution (Materials and Methods). The
effect of attachment of two pyrene residues to the 5′-end of
oligonucleotides was determined by comparison of complexes
formed by conjugates Bbis and Fbis and unmodified oligo-
nucleotides B and F with their complementary DNA and RNA
targets. Sequences of DNA targets tg-B and tg-F and RNA
target r-tg-B used in the temperature melting experiments are
listed in Table 1. The Tm values estimated from the
UV-melting curves are summarised in Table 2. These data
show that conjugation of pyrene does not significantly affect
the hybridisation properties of the oligonucleotides. The ∆Tm
for duplexes of bis-pyrenylated oligonucleotides with target
DNA compared to the unmodified duplexes were +2 and +3°C
for oligonucleotides Bbis and Fbis, respectively. Thus, the
pyrene residues attached to 5′-phosphate of oligonucleotide of
this length had minor effects on the duplex stability. On the
other hand, attachment of two pyrene residues to the 5′-phosphate
of oligonucleotide caused rearrangement of the secondary
structure of the oligonucleotide itself. For example, oligo-
nucleotides B and F form hairpins with Tm 39 and 21°C,
respectively, which are characterised by high co-operative
transition upon melting. Conjugates Bbis and Fbis form struc-
tures with Tm 62 and 45°C, respectively, with low coopera-
tivity and low activation energy of transition. Altogether, the
UV-melting experiments provide evidence for the entropy

Figure 4. RNase H footprint analysis of hybridisation of oligonucleotide con-
jugates Bbis and Cbis with in vitro transcript of MDR1 mRNA in 50 mM HEPES,
pH 7.0 containing 200 mM KCl, 5 mM MgCl2 and 0.1 mM EDTA at 37°C.
Autoradiograph of 8% polyacrylamide/8 M urea gel with resolved products of
the primer directed reverse transcription of MDR1 mRNA after treatment with
RNase H. Lanes C, T, A and G, sequencing of MDR1 RNA. Lane K, control
MDR1 RNA. Lane 1, MDR1 mRNA treated with ribonuclease H (1 U/ml).
Lanes 2 and 3, 2 × 10–7 M MDR1 RNA treated with RNase H (1 U/ml) in the
presence of 5 × 10–5 M of oligonucleotides Bbis and Cbis, respectively.

Table 2. Tm values of the duplexes formed by oligonucleotides and pyrene-
labelled oligonucleotides with complementary DNA targets

aDesignation of oligomers is in accordance with Table 1.
b∆Tm is the difference in Tm values for duplexes formed by bis-pyrenylated oligo-
nucleotides and by the parent unmodified oligonucleotides with corresponding
DNA oligonucleotides. Tm values were determined with accuracy ±0.5°C.

Oligomersa Tm (°C) ∆Tm (°C)b

B 39

Bbis 62 +23

F 21

Fbis 45 +24

B/tg-B 73

Bbis/tg-B 75 +2

B/r-tg-B 76

Bbis/r-tg-B 76 0

F/tg-F 62

Fbis/tg-F 65 +3
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nature of these self-structures formed by bis-pyrenylated oligo-
nucleotides.

DISCUSSION

Quantitative evaluation of the oligonucleotide hybridisation to
the target RNA is essential to reveal the factors affecting
activity of the antisense oligonucleotides. Few studies have
been aimed at quantitative characterisation of affinity
and kinetics of oligonucleotides binding to long natural RNA
(3–5,11,33,34). The fluorescent assay, which will allow a
quantitative, homogeneous and real-time monitoring of the
hybridisation process, can be particularly useful for the investi-
gation of the oligonucleotide binding to a high molecular
weight RNA. Fluorescent correlation spectroscopy technique
permits a rapid quantitative analysis of the antisense oligo-
nucleotide binding to the RNA. However, this technique
besides the fluorescent labelled oligonucleotides also requires
an internal RNA labelling by enzymatic incorporation of the
fluorophore-conjugated nucleotides (11).

Several types of single (35–41) and multiple pyrene-labelled
oligonucleotide conjugates (14–18) have been described. The
attached pyrene residue was used as a reporter group for investi-
gation of the hybridisation of simple model oligonucleotides
(14–18,35–41). Application of the pyrene monomer fluores-
cence has been generally limited since the pyrene residue
displayed poor fluorescence when conjugated with DNA
oligonucleotide (35–37). Pyrene excimer fluorescence could
be potentially highly sensitive to environment. However, the
results of the studies indicate that appropriate design of the
oligonucleotide conjugates is needed to entirely use the advan-
tages of the pyrene excimer fluorescence and to develop a non-
perturbing oligonucleotide probe that displays the excimer
fluorescence with pronounced fluorescence changes upon
hybridisation to the complementary target. The bis-pyrene
group attached to the 5′-end of an oligonucleotide through a
five-atom linker was reported to perturb the duplex stability
suggesting stacking interactions of the planar polyaromatic
system with nucleobases (16). The interactions with nucleo-
bases of the 5′-bis-pyrenyl group attached to the 5′-end of an
oligonucleotide via the 15-atom-long linker arm prevents
excimer formation and deteriorates the fluorescent properties
of the conjugates (14). As expected, internal labelling of oligo-
nucleotides with pyrene (including the 2′-position of ribo-
nucleotides and various non-base pairing positions of the
heterocyclic bases) tends to facilitate intercalation of the
pyrene into the DNA duplex as confirmed by decreased fluo-
rescence emission and higher melting temperatures (17,37–39).

In the present work we report the synthesis of the 5′-bis-
pyrenylated oligonucleotide probes displaying excimer
fluorescence and the results of the studies of the antisense
oligonucleotide binding to MDR1 mRNA fragment using these
oligonucleotide conjugates. We used an extremely short spacer
between the fluorescent dye and 5′-phosphate of oligonucleotide
to prevent the intercalation of the pyrene residues between base
pairs within the duplex and to allow excimer formation. The
UV-melting studies of duplexes of 5′-bis-pyrenylated oligo-
nucleotides with target RNA and DNAs have revealed slight
changes in the Tm values compared to unmodified duplexes and
proved that the coupling of pyrene residues to oligonucleotides
had a negligible effect on duplex stability. Thus, newly

developed 5′-bis-pyrenylated oligonucleotides can serve as
non-perturbing probes for the investigation of the hybridisation
of nucleic acids in solution.

The synthetic procedure we developed is a simple and a reli-
able one-step and one-tube synthesis providing high yields of
bis-pyrenylated oligonucleotide conjugates displaying the
excimer fluorescence using commercially available pyrenyl-1-
methyalmine as a precursor dye molecule. The oligonucleotide
probes developed in this study showed strong quenching of the
pyrene monomer fluorescence and appearance of the excimer
fluorescence. Although it is known that pyrene fluorescence is
strongly quenched upon conjugation to 5′-CMP and 5′-TMP
(16,35) in our case the strongest quenching was observed for
conjugates Bbis and Fbis with guanine in the first 5′ position. The
UV-melting experiments and the analysis of these conjugate
structures showed that strong quenching of pyrene fluores-
cence of conjugates Bbis and Fbis can be determined by their
intrinsic structure with one or both pyrenes involved (Table 2).
Thus, the fluorescence of pyrene conjugated to oligonucleotide
is not determined solely by the nearest neighbour effect but
rather represents a complex function of oligonucleotide
sequences and structures.

The time- and concentration-dependent increase of pyrene
monomer fluorescence intensity of 5′-bis-pyrenylated oligo-
nucleotides upon binding to the target RNA allowed us to
determine affinities and kinetics of antisense oligonucleotides
binding to MDR1 mRNA (Table 1). Results of the experiments
suggested that oligonucleotides B, C and E displaying the
highest affinity to MDR1 mRNA in vitro could also efficiently
target this mRNA in cells. Our preliminary studies have shown
that these oligonucleotides can indeed efficiently decrease the
content of MDR1 mRNA in KB-8-5 cells displaying the MDR
phenotype. Correlation between the in vitro accessibility data
and the intracellular antisense activity suggests that internal
base pairing in MDR1 mRNA is most likely the reason for the
lack of intracellular activity for some other previously tested
oligonucleotides (42,43).

The variations in pyrene excimer fluorescence upon binding
of different conjugates to their target sequences correlate with
the secondary structure of RNA in the vicinity of the oligo-
nucleotide binding sites (Figs 2 and 5). Binding of oligo-
nucleotides Abis and Cbis to their targets delivers the pyrene
residues to single-stranded regions of RNA, resulting in minor
changes in the excimer fluorescence. Hybridisation of oligo-
nucleotides Ebis and Hbis brings their 5′-bis-pyrenyl groups in
the proximity of double-stranded regions of the RNA, resulting
in quenching of excimer fluorescence apparently due to pyrene
interaction with the double-stranded structure. Oligonucleotides
Bbis and Fbis are complementary to stem–loop junctions.
Binding of these conjugates to target RNA resulted in an
increase in the excimer fluorescence. We found considerably
less intensive changes in the pyrene excimer fluorescence of
conjugate Bbis upon binding to the structured RNA. These
changes were only 1.7-fold as compared to the 10-fold increase
in excimer fluorescence of the same conjugate upon binding to
a short RNA target (r-tg-B). These results prove that the pyrene
excimer fluorescence of the conjugates is sensitive to the struc-
ture of target RNA.

Fluorescent secondary structure-specific oligonucleotide
probes are particularly advantageous for fast screening of RNA
structure to find open or double-stranded RNA regions.
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Sensitivity of the pyrene excimer fluorescence of the novel
5′-bis-pyrenylated oligonucleotides to the RNA secondary
structure provides a possibility to use these oligonucleotide
conjugates as specific probes for analysis of RNA structure in
the vicinity of an oligonucleotide binding site. This structural
information might be useful for the design of tight binding
oligonucleotide derivatives for the targeting RNA.

The 5′-bis-pyrenylated oligonucleotides described in this
study exhibit intensive characteristic changes in their fluores-
cence spectra upon hybridisation to the target RNAs. Pyrene
monomer fluorescence increases in a time- and concentration-
dependent manner upon binding of the conjugates to the target
RNAs providing the possibility to determine thermodynamic
parameters of the antisense oligonucleotides hybridisation to
RNAs. Excimer fluorescence of the bis-pyrenylated conjugates
is sensitive to the secondary structure of the oligonucleotide
binding site.
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