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a b s t r a c t

Fluorescence lifetime study of two probes abbreviated as Py-Htelom-Py and Py-TBA-Py, carrying
pyrene moieties at both termini and sequences of human telomere and thrombin binding aptamer,
respectively are reported. The effect of metal cations (sodium, potassium and strontium) on the pho-
tophysical processes was examined in order to elucidate factors that facilitate the production of
excimer emission. The fluorescence spectra and emission kinetics data supported the conclusion that
eywords:
xcimer
luorescence
-quadruplex
ifetime

pyrene-quadruplex conjugate has multiple conformers in solution and that the relative orientation
of pyrene and neighboring nucleobases (guanine, adenine, thymine) play a crucial role in determin-
ing both the rate of electron-transfer quenching of pyrene excited state and the efficiency of excimer
emission.

© 2010 Elsevier B.V. All rights reserved.

otassium probe
yrene

. Introduction

Guanine-rich sequences of DNA can form four-stranded struc-
ures called G-quadruplexes under specific cation conditions.
enerally, three or four planar guanine quartets, stabilized by cyclic
oogsteen hydrogen bonds, are stacked and held together by �–�
ttractive interactions. Interestingly, G-quadruplexes may have
ifferent topological structures depending on the oligonucleotide

ength and sequence as well as on environmental conditions [1].
ecently, we have reported fluorescent oligonucleotide probes
ased on the G-quadruplex scaffold for detection of K+ ion [2–5].
wo strategies were exploited for the transduction of metal
ation binding event, the fluorescence resonance energy trans-
er (FRET) [2,3] and excimer emission of the pyrene labels [4,5].
he second strategy is of particular interest since it enables an
nsight into label–label and label/nucleobases interaction pro-
esses. For example, the thrombin binding aptamer (TBA) with a
(G2T2G2TGTG2T2G2) sequence gave efficient excimer emission in
he presence of potassium [4] but the probe with the human telom-

ric sequence d(G3(T2AG3)3) showed only quenching of the pyrene
onomer emission without noticeable excimer contribution [5].

he origin of different spectral characteristics of both probes was
ttributed to the topological differences in their folded structures

∗ Corresponding author. Tel.: +48 61 8291467; fax: +48 61 8658008.
E-mail address: juskowia@amu.edu.pl (B. Juskowiak).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.03.009
(quadruplexes) but the detail factors affecting performance of
probes need further studies. On the other hand, steady-state based
approaches of the fluorescence probes suffer from some limitations
that could hamper their effectiveness in complex biological sam-
ples. For instance, they are difficult to apply directly to analyzing
potassium in biological environments because of the interference
of intense background signal caused by both light scattering and
native protein fluorescence. The progress in solving these problems
in bioanalysis can be achieved by applying the time-resolved fluo-
rescence approach [6,7]. One special feature of the pyrene emission
(monomer and excimer) is the very long fluorescence lifetime com-
pared with other potential fluorescent species [8]. The lifetime of
the pyrene excimer can approach 100 ns [8], whereas that for most
of the biological background species is below 5 ns [9]. With time-
resolved fluorescence measurements, potassium induced excimer
signal can be separated from biological background interference.
Direct monitoring of potassium level in complex biological sam-
ples might be carried out without any need of sample clean-up
process.

Here, we report detailed steady-state and fluorescence lifetime
studies on two fluorescent probes shown in Fig. 1, abbreviated as
Py-Htelom-Py and Py-TBA-Py. They carry pyrene moieties at both
termini and sequences of thrombin binding aptamer and modified

human telomere (two terminal adenine nucleotides were inserted
compared with previously reported probe [5]). The effect of metal
cations (sodium, potassium and strontium) on the photophysical
processes was examined in order to elucidate factors that may
facilitate the production of excimer emission.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:juskowia@amu.edu.pl
dx.doi.org/10.1016/j.jphotochem.2010.03.009
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. Experimental

.1. Pyrene-labeled oligonucleotides

Pyrene-labeled oligonucleotides (Fig. 1) were custom-
ynthesized by Sigma-Genosys Japan (Ishikari, Japan) and purified
y reversed phase HPLC and their identities were confirmed
y MALDI-TOF MS (VoyagerTM). Stock solutions of the oligonu-
leotides were prepared in Milli-Q water (Millipore, Billerica,
A). Other chemicals were of analytical grade. Sample solutions

ontained 1 �M oligonucleotide probe, 5 mM Tris–HCl buffer (pH
.4) and required concentration of metal cation. Samples were
eated at 90 ◦C for 5 min and then incubated overnight at 4 ◦C
efore measurements.

.2. CD and fluorescence spectra

Circular dichroism (CD) spectra were recorded in the
30–450 nm spectral range with a Jasco J8100 Spectropolarime-
er. Spectra were recorded at room temperature in a 1 cm path
ength quartz cell using 2 �M solution of a probe in 5 mM Tris–HCl
uffer (pH 7.4) containing a selected metal cation at desired
oncentration. Steady-state fluorescence measurements were con-
ucted with a Jasco FP6200 Fluorescence spectrophotometer using
10 mm quartz cell; the spectra were not corrected. Samples were

tirred and thermal equilibrated before recording of spectra. Fluo-
escence probes were excited at 344 nm and the emission spectra
ere recorded in the 300–600 nm spectral range. The cell com-
artment was thermostated at 25 ◦C and was equipped with a
agnetic stirrer. Relative fluorescence quantum yields of probes

�) were determined using pyrene butanoic acid (PBA) in Tris–HCl
uffer as a reference compound using the standard relationship:
= �R(F(1 − 10−AR ))/(FR(1 − 10−A)) where A and F are absorbance

nd integrated fluorescence, respectively, the index R denotes ref-
rence solution. No attempt was made to deaerate the solutions
ince preliminary test showed negligible effect of such a sample
reatment.

.3. Fluorescence lifetime measurements

Fluorescence decays were obtained using a TCSPC (Time Corre-
ated Single Photon Counting) method. Measurements were made

ith an IBH Consultants (Glasgow, Scotland) model 5000 fluo-

escence lifetime spectrometer equipped with the NanoLED type
iode (�exc = 340 nm, fwhm = 800 ps) as an excitation source. The

nstrument is capable of measuring lifetimes as short as 400 ps. The
tandard procedure for performing these measurements included
aking an instrument profile and counting photon signals until at

ig. 2. Circular dichroism spectra of Py-TBA-Py probe (A) and Py-Htelom-Py probe (B) in t
ircles), 200 mM NaCl (open squares) and 200 mM SrCl2 (filled squares). Probes were at c
Fig. 1. The DNA sequences of pyrene-labeled G-quadruplex probes.

least 5000 counts were collected at the maxima of the fluorescence
decay histograms. Reconvolution of fluorescence decay curve was
performed using the IBH Consultants Version 4 software. The qual-
ity of the fits was judged from the chi square values (�2 ≤ 1.4), a runs
test, and the random distribution of weighted residuals. In TCSPC
measurements, the fluorescence intensity was monitored at �max

of emission band unless otherwise stated. Solvents were checked
under the conditions used in the fluorescence decay measurements,
and they were found to exhibit emission small enough to be negli-
gible relative to their influence on the lifetimes measured.

3. Results and discussion

3.1. CD spectra

Labeling with two pyrene tags may deteriorate folding prop-
erties of quadruplex-forming oligonucleotides. To ensure that
tetraplex structures are formed by pyrene-modified oligonu-
cleotides, the circular dichroism spectra were recorded for all
investigated systems and results are shown in Fig. 2. Weak CD peaks
are observed for both probes in Tris–HCl buffer alone, whereas addi-
tion of particular cations cause significant changes in CD spectra.
Irrespective on the nature of metal cation added to the Py-TBA-
Py solution, an appearance of positive bands near 295 and 245 nm
and a negative band at 270 nm (Fig. 2A) is observed, which is con-
sistent with the formation of the antiparallel quadruplex with a
chair-type structure [10]. Low intensity of CD bands for sodium
containing system reflects low quadruplex stabilizing effect of
Na+ ion [4,10]. Contrary to the TBA-based probe, the Py-Htelom-
Py oligonucleotide showed CD spectra that differ significantly for
particular metal cations (Fig. 2B), which reflect structural poly-
morphism of Htelom sequence. Spectrum for sodium quadruplex
with two positive bands (295 and 245 nm) and a negative band at
270 nm resembles that for TBA probe and indicates formation of an

antiparallel quadruplex, which was shown to possess a basket-type
topology [11,12]. The presence of potassium induces the formation
of a structure with the CD spectra having a strong positive band
at 290 nm with a shoulder around 270 nm (Fig. 2B), characteristic
of a hybrid-type parallel/antiparallel quadruplex that agrees with

he absence of metal cation (filled circles) and in the presence of: 100 mM KCl (open
oncentration of 2 �M in Tris–HCl buffer pH 7.4.
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ig. 3. Fluorescence spectra of pyrene-modified oligonucleotides in Tris–HCl buff
circles) and the presence of 100 mM KCl (triangles down), 200 mM NaCl (triangles

iterature data [13,14]. Unlike K+, addition of Sr2+ results in for-
ation of a structure with a strong positive peak at 265 nm and
shoulder around 295 nm (Fig. 2B). This spectrum is indicative

f formation of parallel-stranded intramolecular quadruplex with
xternal or “propellel” loops [15,16]. Relatively strong intensity of a
houlder band at 295 nm may suggest an incomplete conversion of
he antiparallel strontium quadruplex into parallel structure after
hermal treatment [16] (a mixture of parallel and antiparallel-type
uadruplexes is present in solution). Concluding, the CD spec-
ra of metal/probe complexes are consistent with literature data
or unmodified TBA and Htelom oligonucleotides [11–16], which

eans that conjugation of pyrene moieties has negligible effect on
he folding properties of TBA and Htelom oligonucleotides. Also
hermal stability of quadruplexes was not much affected by the
ttachment of pyrene tags. CD melting profiles (data not shown)
ndicated modest stabilizing effect of pyrene rings on the Tm val-
es of probes (2–5 ◦C), in accordance with the previously reported
esults [5].

.2. Steady-state fluorescence

Fig. 3 shows fluorescence emission spectra of oligonucleotide
robes in the presence of selected metal cations (�exc = 340 nm)
nd the emission parameters are collected in Table 1. As expected,
istinct differences in spectral characteristics are observed for
telom and TBA probes. Only single emission band at ca. 390 nm
ith vibrational structure characteristic of the pyrene monomer
uorescence is observed for Htelom probe (Fig. 3A), which is con-
istent with results reported for shorter probe lacking adenine
pacers [5]. On the contrary, TBA probe exhibits an additional long-
avelength emission band, especially in the presence of potassium

on (Fig. 3B) that is typical for the excimer emission. Interest-
ngly, TBA systems show much lower fluorescence quantum yields
omparing with Htelom-based systems (Table 1), for example,
yrene emission of the free Htelom probe is 3 times higher than
hat for free TBA probe. It should be noted however, that in both
ases strong quenching operates since quantum yield of pyrene
utanoic acid (not quenched by nucleobases) is several times higher
Table 1). It is generally accepted that anchoring the pyrene moi-
ty to DNA oligonucleotide probe results in substantial decrease
n fluorescence quantum yield, which is ascribed to the quench-
ng processes due to the electron transfer (ET) between pyrene and

NA nucleobases (except for adenine [17]). Two mechanisms can
e distinguished: (i) the quenching with the guanine as an elec-
ron donor and generation of a pyrene anion radical (�G for this
T reaction are reported between −0.03 and −0.33 V [17–22]) and
ii) the quenching with the participation of a pyrene cation radi-
7.4): (A) Py-Htelom-Py and (B) Py-TBA-Py recorded in the absence of metal salt
d 200 mM SrCl2 (squares).

cal and thymine and cytosine bases as electron acceptors (�G of
ca. −0.5 V) are reported to be similar for thymine and cytosine [18].
One should consider also the GG and GGG consecutive tracks as very
efficient electron donors in fluorescence quenching of pyrene with
GGG being the most effective [22]. However, contribution from
these electron donors into the overall quenching effect seems to be
rather modest since fluorescence of TBA probe containing GG tracks
is quenched more efficiently comparing with Htelom-based probe
(Table 1), which disagrees with the order of reducing capability of
guanine sites: G < GG < GGG [22]. Simple explanation for the more
pronounced quenching for Py-TBA-Py may involve the relatively
higher content of G and T bases in TBA oligonucleotide (exclusively
G and T bases) whereas Htelom sequence contains also adenine
(A) that is unable to quench pyrene fluorescence [17,19]. Conclud-
ing, the relative contribution of all mechanisms to the quenching
depends on many factors including oligonucleotide sequence and
its conformation, linker type and length, point of attachment of
the fluorophore as well as relative orientation of the pyrene and
nucleobase �-systems. [17,18,23–25].

Addition of metal cation (formation of quadruplex) affects seri-
ously the emission of TBA probe (Fig. 3B). Even for free TBA probe,
beside monomer fluorescence at 390 nm, one can see a broad emis-
sion at longer wavelength (480 nm). The effectiveness of particular
salts in generation of excimer emission can be correlated with bind-
ing affinities of TBA to these cations since all of them form the same
chair-type quadruplexes [1]. Comparing potassium and sodium
TBA quadruplexes, only potassium is expected to form quadruplex
quantitatively at concentration of 100 mM of metal cation as indi-
cates from dissociation constant values (Kd = 7.33 and 272 mM for
K+ and Na+, respectively [4]).

In case of the Py-Htelom-Py probe, there are no changes in
the shape of emission when one compares spectrum of free
probe with those for metal cation complexes (Fig. 3A). Addition
of metal cation results only in the fluorescence intensity change,
which extent depends on the nature and concentration of metal
cation. The most pronounced quenching effect is caused by the
interaction of potassium ion with Htelom probe; strontium ion
also quenches pyrene fluorescence but to a lower extent. Only
sodium quadruplex gives fluorescence enhancement (dequench-
ing) effect. The enhancement of pyrene emission may be ascribed
to the formation of a basket-type quadruplex, which probably
requires disruption of a preorganization of the free oligonucleotide

probe. Similar dequenching processes and subsequent fluorescence
enhancement have been reported for NaCl effect on a TAMRA-
labeled oligonucleotide [3] and for shorter Htelom probe [5]. The
question arises whether the weak excimer emission contributes to
the fluorescence spectra of the Htelom-based quadruplexes with
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Table 1
Relative quantum yields (�) and average lifetimes (<�>) for the quadruplexes of Py-Htelom-Py and Py-TBA-Py with metal cations.

Probe Salt Relative quantum
yield, � ± 0.02

Fraction of
long-wavelength emission

Average lifetimea,
<�> (ns)

390 nm 480 nm

PBA No salt 1 0.06 85.4 –

Py-Htelom-Py No salt 0.13 0.13 11.0 9.3
100 mM KCl 0.05 0.16 6.3 3.4
200 mM NaCl 0.24 0.12 18.4 8.3
200 mM SrCl2 0.07 0.16 5.4 4.3

Py-TBA-Py No salt 0.04 0.34 6.2 4.3
100 mM KCl 0.14 0.93 2.9 45.0
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200 mM NaCl 0.05
200 mM SrCl2 0.03

a Typical errors are of ±10–20%.

etal cations (Fig. 3A). To test such a possibility we calculated
ractions of long-wavelength emission and the results are shown
n Table 1. The fractions for Htelom probe systems approach val-
es of 0.12–0.16 and are much lower compared to systems with
BA probe (0.37–0.93) but higher than that for pyrene butanoic
cid (0.06). One should however exclude contribution from excimer
mission since the fluoresce spectra of probes may be alterna-
ively broadened by stacking interactions with nucleobases (e.g.,
uanine). Moreover, normalized spectra at the maximum of emis-
ion band of Htelom-based systems did not reveal any significant
ifferences between free probe and its metal complexes.

.3. Emission kinetics

Excitation wavelength in lifetime experiments was set at
40 nm (pyrene absorption band) and the excited state kinetics
as monitored at 390 nm (pyrene monomer fluorescence) and at

80 nm characteristic of excimer emission. Preliminary reference
xperiments were carried out with buffer and unmodified oligonu-
leotides to assess the importance of background fluorescence. In
oth cases a weak emission was observed that originated from
nknown impurities. Time-resolved emission from these samples
as characterized by a lifetime shorter than 1 ns. This background

mission was significantly lower than emission arising from the
yrene-labeled probes and was neglected in further study, but

t may slightly contribute to the short lifetime emission signals.

xamples of experimental decays for Py-TBA-Py (480 nm) and Py-
telom-Py (390 nm) in the absence and the presence of metal
ations are shown in Fig. 4.

Significant differences between decays for free and metal-bound
robes are observed for both probes. Signal for Py-TBA-Py, mon-

ig. 4. Emission decay curves of Py-TBA-Py probe monitored at 480 nm (A) and Py-Htelo
resence of: 100 mM KCl (2), 200 mM NaCl (3) and 200 mM SrCl2 (4). Probes were at conc
represents the lamp profile.
0.59 6.3 24.1
0.56 5.7 5.1

itored at the excimer emission (� = 480 nm), decays slower after
addition of metal ions (Fig. 4A). The most efficient lengthen-
ing of lifetime is observed for potassium/Py-TBA-Py quadruplex,
in agreement with an appearance of excimer emission. Similar
trend is observed for NaCl/Py-TBA-Py decay, but the effect is
less pronounced. In case of SrCl2, the observed changes in decay
profile of Py-TBA-Py were rather small. It should be noted that
decays of Py-TBA-Py probes monitored at 390 nm (monomer emis-
sion) exhibited profiles that indicated lifetime shortening (data
not shown). Comparable metal cation effects were observed for
Py-Htelom-Py probe irrespective of the monitoring wavelength
(Fig. 4B). Similarity between decay traces recorded at 390 and
480 nm suggests that an additional long-wavelength emission is
absent here, in good agreement with their steady-state spectra.
Interestingly, while the average lifetimes undergo shortening for
potassium and strontium quadruplexes, the formation of sodium
quadruplex results in extension of the average lifetime (Table 1
and Fig. 4B).

The free pyrene label (1-pyrene butanoic acid, PBA) possesses
high emission quantum yield (� = 0.6 [23]) and a single exponen-
tial decay with long lifetime, which is dependent on the media
conditions. In not deaerated Tris–HCl buffer used in our experi-
ments the lifetime for PBA is 85.4 ns (Table 1) that agrees with
83 ns obtained by Telser et al. in aerated phosphate buffer con-
taining 100 mM NaCl [23]. On the other hand, Zahavy and Fox
reported lifetime of 180 ns for PBA in deaerated phosphate buffer

[19]. Attachment of the pyrene labels to the TBA or Htelom oligonu-
cleotides leads to multiple emission decays. A tri-exponential
equation F(t) = A + B1exp(−t/�1) + B2exp(−t/�2) + B3exp(−t/�3) was
needed to fit the data both for free and metal-complexed probes.
The relative amplitudes (fractions of the emitting species, ˛i) were

m-Py probe monitored at 390 nm (B) in the absence of metal cation (1) and in the
entration of 1 �M in Tris–HCl buffer pH 7.4; the excitation was at 340 nm and trace
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Fig. 5. Lifetime distribution diagrams for free Py-TBA-Py and its qu

alculated using ˛i = Bi/
∑

i

Bi and average lifetimes <�>, according

∑

o < t >=

i

˛i�i. Figs. 5 and 6 show diagrams of lifetime distribu-

ion for free probes and their metal cation quadruplexes. It should
e noted that most decays are dominated by the short-lived com-

Fig. 6. Lifetime distribution diagrams for free Py-Htelom-Py and its quadru
lexes with metal cations, monitored at 390 nm (A) and 480 nm (B).

ponent (for free probes above 70%) with lifetime about 1 ns or even
below. Only in case of Py-TBA-Py/K+ and Py-TBA-Py/Na+ emission
monitored at 480 nm, the fraction of short lifetime component is

significantly lower (Fig. 5B). The medium lifetime components are
in the range 6–8.5 ns (18–15%) for free probes and undergo small
variations after addition of metal cations. Finally, the long-lived
species have lifetimes of 33 ns (11%) and 60 ns (15%) for free TBA and

plexes with metal cations, monitored at 390 nm (A) and 480 nm (B).
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Fig. 7. Expected arrangement of pyrene labels (shadowed ovals) for different
A. Dembska, B. Juskowiak / Journal of Photochem

telom probes, respectively. The much shorter lifetime for long-
ived component of Py-TBA-Py is in good agreement with lower
uorescence quantum yield for TBA probe when compared with
hat for Py-Htelom-Py (Table 1).

Formation of quadruplexes in the presence of metal cations
hanges the lifetime distributions in all investigated systems. The
ost spectacular changes are observed for Py-TBA-Py/KCl and

y-TBA-Py/NaCl systems monitored at 480 nm (Fig. 5B) and for
y-Htelom-Py/NaCl system (Fig. 6). The long-lived component of
30 ns (10%) for Py-TBA-Py probe was shifted to ∼80 ns (KCl) and
50 ns (NaCl) with a remarkable increase in population (∼40%).
he remaining two lifetimes (∼1 and ∼6 ns) were also shifted for
Cl system to higher values of ∼6 and 27 ns, respectively with
emarkable fractional redistribution. Less pronounced changes for
a+/TBA system are in good agreement with steady-state results
lready discussed. Lifetimes for K+/Py-TBA-Py monomer emission
onitored at 390 nm (Fig. 5A) exhibit changes that can be also

xplained by excimer formation. As result of pyrene–pyrene inter-
ctions the population of the long-lived component with lifetime
f ∼30 ns (11%) decreased significantly (3%) in the presence of
otassium ion without particular shift in lifetime (Fig. 5A). Simulta-
eously, the relative fraction of the short-lived species with lifetime
f ∼1 ns (71%) increased markedly (85%).

The Htelom-based systems exhibited similar lifetime data for
oth monitoring wavelengths, in good agreement with the lack of
xcimer emission band in their fluorescence spectra. Results cal-
ulated for 390 nm seems to be more reliable due to the higher
ignal-to-noise ratio at this wavelength. Interestingly, free Py-
telom-Py probe has the long-lived lifetime of ∼60 ns, which is
lmost 2 times longer than that for TBA probe but still remarkable
horter than obtained for PBA. Addition of potassium has mod-
st effect on the values of lifetimes but affected significantly their
elative distribution. The population of the species with short-
st lifetime increased from 69% to 82%, the fractions of medium
nd longest lifetime components decreased from 15% to 10% and
rom 16% to 8%, respectively (Fig. 6). Opposite effect was observed
or sodium/Py-Htel-Py quadruplex, for which the lifetime of long-
ived component and its fraction increased from ∼60 ns (15%) to
80 ns (28%) in the presence of 200 mM NaCl (Fig. 6A). Strontium

on also caused an increase in lifetime of long-lived component
67 ns) but because of a drop in population of this species (∼8%)
nd a gain in fractions of short-lived species, the average lifetime
ecreased (Table 1). Efficient deactivation kinetics of the excited
tate of Py-Htelom-Py/potassium probe is in good agreement with
trong fluorescence quenching observed in this system (Fig. 3), but
he nature of the quenching seems to be static in origin since no
ifetime shortening is observed.

As the three lifetimes characterize the emission decays of inves-
igated systems, it is not necessarily true that there are only
hree distinct deactivation processes of pyrene excited state and
hat the particular lifetime �i denotes the same emitting com-
onent in different systems. There may be many such processes

n the system and we do not intend to propose its microscopic
escription. The lifetime data presented here should be rather
egarded as a qualitative measure of the pyrene–pyrene and
yrene–nucleobases interactions and will be discussed in relation
o their quadruplex topologies. Therefore, one may conclude, that
y-TBA-Py/potassium quadruplex formation leads to the efficient
abel–label interactions that results in redistribution of the life-
imes of monomer excited state (shortening of the average lifetime)
ccompanied with the appearance of the excimer emission with

uch slower deactivation processes. Similar interaction model is

alid for Na+ and Sr2+/TBA quadruplexes, but the effects are much
maller. The chair-type structure of the TBA quadruplex shown
n Fig. 7A with the face-to-face arrangement of pyrene labels is
ndoubtedly responsible for the generation of excimer emission
quadruplex structures: (A) a chair-type of Py-TBA-Py/Mn+, (B) a basket-type of Py-
Htelom-Py/Na+, (C) a hybrid-type of Py-Htelom-Py/K+, and (D) a propeller-type of
Py-Htelom-Py/Sr2+.

[4,10]. The potassium ion with high binding affinity appeared to
be the most effective, the Na+/TBA quadruplex constant is consid-
erably lower, thus quadruplexes are not developed quantitatively.
Strontium ion stabilizes TBA quadruplex with comparable affinity
to K+ ion [10] whereas its efficiency in lifetime lengthening and
generation of excimer emission is rather poor (Figs. 3B and 5B).
Probably other factors may also play important role, for example,
divalent metal cations stabilize quadruplexes in different way com-
paring with monovalent ones. They can stabilize a quadruplex both
by coordination within the central channel of a quadruplex and by
screening repulsion of backbone phosphate charges [1]. The abil-
ity of strontium ion to screen backbone repulsion is significantly
higher than that of potassium or sodium ions, therefore Sr2+/TBA
quadruplex possesses more compact arrangement that may dis-
turb in formation of excimer by pyrene labels. Small shift of band
observed in CD spectra for K+ and Sr2+/Py-TBA-Py quadruplexes
(Fig. 2A) are consistent with differences reported by Kankia and
Marky for CD spectra of unmodified TBA quadruplexes, which were
explained by the tightness of particular structures due to electro-
static interactions [10]. Even more spectacular differences between
the chair-type structures of K+ and Sr2+/TBA quadruplexes revealed
NMR studies [26,27]. As results of different binding stoichiometry
(2:1 and 1:1 for K/TBA and Sr/TBA, respectively), two potassium
ions are bound outside of the quadruplex core interacting addi-
tionally with thymines in the loops [26] while Sr2+ ion is localized
in the center of the quadruplex [27].

Contrary to TBA, oligonucleotides with human telomere
sequence are know to form quadruplexes that exhibit struc-
tural polymorphism in the presence of specific metal cations
[11,13–16,28]. One can assume that nonfluorescent pyrene dimers

and/or pyrene/nucleobase stacking complexes can be responsi-
ble for observed lifetime distribution. Formation of nonfluorescent
pyrene dimers should be rather ruled out since they were not
observed in similar TBA system. The quenching effect of potassium
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nd strontium ions should be discussed in terms of their quadru-
lex topologies. In both cases the formation of quadruplex proceeds
robably without substantial rearrangement of preformed free
robe structure (partially quenched). The final strong quenching
hould be linked to pyrene/nucleobase stacking interactions and/or
ynamic quenching through electron transfer (ET) [5]. Two quadru-
lex structures, the hybrid- and the propeller-type (Fig. 7C and
, respectively) can explain observed efficient quenching in the
resence of KCl and SrCl2, respectively. It was shown recently
hat hybrid-type quadruplex dominates in KCl solution while
r2+/Htelom quadruplex was reported to adopt the parallel struc-
ure [13–16] and CD spectra recorded for our probes (Fig. 2B) agree
ith the literature data. Both these quadruplexes possess external

uanine tetrads exposed to hydrophobic planar guest molecules.
yrene moiety can thus effectively stack on the guanine tetrads
acilitating static or ET quenching. Thymine bases present in lat-
ral loops of hybrid-type quadruplex can quench additionally the
mission of pyrene [17,20]. Sodium Htelom quadruplex possesses
basket-type structure [11], in which a diagonal TTA loop disturbs

n both excimer formation and pyrene-guanine tetrad stacking as
hown in Fig. 7B. As result, no excimer emission nor quenching
ffect were observed for this system. Instead, the dequenching
ffect is observed that supports the importance of the conforma-
ional factors for the pyrene quantum yield.

. Conclusions

Results of the fluorescence steady-state and lifetime measure-
ents of G-quadruplexes formed between metal cations (K+, Na+,

r2+) and the pyrene-modified oligonucleotides with sequences
f thrombin binding aptamer (Py-TBA-Py) and human telomeric
equence (Py-Htelom-Py) were presented. All decays of investi-
ated systems could be characterized by a tri-exponential rate.
alculated lifetimes and their fractional distribution depended on
he sequence of attached oligonucleotide and the nature of metal
ation that occupies tetraplex internal cavity. The monomer emis-
ion data reflected the extent of quenching of pyrene excited
tate upon interactions with nucleobases or with second pyrene
olecule. The long-wavelength emission was ascribed to pyrene

xcimer formation that proved pyrene-pyrene interactions. On the
ther hand, structure of quadruplex affects seriously label–label
nd label–nucleobase interactions. The quadruplex topology that
nables an efficient label–label interactions, thus generation of
xcimer emission with very long lifetime, appeared to be a chair-
ype structure formed by Py-TBA-Py probe. Next, the hybrid and
ropeller-type structures of Py-Htelom-Py quadruplexes facili-
ate deactivation of the excited state of pyrene due to stacking
nteractions between pyrene and guanine tetrads. Finally, Htelom
uadruplex with a basket-type structure possesses a diagonal
TA loop, which disturbs in both pyrene–pyrene interactions and
yrene-guanine tetrad stacking.

The mechanism of fluorescence quenching of pyrene emis-
ion by attached oligonucleotide needs further studies involving
anosecond time-resolved laser flash photolysis and transient
bsorption measurements.
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