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The organization of human telomeric DNA is of intense interest because of its role in aging, cancer
research and bioanalytical applications. The Htelom sequence 5'-G3(T,AGs)s-3' has been use to prepare
two pyrene-modified fluorescence probes with three- and six-carbon linkers: Py-Htelom-Py(C3) and
Py-Htelom-Py(C6), respectively. Results of the circular dichroism (CD), native PAGE, steady-state
fluorescence, and anisotropy measurements of sodium and potassium quadruplex formation by these
pyrene-modified conjugates are presented and discussed in order to clarify which conformation facili-
tates or renders the pyrene/pyrene or G-tetrad/pyrene stacking interaction. The CD spectra and native
PAGE images suggested that conjugation of pyrene moieties has negligible effect on the folding properties
of Htelom oligonucleotide. CD melting profiles and thermodynamic parameters revealed that both
sodium and potassium quadruplexes are stabilized by the anchoring of pyrene tags with potassium
ion being more effective than its sodium counterpart. Monomer emission of pyrene dominated in all
investigated systems with fluorescence intensity being sensitive to the nature and concentration of cation
and this phenomenon was attributed to the quenching processes and to the particular topologies of
sodium and potassium quadruplexes. Strong quenching observed in the presence of KCl was attributed
to the peculiarity of the potassium hybrid-type quadruplex, which enables effective stacking of pyrene
moieties on the exposed guanine tetrads, thus facilitating static or electron transfer quenching.
Plausibility of stacking interactions between pyrene and G-tetrad in a hybrid-type potassium quadruplex

was further supported by the anisotropy measurements and molecular modeling results.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Certain DNA sequences that are guanine rich can form four-
stranded structures called quadruplexes under specific cation con-
ditions.!™ These structures have been identified in chromosome
ends,” thrombin-binding aptamer,® and also in the promoter region
of certain oncogenes, such as c-MYC and BCL2.”~°

In vitro characterization of quadruplexes indicates four-
stranded structures containing one or more nucleic acid strands,
in parallel or antiparallel orientations, stabilized by coordination
of a monovalent cation within its central channel'®'!. Four gua-
nines on a plane interacting via Hoogsteen bonding form a G-quar-
tet (Fig. 1a). Typically, three or four G-quartets are stacked and
held together by m-m nonbonded attractive interactions, but
formed quadruplexes may have different topological structures
as shown in Figure 1b-e.

Oligonucleotide with human telomere sequence [G3(T>AGs)s]
denoted here as Htelom is the most frequently investigated
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because its quadruplex is regarded as a target for inhibiting telo-
merase activity and as a complexing moiety in fluorescent probe
for detecting potassium concentration under physiological condi-
tions (PSO—potassium sensing oligonucleotide).'>~'® The fluores-
cent K" sensor developed by us, exploited fluorescence
resonance energy transfer (FRET) as a transduction process. The
PSO has been recommended for the monitoring of K™ in an excess
of Na*. However, the FRET sensors appeared to exhibit more com-
plex response that could be explained by FRET exclusively. For
example, higher FRET signal was observed for the PSO/Na* com-
plex, which suggested stacking interactions of fluorophores and
quenching in the K*-quadruplex but these peculiarities were not
further studied.'*'® Our next fluorescent probe denoted as PSO-
py, exploited the 15-meric thrombin-binding aptamer (TBA) with
a d(GGTTGGTGTGGTTGG) sequence as a cation-binding moiety
and the pyrene excimer emission for the transduction of the cat-
ion-binding event.!” Contrary to the FRET approach, stacking
interactions between fluorophores (pyrenes) were advantageous
for excimer formation and efficient excimer emission was indeed
observed for the PSO-py/K* complex, while the random coil struc-
ture of PSO-py in the absence of K* gave only monomer emis-
sion.!” Excimer emission was attributed to a chair-type
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Figure 1. Structures of G-tetrad (a) and the four types of intramolecular G-quadruplexes: antiparallel basket-type (b) and chair-type (c), parallel propeller-type (d), and

hybrid mixed-type (e). Encapsulated metal cations are shown as balls.

topology of the PSO-py/potassium quadruplex, in which both 3’-
and 5'-termini of TBA possess adjacent orientation, thus facilitat-
ing face-to-face alignment of pyrene tags. On the other hand, the
FRET-based sensor containing TBA oligonucleotide and a FAM/
TAMRA donor/acceptor pair was reported to produce rather poor
FRET signal that was explained by quenching of TAMRA fluores-
cence due to the dye-dye interactions with FAM.'® It should be
pointed out that TBA is known to form only single, a chair-type
quadruplex irrespectively to the metal cation complexed.® Con-
trary to TBA oligonucleotide, the human telomere repeat se-
quence is suspected to coexist in several structures in the
presence of potassium ion (Fig. 1b-e): a chair- and a basket-type,
a propeller-type or a hybrid-type and the problem of the inter-
conversion of particular structures is still under debate.'®2% For
further rational design and development of quadruplex-based
fluorescent sensing devices it is very important to clarify, which
quadruplex conformation facilitates or renders the fluorophor/
fluorophor or G-tetrad/fluorophore stacking interactions.

For this purpose, we designed and synthesized Py-Htelom-Py
oligonucleotide probes, carrying human telomeric sequence and
pyrene moieties at its termini. Two fluorescent probes were syn-
thesized (Scheme 1); one, abbreviated as Py-Htelom-Py(C3), with
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pyrenes linked to oligonucleotide by three-carbon spacers, and
second, Py-Htelom-Py(C6), with six-carbon linkers.

We expected that these oligonucleotides should exhibit sensi-
tivity of monomer/excimer emission intensities to the particular
topological structure of tetraplex. As depicted in Figure 2, a bas-
ket-type quadruplex (sodium complex) should emit mainly mono-
mer emission because of steric hindrance imposed by a diagonal
TTA loop that prevent Py-Py interactions and formation of exci-
mer, but a chair-type quadruplex is expected to show efficient
excimer emission, similarly as it was observed for TBA probe with
the same chair-like conformation.!” Two other structures, propel-
ler and hybrid quadruplexes, may show both monomer or excimer
emission depending on the conformation of pyrene tags, which
prevent or allow the formation of a sandwich-type excimer struc-
ture (type B arrangement). Moreover, pyrene rings may also stack
on the external G-tetrad, which should cause strong quenching ef-
fect (type A arrangement). Peculiarity of a quadruplex (propeller vs
hybrid structure) and length of a spacer (C3 or C6) may affect per-
fect formation of the sandwich-type pyrene dimer or stacking with
G-tetrads, thus the probes may exhibit different spectral character-
istics. Results of the circular dichroism (CD), steady-state fluores-
cence and anisotropy measurements of sodium and potassium
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Figure 2. Expected tetraplex structures of Py-Htelom-Py probes showing pyrene tags arrangements in the presence of sodium or potassium ion.

quadruplexes formed by the pyrene-modified oligonucleotides
with human telomeric sequence, are presented and discussed here.

2. Results and discussion

2.1. Quadruplex formation by Py-Htelom-Py probes proved
with CD spectroscopy, native PAGE electrophoresis and melting
study

Incorporation of two pyrene labels can affect folding ability of the
modified oligonucleotide, therefore, it is very important to examine
the quadruplex formation process using alternative techniques, for
example, gel electrophoresis and CD titration experiments.

The electropherograms of Py-Htelom-Py oligonucleotides in
nondenaturing polyacrylamide gel containing 100 mM NaCl
(Fig. 3a) or KCI (Fig. 3b) confirm that the pyrene-modified Htelom
oligonucleotides, Py-Htelom-Py(C3) and Py-Htelom-Py(C6), mi-
grate faster than the single stranded 20-mer DNA in accordance
with the mobility of a intramolecular folded quadruplex formed
by the unmodified [G3(T2AGs);] Htelom oligonucleotide.?® These
PAGE images disprove the existence of unfolded probes or forma-
tion of multistranded structures.

More detail studies on G-quadruplex formation with pyrene-
conjugates were carried out using CD spectroscopy.

The CD spectra of Py-Htelom-Py probes in Tris-HCl buffer ti-
trated with NaCl are shown in Figure 4. Weak CD peaks are ob-
served for both probes in the absence of NaCl, whereas addition
of salt causes an appearance of the positive bands at 295 and
245 nm and negative band at 270 nm characteristic of the antipar-
allel quadruplex with a basket-type structure containing two lat-
eral and one diagonal TTA loops.!® The intensity of the CD bands
rises as the salt concentration increases up to 10 mM NaCl
(Fig. 4c). Further addition of salt causes only minor effect on the
CD spectra of both probes, indicating that 10 mM concentration
of NaCl is sufficient for nearly complete formation of quadruplex.
The slightly higher intensity of CD bands for Py-Htelom-Py(C3)
probe comparing to those for Py-Htelom-Py(C6) conjugate may
indicate that six-carbon linker is less favorable for the formation
of a perfect Na/Htelom quadruplex.

The variations in CD spectra of pyrene-modified oligonucleo-
tides induced by the binding of potassium ion are shown in Fig-
ure 5. Interestingly, one can observe difference in the pattern of
CD spectra for both probes in the absence of salt that may be
caused by the effect of linker length (three vs six carbons). The
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Figure 3. Native PAGE images of unmodified Htelom oligonucleotide G3(T>AG3)3
(telomere) and pyrene-modified Htelom oligonucleotides (C3 and C6 denote Py-
Htelom-Py(C3) and Py-Htelom-Py(C6) probes, respectively) in 20 mM Tris—-HCI
buffer (pH 7.4) containing 0.1 M NaCl (a) and 0.1 M KCI (b).

presence of a modest positive peak at 260 nm (Fig. 5b), which is
indicative of a parallel structure,>>?® may suggest that C6 linker
facilitates partial self-folding of the probe into a propeller-type
assembly in the absence of metal ion. However, subsequent addi-
tions of KCl resulted in the development of a large positive band
at 290 nm for both ligands that is consistent with the literature
data concerning CD spectra of K/Htelom quadruplex.?>28 The sat-
uration plots in Figure 5¢ show that both oligonucleotides reached
their final tetraplex structures at 1 mM KCl. According to most
recently published reports, a mixed-type hybrid quadruplex
(Fig. 1e) dominates in KCI solution of Htelom oligonucleotide, but
its fractional contribution depends on the length of oligonucleo-
tide,>>?* modification of guanine®® and the presence of crowding
agents in solution (e.g., polyethylene glycol).?' Problem of struc-
tural polymorphism of Htelom/K* complex is still under debate
since other structures, which may contribute to the overall CD
spectrum of a mixture, possess similar CD spectra (a chair- and a
basket-type quadruplexes). Another possible structure that may
coexist in aqueous KCl solution was reported by Parkinson et al.
for a solid-state potassium complex.® This propeller-like quadru-
plex features a parallel orientation of strands with double-chain-
reversal side loops (Fig. 1d).2 This structure was also observed in
solution by NMR for a modified two-repeat Htelom sequence.?®
However, the CD spectra reported for most Htelom sequences in
KClI solution (e.g., Fig. 5) are radically different from the CD spec-
trum of a parallel structure, which possesses a strong positive band
at 260 nm.2>?8-30 Therefore, the parallel structures may be present
in investigated systems only as a minor component.?%?! The exis-
tence of hybrid quadruplex as a major component in investigated
systems seems to be justified in light of literature data including
peculiar CD spectra.22-2> This mixed-type hybrid quadruplex con-
tains two lateral loops and one external loop (Fig. 1e), which give
mixed parallel-antiparallel orientation of strands with a character-

istic CD spectrum showing a strong positive band at 290 nm, with
weak negative peaks around 235-255 nm.

Concluding, although there are some differences in overall
shapes of CD bands (especially in the absence of metal ion), the fi-
nal CD spectra of metal complexes are consistent with the litera-
ture data for unmodified Htelom oligonucleotide,>>~2% which
means that conjugation of pyrene moieties has negligible effect
on the folding properties of Htelom oligonucleotide.

Thermal stability of the tetraplex structures of the pyrene-mod-
ified oligonucleotides was evaluated in the presence of KCI or NaCl
using the temperature dependence of CD spectra. The obtained
melting profiles are shown in Figure 6. One should note an increase
in molar ellipticity for K/Htelom-Py systems (Fig. 6a) at the begin-
ning of melting plots (20-40 °C), which can be associated with for-
mation of more perfect quadruplex structure. One can expect that
stabilizing effect of two stacked pyrenes or a pyrene interacting
with the terminal G-tetrad may result in distortion of the guanine
alignment in a quadruplex. Consequently, an increase in tempera-
ture weakens the stacking interactions leading to more perfect
guanine arrangement and an increase in molar ellipticity as ob-
served in Figure 6a. The lack of such a phenomenon for sodium
quadruplexes (Fig. 6b) suggests that quadruplex structure (hybrid-
vs basket-type) plays an important role in this phenomenon to
occur.

Effect of covalent attachment of the pyrene on the stability of
particular quadruplexes can be compared through the thermody-
namic parameters listed in Table 1. A parent oligonucleotide, Hte-
lom, provides a reference since the thermodynamic parameters for
Na/Htelom and K/Htelom complexes are in good agreement with
previous studies.?’'32 Sodium quadruplexes are slightly stabi-
lized by the attachment of pyrene (AT, = 4-5 °C), whereas in case
of K/Py-Htelom-Py(C3) and K/Py-Htelom-Py(C6) quadruplexes this
effect is substantial with AT, approaching 13 and 15 °C, respec-
tively. Thermal stabilization of pyrene-modified oligonucleotide
has been also reported for molecular beacon with a stem-loop
structure and this effect was ascribed to the pyrene-pyrene hydro-
phobic or n-m interactions.> On the other hand, Mergny et al. re-
ported that modification of Htelom oligonucleotide with FRET
labels, fluorescein and tetramethylrhodamine, destabilized quad-
ruplex structure, which was accounted for the presence of a nega-
tively charge on the conjugated fluorescein dye.>?

Inspection of thermodynamic data collected in Table 1 re-
veals that both sodium and potassium quadruplexes are stabi-
lized by the anchoring pyrene functions with potassium ion
being more effective than its sodium counterpart. Since the
AH changes for conjugates are less favorable when compared
with those for unmodified oligonucleotides, it is evident that
the contribution for the higher stability of covalently modified
probes is entropic in origin. The dangling hydrophobic pyrene
moieties in the unfolded state of Htelom probe possess hydra-
tion shell, which is released upon folding into a quadruplex.
This may suggest that pyrene moieties are stacked on the ter-
minal guanine tetrads in a quadruplex since pyrene-pyrene
sandwich interactions are less plausible (no excimer emission
observed—vide infra).

2.2. Fluorescence of pyrene-modified oligonucleotides and
anisotropy studies

The various hybridization studies on oligonucleotides possess-
ing pendent pyrene chromophores have established that the prox-
imity of two pyrenes is a necessary, but not sufficient condition for
the excimer fluorescence to occur. Conformations, which do not al-
low the formation of a sandwich face-to-face excimer structure for
the electronically excited pyrene dimer, give rise to monomer or
broadened monomer fluorescence rather than excimer emis-
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Figure 4. CD spectra of 2 uM Py-Htelom-Py(C3) (a) and 1.8 pM Py-Htelom-Py(C6) (b) recorded upon addition of NaCl in 20 mM Tris-HCl buffer (pH 7.4). A spectrum of
unmodified Htelom oligonucleotide in the presence of 100 mM NaCl is included (broken line). (c) Molar ellipticities of the CD band at 296 nm were plotted against the

concentration of NaCl.

sion.>3-38 Figure 7 shows the fluorescence spectra of pyrene-mod-
ified oligonucleotides recorded in the presence of varied amount of
NaCl. A typical emission characteristic of monomer pyrene with
slightly broadened vibrational bands is observed. No excimer emis-
sion is visible in the 450-550 nm range that is not a surprise since
a diagonal TTA loop in basket-type quadruplex separates two pyr-
enes effectively, preventing from excimer formation. The effect of
NaCl concentration on pyrene emission is not straightforward,
however: an increase in the concentration of NaCl results initially
in a fluorescence enhancement followed by a quenching effect at
NacCl concentrations exceeding 10 mM as shown in Figure 7c.
These bimodal changes in fluorescence intensity induced by
NaCl addition can be explained by vulnerability of pyrene moiety
to participate in quenching processes (a static quenching or an
electron transfer from adjacent thymine or guanine bases>®) and
by particular topology of a basket-type sodium quadruplex. If
one assumes that Htelom probes can exist in the absence of metal
ions or at low salt concentration as hairpin structures,*®4! then
pyrene emission may be partially quenched by neighboring G:G
base-pair even in the absence of cations. Thus, initial enhancement

of pyrene emission may be ascribed to the dequenching process
since formation of basket-type-quadruplex may require disruption
of such a preorganization of oligonucleotide. Similar dequenching
processes and subsequent fluorescence enhancement have been
reported for NaCl effect on a TAMRA-labeled Htelom oligonucleo-
tide.'® It should be noted that fluorescence increases up to
10 mM NaCl in good agreement with completion of the quadruplex
formation process as shown by CD titration experiments (Fig. 4).
However, further increase in NaCl concentrations leads to reap-
pearance of the quenching phenomenon. Pyrene emission de-
creases gradually approaching finally a constant level at higher
NacCl concentrations (Fig. 7c). The latter quenching may be caused
by the same origin, that is, electron transfer (ET) to thymine in TTA
diagonal loop or static process due to stacking interactions. Stack-
ing interactions between hydrophobic pyrene rings and nucleo-
bases are plausible at higher salt concentration due to the
phenomenon known as electrostriction.*?

Changes in fluorescence spectra of Py-Htelom-Py probes are
more pronounced in the presence of KCl as shown in Figure 8. Dra-
matic quenching of monomer band is observed for Py-Htelom-
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concentration of KCl.

Py(C3) probe while fluorescence of Py-Htelom-Py(C6) is quenched
less efficiently. Additionally, a weak broad emission band around
500 nm with isoemissive point at 460 nm has developed at higher
KCI concentration for Py-Htelom-Py(C6) probe (Fig. 8b), which may
indicate formation of residual excimer species. Final level of the
fluorescence quenching in the presence of excess of KCl approaches
80% and 50% for Py-Htelom-Py(C3) and Py-Htelom-Py(C6), respec-
tively. The quenching is almost completed in the KCI concentration
range of 0-2 mM, in agreement with CD titration plots represent-
ing the formation of potassium quadruplex (Fig. 4c).

Different shapes of KCl quenching profiles when compared to
NaCl effect reflect peculiarities in the structures of sodium and
potassium quadruplexes. In contrast to sodium quadruplex, the
lack of initial enhancement for KCl is evident, indicating that for-
mation of potassium quadruplex proceeds without substantial
rearrangement of preformed oligonucleotide structure. Alternative
explanation may involve two competitive quenching processes:
one associated with preorganization of a probe and a second, more
efficient, due to the G-quartet/pyrene stacking. Formation of the
potassium quadruplex results in more efficient quenching since
strong stacking quenching substitutes the less efficient process.

The final strong quenching should be linked to stacking interac-
tions and/or dynamic quenching through electron transfer (ET).
Two quadruplex structures, propeller and hybrid-type (Fig. 1a
and e, respectively) can explain observed efficient quenching in
the presence of KCl. However, CD spectra strongly suggested that
hybrid-type quadruplex dominates in KCl solution. External guan-
ine tetrads can be easily approached by any hydrophobic guest
molecule with a proper planarity. Pyrene moiety can thus effec-
tively stack on the guanine tetrads facilitating static or ET quench-
ing. Thymine bases present in lateral loops of hybrid-type
quadruplex can quench additionally the emission of pyrene.3®
The question arises whether the weak excimer emission for K*/
Py-Htelom-Py(C6) originates from a small fraction of a chair-type
quadruplex or from a propeller-type structure. To examine the
spectral properties of the propeller-type quadruplex, additional
CD and fluorescence measurements have been carried out for the
system containing 150 mM KCI in the presence of a ‘crowding’
agent, 50% polyethylene glycol (PEG 200). High content of PEG in
aqueous solution is known to promote formation of parallel quad-
ruplexes by Htelom oligonucleotide in the presence of KCl.?' CD
spectra of potassium quadruplexes recorded in 50% PEG 200 shown
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Table 1

The melting temperature (T;,,) values and thermodynamic parameters of Htelom quadruplexes in the presence of 20 mM NaCl or 20 mM KCl

Quadruplex Tm [°C AH (kcal/mol) AS (cal/mol K) AG;s (kcal/mol) AG37 (kcal/mol)
Na/Htelom 46.4 0.6 -382+1.6 —119.5+4.9 -2.57 -1.14
Na/Py-Htelom-Py(C3) 50.1+0.7 —-35.3+09 —108.9+2.7 -2.82 -1.52
Na/Py-Htem-Py(C6) 50.5 + 0.6 -30.8+£0.5 —95.3£1.5 -2.36 -1.24
K/Htelom 59.6 +0.5 —474+55 —142.5+16.6 -4.91 -3.20
K/Py-Htelom-Py(C3) 72.5+0.9 —42.5+3.7 —123.0£10.6 —5.83 —4.35
K/Py-Htelom-Py(C6) 746 £1.1 -39.0+£3.2 —112.349.2 —5.76 -4.19

3 Htelom denotes human telomere sequence: dGs(T>AGs)s.

in Figure 9 exhibit for all probes (including unmodified Htelom oli-
gonucleotide) a strong positive band at ca. 260 nm characteristic of
a propeller-type structure.?62%3° Fluorescence spectra of these par-
allel quadruplexes (Fig 10) show only monomer emission of pyr-
ene; moreover, addition of KCl results in fluorescence
enhancement in contrast to aqueous solutions of investigated
probes, in which fluorescence was quenched. The lack of excimer
emission and the presence of fluorescence enhancement effect
for propeller-type quadruplex may indicate that the occurrence
of this structure in aqueous KCl solutions of pyrene-modified Hte-
lom probes should be rather excluded. On the other hand, the ob-
tained results should be treated with caution since the presence of
50% PEG may diminish stacking interactions between pyrene moi-
eties, thus, may affect excimer formation. Therefore, we attempted
to prove the ability of a parallel quadruplex to facilitate pyrene
excimer emission using the Sr*/Htelom quadruplex, which was re-
ported to exhibit CD spectrum characteristic of the parallel struc-
ture.3%3! Unexpectedly, the CD spectra of Py-Htelom-Py(C3) and
Py-Htelom-Py(C6) in the presence of SrCl, (1.5 mM) showed posi-
tive bands at 295 and 245 nm and negative band at 270 nm char-
acteristic of the antiparallel quadruplex with a basket-type
structure. The same spectra were obtained irrespective of the sam-
ple treatment (freshly prepared or thermally treated and incubated
overnight) as suggested by others.3®3! Most probably, the presence
of two pyrene labels disturbed in the formation of a parallel struc-
ture, which was observed for unmodified Htelom oligonucleo-
tide.3%3! In accordance with CD results, the fluorescence spectra
of Sr?*/Htelom-Py systems showed only the monomer emission
band and enhancement effect, resembling the fluorescence behav-
ior of sodium quadruplexes with a basket-type structure. Thus, the

conclusion that parallel quadruplex structure inhibits excimer
emission remains somewhat speculative.

To further prove the possibility of stacking interactions between
pyrene and guanine tetrad in the hybrid-type quadruplex, anisot-
ropy measurements were carried out for pyrene probes. Figure
11 shows results of fluorescence anisotropy titrations of Py-Hte-
lom-Py(C3) and Py-Htelom-Py(C6) with NaCl and KCI. The correla-
tion between anisotropy changes and quadruplex formation is
obvious.

Rather modest changes in anisotropy are observed for Na*
quadruplexes (Fig. 11a) with profiles showing an initial decrease
in anisotropy at low NaCl concentrations followed by stabilization
(r<0.02) at higher NaCl concentration. Titration of probes with
KCI resulted in much more pronounced changes in anisotropy of
pyrene emission as shown in Figure 11b. Both conjugates exhibit
an increase in anisotropy upon KCl addition with Py-Htelom-
Py(C3) probe being much more sensitive to KCl addition. Final val-
ues of anisotropy attained for Py-Htelom-Py(C3) and Py-Htelom-
Py(C6) in the presence of an excess of KCl were 0.09 and 0.04,
respectively. The courses of anisotropy plots are generally consis-
tent with the runs of quenching profiles (Fig. 8c) and can be ex-
plained by the structural differences between sodium and
potassium quadruplexes, which influence the extent of interac-
tions between pyrene and nucleobases (guanine tetrad). The spe-
cific features of a hybrid-type potassium quadruplex, consisting
in two exposed planes of guanine tetrads, are responsible for the
KCI induced increase in anisotropy. Stacking interactions with tet-
rad planes result in restriction of rotational freedom of pyrene tags.
The Py-Htelom-Py(C3) conjugate exhibits a more dramatic in-
crease in anisotropy relative to Py-Htelom-Py(C6), which is consis-
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Figure 7. Fluorescence spectra of pyrene-modified oligonucleotides: (a) Py-Htelom-Py(C3) and (b) Py-Htelom-Py(C6) recorded upon titration with NaCl in 20 mM Tris-HCI
buffer (pH 7.4). (c) Relative changes in fluorescence intensity (%) with the concentration of NaCl.

tent with more efficient quenching observed in the presence of KCI.
Undoubtedly, different anisotropy levels attained for both probes
reflect the extent of stacking interactions, which is a function of
the rotational freedom of fluorophore moiety around a liker and
the rotation and reorientations of the whole macromolecule.
Figure 12 shows optimized hybrid-type structures of potassium
complexes, obtained with molecular modeling approach. Optimi-
zations were performed with the Insight Il package on a hybrid
structure deposited in the Protein Data Bank under the accession
code 2GKU and modified by removing terminal two thymines
and one adenine from 5'- to 3’-ends, respectively. Pyrene moieties
with respective linkers were next added to obtain Py-Htelom-
Py(C3) and Py-Htelom-Py(C6) probes. As shown in Figure 12, both
conjugates are able to form compact structures with pyrene moie-
ties stacked on terminal guanine tetrads. The six-carbon linker in
Py-Htelom-Py(C6) probe seems to impose some constrains pre-
venting a perfect alignment of pyrene and the guanine tetrad
(Fig. 12b), which is in good agreement with less efficient quench-
ing of pyrene fluorescence (50% vs 80% for Py-Htelom-Py(C3))
and lower value of anisotropy of pyrene tag (0.04 vs 0.09 for Py-
Htelom-Py(C3)). On the other hand, the residual excimer emission
(Fig. 8b) may originate from a small fraction of quadruplexes with
suitable ground state conformation of pyrenes enabling face-to-
face dimer formation. Interconversion of a hybrid structure into a
chair-type quadruplex as postulated by Sugiyama et al.,>> may also
explain residual excimer emission observed for KCI solution.

3. Conclusions

Results of the circular dichroism (CD), steady-state fluorescence
and anisotropy measurements of sodium and potassium quadru-
plex formation by pyrene-modified oligonucleotides with human
telomeric sequence, Py-Htelom-Py(C3) and Py-Htelom-Py(C6)
were presented. The CD spectra and native PAGE experiments were
generally consistent with the literature data for unmodified Hte-
lom oligonucleotide, which suggested that conjugation of pyrene
moieties have negligible effect on the folding properties of Htelom
oligonucleotide. CD melting profiles and determined thermody-
namic parameters revealed that both sodium and potassium quad-
ruplexes are stabilized by the anchoring of pyrene tags with
potassium ion being more effective than its sodium counterpart.
For all investigated systems, only monomer pyrene emission was
observed except for K*/Py-Htelom-Py(C6) complex, which exhib-
ited additional weak excimer emission at around 500 nm. Fluores-
cence intensity of pyrene monomer emission was sensitive to the
nature and concentration of metal cations and this phenomenon
was explained by the quenching processes (a static quenching or
an electron transfer from adjacent thymine or guanine bases). On
the other hand, the diverse quenching effect should be attributed
to the structural differences between sodium and potassium quad-
ruplexes and to the length of a linker (C3 vs C6). Moderate quench-
ing effect and a lack of excimer emission was observed for sodium
ion, which is known to form a basket-type quadruplex. The TTA
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PEG200. Conditions: 20 mM Tris-HCl (pH 7.4), 150 mM KCl.

diagonal loop in this structure separates two pyrenes effectively,
preventing from excimer formation and facilitating modest
quenching of pyrene fluorescence by thymines present in the loop.

On the other hand, fluorescence measurements in the presence of
KClI revealed strong quenching that was attributed to the peculiar-
ity of the potassium hybrid-type quadruplex, which enables effec-
tive stacking of pyrene moieties on the exposed guanine tetrads,
thus facilitating static or electron transfer quenching. Stacking
interactions with tetrad planes resulted in restriction of rotational
freedom of pyrene tags, which was manifested by the substantial
increase in fluorescence anisotropy with the increase in KCl con-
centration in contrast to the sodium quadruplex showing decrease
in anisotropy with NaCl concentration. Plausibility of stacking
interactions between pyrene and G-tetrad in a hybrid-type potas-
sium quadruplex was further supported by the molecular model-
ing results.

All these valuable observations can be exploited for tuning
the spectral performance of future fluorescent probes based
on quadruplex formation. For systems that possess a basket-
type quadruplex structure, a FRET approach is recommended
(diminished stacking interactions). A chair-type quadruplex
seems to be more suitable for the sensing approach that ex-
ploits stacking interactions between fluorophores, for example,
excimer emission or contact quenching. Finally, for a hybrid-
type quadruplex, which facilitates G-tetrad/fluorophore interac-
tions, the approach with a single-labeled oligonucleotide with
efficient hydrophobic fluorophore that is quenched by guanine
can be recommended.
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4. Experimental
4.1. Pyrene-labeled oligonucleotides

Pyrene-labeled oligonucleotides (Scheme 1) were custom-syn-
thesized by Sigma-Genosys Japan (Ishikari, Japan) and purified by
reversed phase HPLC and their identities were confirmed by MAL-
DI-TOF MS (Voyager™). Stock solutions of the oligonucleotides were
prepared in MilliQ water (Millipore, Billerica, MA). Other chemicals
were of analytical grade.

4.2. CD spectra and melting experiments

Circular dichroism (CD) spectra and thermal denaturation
experiments were recorded using a Jasco J-820 Spectropolarimeter
(response, 100 mdeg; scan rate, 50 nm/min; response, 4 s; data
collecting interval, 0.2 nm; band width, 2 nm; accumulated time,
4 times) at 25 °C.

Spectra were recorded at room temperature approximately
30 min after sample preparation in a 1 cm path length quartz cell
using 2 uM solution of a probe in 20 mM Tris-HCl buffer (pH
7.4). Melting temperature (T,;;) measurements were conducted in
the following condition: response, 100 mdeg; temperature gradi-
ent, 30 °C/h; collecting wavelength, 292.6 nm; response, 8 s; data
collecting interval, 0.5 °C; bandwidth, 2 nm. Both heating and cool-
ing cycles were superimposed, indicating that melting process was
kinetically reversible. Each experiment was performed in triplicate
and mean values with standard deviations are reported. Thermo-
dynamic parameters were calculated from the CD melting curves
using a non-linear least squares fitting assuming a two-state equi-
librium model and that heat capacity for folding is zero. These
assumptions are commonly used?® although they may not be
strictly obeyed. Nevertheless calculated thermodynamic parame-
ters can be compared with results reported by other authors.

4.3. Gel electrophoresis experiments

Non-denaturing gel electrophoresis experiments were per-
formed with the Py-Htelom-Py probes and the unmodified Htelom
oligonucleotide. Experiments were performed in a 20 mM Tris-HCI
(pH 7.4) buffer containing 0.1 M KCI or 0.1 M NaCl. The samples
were loaded onto a non-denaturing 20% polyacrylamide gel and
run for 2 h (10 V/cm) at room temperature. The resulting gel was
stained with GelStar and imaged with a digital camera.

4.4. Fluorescence spectra and anisotropy measurements

All fluorescence experiments were conducted with Perkin-El-
mer LS-55 Luminescence Spectrometer (both slit widths of
10 nm) using a 10 mm quartz cell; the spectra were not corrected.
Sample solution (600 ) contained 0.2 uM of fluorescent oligonu-
cleotide in 20 mM Tris-HCl buffer (pH 7.4). A typical titration con-
sisted of successive additions of small portions (5pl) of a
concentrated solution of required salt, followed by stirring and
thermal equilibration. Fluorescence probes were excited at
344 nm and the emission spectra were recorded in the 300-
600 nm spectral range. All spectra were obtained on freshly pre-
pared samples within 30 min of preparation. The cell compartment

was thermostated at 25°C and was equipped with a magnetic
stirrer.

For anisotropy measurements, spectra were recorded using a
set of polarizing filters. Anisotropy, r, was calculated from the fol-
lowing equation:

_ FW_FVHG . _FHV
= Fou 7 2FonC with G_m (1)

where F is integrated fluorescence, subscripts V and H represent
vertical and horizontal setting of polarizers. The first index denotes
excitation, the second-emission polarizer. G is used for instrumental
correction.
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