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ABSTRACT

Guanine-rich regions of the human genome can
adopt non-canonical secondary structures. Their
role in regulating gene expression has turned them
into promising targets for therapeutic intervention.
Ligands based on polyaromatic moieties are espe-
cially suitable for targeting G-quadruplexes utilizing
their size complementarity to interact with the large
exposed surface area of four guanine bases. A pre-
dictable way of (de)stabilizing specific G-quadruplex
structures through efficient base stacking of pol-
yaromatic functional groups could become a valu-
able tool in our therapeutic arsenal. We have in-
vestigated the effect of pyrene-modified uridine nu-
cleotides incorporated at several positions of the
thrombin binding aptamer (TBA) as a model sys-
tem. Characterization using spectroscopic and bio-
physical methods provided important insights into
modes of interaction between pyrene groups and the
G-quadruplex core as well as (de)stabilization by en-
thalpic and entropic contributions. NMR data demon-
strated that incorporation of pyrene group into G-rich
oligonucleotide such as TBA may result in significant
changes in 3D structure such as formation of novel
dimeric topology. Site specific structural changes in-
duced by stacking of the pyrene moiety on nearby
nucleobases corelate with distinct thrombin binding
affinities and increased resistance against nuclease
degradation.

INTRODUCTION

Formation of non-B-DNA four-stranded G-quadruplex
structures by guanine-rich oligo- and poly-nucleotides has
been known for >50 years (1). Four guanine nucleotides as-
semble into a plane by means of Hoogsteen hydrogen bonds
to form a G-quartet. Subsequently, two or more G-quartets
stack to form a G-quadruplex (2–4). G-quartet forming
guanine stretches are interconnected by loops, which can
be of edge, diagonal or propeller type, creating a tremen-
dous ensemble of possible topologies (5,6). The importance
of these polymorphic structures is becoming more evident
as new biological roles and involvements in various diseases
are discovered (7–9). Recent reports suggest that depend-
ing on selection criteria between 65 000 and 180 000 G-
quadruplex forming sequences can be found in the human
genome (10). As G-quadruplexes have been recognized as
promising targets for therapeutic intervention, several ap-
proaches have been assessed to selectively bind to various
folding topologies and structures as well as affect their ther-
modynamic stabilities.

Polyaromatic moieties are capable of stabilizing (non-
canonical) DNA structures through efficient base stacking,
groove binding or intercalation. G-quadruplexes are espe-
cially suitable for targeting by planar polyaromatic moi-
eties due to the large exposed surface area of G-quartets
(11,12). Polyaromatic groups can stabilize G-quadruplexes
as non-covalent ligands, which readily interact and bind to
DNA (13–16). Alternatively, they can be covalently linked
to DNA at desired position(s) in an oligonucleotide se-
quence. Fluorescence properties and �–� stacking ability
of pyrene makes it a desirable building block in functional
oligonucleotides (17–21). Applications of pyrene conju-
gated oligonucleotides include discrimination of single nu-
cleotide polymorphisms (22–24), stabilization of double-
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stranded DNA (25–27), detection of RNA (28–30), etc.
Changes in fluorescence of pyrene or excimer formation
can be used to discriminate between single stranded DNA
and G-quadruplex formation (31,32). Pyrene functional-
ized G-rich oligonucleotides can also serve as K+ ion sen-
sors (33,34). Several studies utilized so called twisted in-
tercalating nucleic acids (TINAs) to achieve stabilization
of certain DNA secondary structures through intercala-
tion or stacking (35–37). In short, TINAs are nucleic acid
monomers containing a pyrene group, but lacking nucle-
obase and sugar moieties. TINA monomers can also be
used to stabilize G-quadruplex structures (38), which can
result in anti-tumour effects (39,40).

The ability to control stability of G-quadruplex struc-
tures and thus modulate related biological outcomes of-
fers great potential applications. Stabilization of telomeric
G-quadruplexes has been shown to inhibit telomerase ac-
tivity in cancer cells, while stabilization of promoter G-
quadruplexes can potentially be exploited for regulating
gene expression (39–44). We have recently shown that a G-
quadruplex structure adopted by the vascular endothelial
growth factor (VEGF) promoter sequence is disrupted with
the introduction of an oxidative lesion. However, the G-
quadruplex fold can be recovered by adding a short pyrene
conjugated lesion-free G-rich oligonucleotide (45). Achiev-
ing the desired effect by covalently attaching polyaromatic
groups to oligonucleotides is often highly dependent on the
position of modification. There are only a limited num-
ber of studies systematically evaluating structure and sta-
bility of DNA with incorporated polyaromatic moieties. In
the current study we have used the G-quadruplex form-
ing thrombin binding aptamer (TBA) as a well-studied and
robust model system to delineate modes of its interaction
with polyaromatic moieties as well as (de)stabilizing en-
ergetic contributions. TBA exhibits a 15 nucleotide long
palindromic DNA sequence, 5′-GGTTGGTGTGGTTGG-
3′, that folds into an antiparallel G-quadruplex with a chair-
like topology consisting of two G-quartets (Figure 1). The
core of the TBA G-quadruplex is flanked by two TT and one
TGT loop. T4 and T13 form a non-canonical interloop T-T
base pair (46,47). TBA has a high binding affinity towards
thrombin protease and acts as its inhibitor and a blood anti-
coagulant (48). Due to its potential for biomedical applica-
tions, the TBA G-quadruplex has been a subject of many
studies exploring effects of different chemical modifications
on its stability and affinity towards thrombin (49,50). G-
quartet forming guanine residues of TBA can be replaced
with different analogues, but these modifications can easily
alter G-quadruplex structure. As a result, primary sites of
modifications have been loop residues that include changes
in loop lengths (51) and sequence (52), LNA (53) and UNA
(54) modifications, different internucleotide linkages (55) or
inversions in oligonucleotide polarity (56,57) and cycliza-
tion (58).

In the current study we have used a commercially avail-
able pyrene-modified uridine (Upy) building block (Fig-
ure 2) to individually replace all thymine positions in the
loops of TBA. We show that only oligonucleotides where
the 3′-end loop nucleotide has been substituted (i.e. TUpy

or TGUpy) are capable to fold into a single stable G-
quadruplex structure. In these cases, an increase in melting

Figure 1. Schematic representation of the TBA G-quadruplex structure.
Dark and light grey nucleotides correspond to guanines in syn and anti
conformations, respectively. Thymines are shown in yellow. T4 and T13
form uncanonical T–T base pair.

Figure 2. Structural formula of Upy (5-(pyren-1-yl-ethynyl)-dUMP) with
the numbering of positions in the pyrene moiety.

temperature (Tm) by 4.8 up to 5.6◦C is achieved, which is
predominantly the result of favorable stacking interactions
between pyrene groups and adjacent G-quartet’s guanines.
Surprisingly, a substitution in the TGT loop induces forma-
tion of two distinct G-quadruplex units in a novel dimeric
structure. Position of Upy and respective structural features
of TBA analogues are related to their binding to throm-
bin. Pyrene-modified TBA analogues exhibit increased re-
sistance against nuclease degradation under human serum
conditions in comparison to TBA.

MATERIALS AND METHODS

Sample preparation

All DNA oligonucleotides were synthesised by phospho-
ramidite solid support method on a H-8 DNA syn-
thesizer (K&A Laborgeraete). Pyrene-dU-CE phospho-
ramidite supplied by Glen Research was used for incor-
porating thymine nucleotides modified with pyrene group
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(Upy) into oligonucleotides. Oligonucleotides were removed
from solid support with a 2 h incubation in 28% ammo-
nium hydroxide aqueous solution at room temperature.
Cyanoethyl protective groups were removed from phos-
phate groups by a subsequent overnight incubation at 55◦C.
The solvent was evaporated and samples redissolved in ul-
trapure water. Oligonucleotide samples were dissolved in
MQ water (18.2 M�) and purified with FPLC (ÄktaPurifier
10) on a size exclusion HiPrep 26/10 column with MQ wa-
ter also used for the mobile phase with a flow of 10 ml/min.
Samples were injected into the FPLC after initial 6 minutes
of column conditioning with the MQ mobile phase, after
which the method ran another 16 minutes. FPLC separa-
tion was followed by measuring absorbance at 260 nm. Mo-
bile phase was evaporated and oligonucleotides dissolved in
NMR solution containing 10% 2H2O and 20, 50 or 100 mM
KCl at pH 5.5 and concentrations ranging from 1.0 to 1.5
mM per strand, if not stated otherwise. NMR titration of
100 �M TBA sample in 50 mM KCl solution with sodium
salt of 1-pyrenesulfonic acid was performed at 0.00, 0.25,
0.50, 1.00 and 2.00 molar equivalents.

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were recorded on Agilent’s VNMRS 600 and
800 MHz spectrometers at 25◦C. DPFGSE water suppres-
sion pulse sequence was used as a part of collection of 1D
and 2D NMR spectra. 2D NOESY spectra were acquired
with mixing time between 80 and 250 ms and 2D TOCSY
spectra with mixing time of 65 ms. 1D 15N- and 13C-edited
HSQC spectra were acquired on partially residue specif-
ically 15N and 13C enriched DNA samples (59) (Varian’s
rna gNhsqc pulse sequence was used). Raw spectral data
was processed with VNMRJ and NMRpipe (60) software
packages. Peak assignment was carried out with MestReN-
ova and Sparky (61) programs.

Circular dichroism (CD) spectroscopy

CD spectra were acquired on Chirascan CD spectrometer
at 25◦C using 0.1 and 2.0 mm light path quartz cuvettes. All
samples for CD, except the TBA9D one, were prepared by
dilution of the NMR samples to final 50 �M DNA concen-
tration in 50 mM KCl solution. CD spectrum of TBA9D

was recorded on a smaller volume of undiluted NMR sam-
ple with 100 mM KCl. Spectra were acquired in the wave-
length range from 220 to 420 nm.

Thermodynamic analysis

Ultraviolet (UV) absorbance was measured using a Shi-
madzu UV-1700 and UV-1800 spectrophotometer equipped
with a temperature controller. Before measurements, DNA
samples were heated to 90◦C, cooled to 0◦C at a rate of
−0.5◦C/min and incubated at 0◦C for 30 min. Melting
curves for TBA, TBA4, TBA9 and TBA13 G-quadruplexes
were measured at 295 nm in 50 mM KCl solution at vari-
ous concentrations ranging from 5 to 500 �M concentra-
tions per strand. Samples were heated and cooled at a rate
of 0.5◦C/min. �H˚, T�S˚ and �G˚ of TBA, TBA4, TBA9M

and TBA13 G-quadruplex structures were calculated from

obtained absorbance data at 5, 20 and 40 �M concentra-
tions using the van’t Hoff equation. Melting temperatures
of G-quadruplexes (Tm) were obtained with the calculation
of the first derivative of the melting curves measured at 20
�M concentration per strand.

PAGE

Before the gel experiments, DNA samples were heated to
80◦C, cooled at a rate of –2◦C/min and incubated at 4, 25,
37 or 70◦C for 10 min. Native gel electrophoresis was car-
ried out on 20% non-denaturing polyacrylamide gels in a
buffer containing 80 mM KCl. Loading buffer (40% glyc-
erol and 1% blue dextran) was mixed with 550 �M DNA
solutions just before loading on the gel. Gels were run at
120 V for 120–330 min at 4, 25, 37 and 70◦C. After, the
gels were stained with SYBR® Gold (PerkinElmer Life Sci-
ences) and imaged using a fluorescent imager (FUJIFILM,
FLA-5100).

Assays for nuclease resistance

The chemical stability of pyrene-modified TBA was ana-
lyzed in the presence of 80% (v/v) human serum type AB
(Lonza), which contains various nucleases such as endonu-
cleases and exonucleases. The degradation of 5 �M pyrene-
modified TBA by nucleases present in the serum was exam-
ined after various incubation times at 37◦C. Reactions were
quenched at chosen times by the addition of a 5-fold ex-
cess volume of stop solution (80 wt% formamide, 10 mM
Na2EDTA and 0.1% blue dextran) and incubated at 95◦C
for 15 min. Before the denaturing PAGE, the precipitate of
proteins in the serum was removed by centrifugation. Gels
were run at 250 V for 100 min at 25◦C and stained with
SYBR® Gold (PerkinElmer Life Sciences) and imaged us-
ing a fluorescent imager (Fujifilm, FLA-5100).

Binding assay of pyrene-modified TBAs to thrombin by using
quartz-crystal microbalance (QCM)

Measurements of the binding of TBAs to thrombin were
performed using an AFFINIX Q4 (Initium, Japan) as re-
ported previously with slight modification (45). Human
thrombin was purchased from Haematologic Technologies,
USA. The solution of thrombin was dialyzed against 50
mM HEPES–NaOH (pH 7.5) containing 10 mM NaCl at
4◦C and reacted with EZ-Link™ Sulfo-NHS-Biotin up to
1:10 molar ratio (Thermo Fisher Scientific, USA) for 1 h.
The reaction was quenched with the addition of 1/100 vol-
ume of 1 M Tris–HCl buffer (pH 7.5), then dialyzed against
50 mM HEPES–NaOH (pH 7.5) containing 10 mM NaCl
at 4◦C and next purified on a PD-10 column (GE Health-
care, USA). The biotinylated thrombin was immobilized in
the NeutrAvidin-coated QCM cell. After immobilization,
the solution in the cell was replaced with the 25 mM KCl
and 25 mM K phosphate buffer. DNA solutions (100 �M)
were annealed in the same buffer and injected into the QCM
cell, and frequency changes (�F) were recorded at 25◦C.
Dissociation constant (KD), �F values were plotted against
the concentration of the injected oligonucleotides. Each se-
ries of plots was fitted to the equation of the Langmuir ad-
sorption model –�F = [DNA]*(–�Fmax)/([DNA] + KD),
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where �Fmax is the maximal change of frequency at an infi-
nite concentration of DNA oligonucleotide (62).

Fluorescence spectroscopy

Fluorescence properties of 150 �M TBA4, TBA9M and
TBA13 G-quadruplexes in a 50 mM KCl solution were mea-
sured on QuantaMaster (PTI) spectrofluorometer at 25◦C
using a quartz cuvette with 1.0 cm path length and excita-
tion wavelength of 330 nm.

RESULTS

Effects of pyrene incorporation are positionally dependent

The use of nucleotides with covalently attached polyaro-
matic moieties, which stack on the nucleobases of outer G-
quartets is a viable strategy for stabilizing G-quadruplex
structures. Careful positioning of modified nucleotides is
crucial for optimum results. Our study encompasses a se-
ries of oligonucleotides based on the TBA sequence, where
all thymine residues were individually substituted with Upy

(Table 1). Interesting observations were also made with
double substituted constructs and TBA0 and TBA16, where
Upy nucleotide was added to 5′- and 3′-ends of the parent
TBA sequence, respectively.

Initially TBA and its analogues were dissolved in an
H2O/2H2O mixture containing 50 mM KCl, and their abil-
ity to fold into a G-quadruplex was assessed with 1D
1H NMR experiments. Spectra of TBA0, TBA3, TBA7,
TBA12 and TBA16 contained low-intensity resonances on
a broad background, which suggested aggregation and/or
multiple structures present in solution (Supplementary Fig-
ure S1). On the other hand, NMR spectra of TBA4, TBA9
and TBA13 exhibit favorable spectral properties (Figure 3).
1H NMR spectra of TBA4 and TBA13 contain eight sharp
guanine imino resonances in the range from � 11.5 to 12.5
ppm with chemical shift dispersion comparable to TBA.
This is indicative of formation of a single G-quadruplex
species with two G-quartet planes. Additionally, spectrum
of TBA4 contains lower intensity signals in the range from �
10.0 to 11.5 ppm, which most likely correspond to thymine
imino or guanine amino protons.

UV absorbance, fluorescence and CD spectra of TBA,
TBA4, TBA9M and TBA13 G-quadruplex samples were ac-
quired also in the wavelength regions that are characteris-
tic for the pyrene moiety (Supplementary Figure S2). TBA
did not exhibit any fluorescence properties and pyrene spe-
cific absorbance above 320 nm. Minor spectral changes for
pyrene-modified TBA analogues suggest different position-
ing of pyrene moiety in the G-quadruplex structures. Spec-
tral signatures of TBA4 and TBA13 are expectedly iden-
tical due to similar environment of their intrinsic pyrene
groups. In comparison, TBA9M, exhibits slight blueshift in
absorbance and fluorescence spectra as well as higher flu-
orescence intensity. No distinguishable differences between
TBA4, TBA9M and TBA13 are observed in the region of
CD spectra corresponding to absorbance of pyrene moieties
above 320 nm (Supplementary Figure S2C).

Since TBA forms a stable G-quadruplex structure also in
the presence of Na+ cations, we tested the folding ability of
Upy analogues in the presence of 50 mM NaCl. However, no

Figure 3. Imino and aromatic regions of 1H NMR spectra of TBA and
its analogues acquired at 25◦C. Samples of TBA, TBA4 and TBA13 dis-
solved in 50 mM KCl solution, while samples TBA9M and TBA9D were
dissolved in 20 and 100 mM KCl solution, respectively. Signals of imino
protons involved in hydrogen bonds are assigned and marked above indi-
vidual signal.

imino resonances could be observed in NMR spectra (Sup-
plementary Figure S3), which shows that Na+ cations can-
not induce G-quadruplex folding of Upy analogues of TBA.
For comparison and control for potential intermolecular in-
teractions of the pyrene moiety with TBA, we performed
titration with sodium salt of 1-pyrenesulfonic acid up to 2.0
molar equivalents with respect to TBA. Nine signals of aro-
matic protons of 1-pyrenesulfonic group can be observed in
1D 1H NMR spectra (Supplementary Figure S4). Surpris-
ingly, there are no observable changes in NMR signals of
TBA G-quadruplex confirming the absence of interactions
with 1-pyrenesulfonic group.

The pyrene moiety is accommodated at the 3′ ends of TT
loops

In order to investigate if substitutions with Upy influence
the fold of TBA analogues circular dichroism (CD) spec-
tra were acquired. CD spectra of TBA4 and TBA13 are in
agreement with TBA and exhibit maxima at around 245 and
290 nm and a minimum at around 265 nm (Figure 4, Sup-
plementary Figure S10C), which are characteristic for an-
tiparallel G-quadruplex folds (63,64).
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Table 1. Names and sequences of oligonucleotides used in this study

Oligonucleotide Sequence

TBA GG TT GG TGT GG TT GG
TBA0 UpyGG TT GG TGT GG TT GG
TBA3 GG UpyT GG TGT GG TT GG
TBA4 GG TUpy GG TGT GG TT GG
TBA7 GG TT GG UpyGT GG TT GG
TBA9 GG TT GG TGUpy GG TT GG
TBA12 GG TT GG TGT GG UpyT GG
TBA13 GG TT GG TGT GG TUpy GG
TBA16 GG TT GG TGT GG TT GGUpy

TBA4/9 GG TUpy GG TGUpy GG TT GG
TBA4/13 GG TUpy GG TGT GG TUpy GG
TBA9/13 GG TT GG TGUpy GG TUpy GG

Figure 4. CD spectra characteristic for anti-parallel G-quadruplexes of
TBA and its Upy analogues. CD spectra of 50 �M TBA, TBA4, TBA9M

and TBA13 oligonucleotides in 50 mM KCl solutions were recorded with
a 2.0 mm optical path at 25◦C. No signal was observed above 320 nm.
CD spectrum of TBA9D was recorded on NMR sample in 100 mM KCl
solution with a 0.1 mm optical path at 25◦C.

A more detailed structural analysis of TBA4 and TBA13
using 2D NMR revealed structural changes induced by
pyrene moieties. Aromatic, anomeric and imino resonances
of TBA4 and TBA13 could be assigned by analyzing 2D
NOESY spectra. Aromatic/anomeric regions of spectra
of both oligonucleotides contain four intense cross-peaks
assigned to G1, G5, G10 and G14, which are indicative
of their syn conformation (Figure 5). Sequential walk in
NOESY spectra of TBA4 is interrupted at G2-T3, T4-G5,
T7-G8, T9-G10 and T13-G14 steps. Analogously, in the
spectra of TBA13 the sequential walk is interrupted at T4-
G5, T7-G8, T9-G10, G11-T12 and T13-G14 steps. Nev-
ertheless, observed NOE connectivities (Figure 6) confirm
that the chair-like topology of TBA is retained for TBA4
and TBA13. 1H NMR chemical shifts in the aromatic and
anomeric regions of TBA4 and TBA13 do not deviate con-
siderably from TBA. Exceptions are aromatic H8 chemical
shifts of G14 and G5 in TBA4 and TBA13, respectively,
which exhibit large upfield shifts. G5 H8 in TBA13 and G14
H8 in TBA4 resonate at � 6.71 and 6.78 ppm, respectively,
compared to � 7.42 and 7.45 ppm in TBA (46).

Pyrene group resonances of Upy analogues of TBA are
found in the range from � 7.5 to 8.6 ppm and overlap
with nucleobase aromatic resonances. However, they are
easily identifiable due to their multiplet structure, which

Figure 5. Spectral regions of 2D NOESY spectra (�m = 250 ms) of TBA4,
TBA9M and TBA13 showing cross-peaks between aromatic and anomeric
protons. Annotated cross-peaks correspond to intranucleotide H8/H6-
H1′ NOE contacts. Assignments of pyrene protons are present in 1D traces
above NOESY spectra.
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Figure 6. Schematic presentation of all internucleotide NOE correlations
with pyrene groups in TBA4 (top) and TBA13 (bottom) G-quadruplexes
observed in NOESY spectra (�m = 250 ms). G-quartet planes are shaded.
Broad silver arrows show the direction of the phosphodiester backbone.

corresponds to the pyrene spin–spin coupling network. All
pyrene proton resonances in TBA4 and TBA13 were as-
signed with the use of 2D TOCSY spectra.

Several NOE contacts between Upy and nearby nu-
cleotides were observed. In TBA4 pyrene protons of Upy4
exhibit NOE cross-peaks with loop nucleotides T3 and T13
as well as G2 and G14 of the adjacent G-quartet (Figure
6). Similarly, in TBA13 cross-peaks were observed between
pyrene protons of Upy13 and G5 and G11 involved in G-
quartets as well as loop nucleotides T4 and T12 (Figure 6).
In total, 14 and 20 inter-nucleotide cross-peaks with pyrene
protons were assigned in NOESY spectra of TBA4 and
TBA13, respectively. These data suggest that pyrene groups
in TBA4 and TBA13 stack on adjacent G-quartets, while
loop thymine nucleotides stack on the pyrene groups.

A TBA analogue with double Upy substitutions at po-
sitions 4 and 13 (TBA4/13) was also evaluated for G-
quadruplex formation. 1D NMR spectrum (Supplementary
Figure S5) contains a set of sharp low-intensity imino sig-
nals, which suggests that the TBA4/13 oligonucleotide, at
least in part, folds into a single G-quadruplex species. How-
ever, spectra also exhibit a broad background. We speculate
that the part of TBA4/13 is in the form of oligomers facili-
tated by inter-strand pyrene–pyrene interactions.

Pyrene incorporation into the TGT loop induces dimerization

Initial measurements of NMR spectra of TBA9, which con-
tains a Upy substitution in the longer tri-nucleotide loop,

Figure 7. Polyacrylamide gel electrophoresis of TBA, TBA4, TBA9 and
TBA13. L corresponds to 10–100 base-pair ladder. Gels were run at 4,
25, 37 and 70◦C. Red arrows point to TBA9 species. Red square at 37◦C
indicates the absence of one TBA9 species. Red line at 70◦C suggests all
oligonucleotides are denatured and migrate at a similar rate.

were done in a solution containing 50 mM KCl. This re-
sulted in two sets of NMR signals suggesting, that two
structures of TBA9 are in equilibrium. To confirm the struc-
ture of the TBA9, G-quadruplex structures were separated
by native gel electrophoresis (Figure 7). The results showed
that, at temperatures of 25◦C or lower, two bands of TBA9
were present, while TBA, TBA4 and TBA13 resulted in a
single PAGE band. Running a gel at 37◦C or higher resulted
in single bands for all four tested oligonucleotides.

DOSY NMR experiments revealed that the two struc-
tures of TBA9 exhibit different translational diffusion co-
efficients (Dt). One of them features a Dt of 1.6·10−6 cm2/s,
which is in agreement with Dt values for TBA, TBA4
and TBA13. This form corresponds to a monomeric G-
quadruplex and was designated as TBA9M. On the other
hand, the second structure with a Dt value of 1.2·10−6

cm2/s was assigned a dimeric nature (TBA9D). Different
salt concentrations were tested in order to shift the equi-
librium towards a single species in solution. TBA9M is the
predominant at low K+ ion concentrations and a 20 mM
KCl solution was found to give the least of the dimeric
form (Figure 3). A higher K+ ion concentration of 100 mM
and prolonged incubation were found to shift the equilib-
rium towards the dimeric TBA9D. After several weeks of
incubation at 4◦C, NMR spectra contained predominantly
TBA9D signals with TBA9M signals reduced to around 5%.

1H NMR spectrum of TBA9M contains one set of imino
resonances in the range from � 10.3 to 12.2 ppm (Figure 3)
suggesting a single G-quadruplex species is formed in solu-
tion. 2D NOESY spectra were acquired in order to gain fur-
ther insight into the structure of TBA9M (Figure 5). Cross-
peaks were found to exhibit larger linewidths compared to
TBA4 and TBA13, which could be attributed to higher dy-
namics of the Upy and adjacent nucleotides. Nevertheless,
we were able to assign imino, aromatic and anomeric 1H
resonances of TBA9M with the exception of G8 and Upy9.
G1, G5, G10 and G14 were found to be in syn confor-
mation with cross-peaks of G10 being noticeably broader.
Chemical shifts of assigned aromatic and anomeric reso-
nances are similar to the values found for TBA. In both
cases imino signals of T4 and T13 are observed, thus con-
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firming T4–T13 interloop base pairing in structures of TBA
and TBA9M. The most significant change in chemical shift
is observed for imino resonance of G1, which is found at
� 10.35 ppm in TBA9M compared to � 12.05 ppm in TBA
(Figure 3). Available NMR data and the CD profile (Figure
4) of TBA9M, which demonstrates characteristic antipar-
allel signatures of TBA, TBA4 and TBA13, suggest that
TBA9M adopts the chair-like TBA fold. Due to broad res-
onances and signal overlap we were unable to unambigu-
ously assign pyrene resonances of TBA9M and extract NOE
connectivities. However, the upfield shift of G1 imino reso-
nance indicates close proximity of the pyrene group, which
suggests the pyrene group stacking at the adjacent G1–G6–
G10–G15 G-quartet.

The fingerprint imino region of NMR spectra of TBA9D

exhibits a distinct resonance pattern (Figure 3). Chemical
shift dispersion of imino resonances in the range from � 10.3
to 11.8 ppm suggests changes in the core G-quartet struc-
ture compared to the parent TBA. 2D NMR experiments
for TBA9D resulted in good spectral properties. Assignment
of correlation peaks in NOESY and TOCSY spectra was
confirmed through 15N-edited HSQC spectra on a series of
residue-specifically 15N enriched oligonucleotides (Supple-
mentary Figure S6). Imino to aromatic proton NOE con-
tacts were used to establish guanines constituting individ-
ual G-quartets (Figure 8). Two distinct G-quadruplex units
were identified (Figure 9). Two 5′ segments from G1 to G6
form an antiparallel G-quadruplex unit in a head-to-head
arrangement. G-tracts are connected by two edge-type T3–
T4 loops and form two G-quartet planes, G1–G6–G1–G6
and G2–G5–G2–G5. Characteristic G(syn)-G(anti) con-
nectivities could be observed in NOESY spectra of TBA9D,
with sequential walk interrupted at steps T3–T4 and T4–
G5. No imino resonances for T3 or T4 could be observed in
NMR spectra suggesting higher levels of dynamics in edge-
type loops and subsequently no TT base pairing in compar-
ison to the parent TBA. Two 3′ segments from G10 to G15
form a parallel G-quadruplex unit with two G-quartets,
G10–G14–G10–G14 and G11–G15–G11–G15, connected
by propeller type T12–T13 loops. All guanines in this unit
are in the anti conformation. The sequential walk could be
traced from G10 to G15 with a single interruption at the
G11–T12 step.

The two G-quadruplex units of TBA9D are connected by
two T7-G8-Upy9 segments. Full sequential walk within the
TGUpy segment as well as with adjacent G6 and G10 was
observed. Interestingly, the intensity of Upy9 H6-H1′ cross-
peak in NOESY spectra is comparable to G1 and G5 indi-
cating that Upy9 adopts a syn conformation. Intense cross-
peaks between imino protons of T7 and G8 suggest for-
mation of two inter-strand wobble T7-G8 base pairs. On
the basis of NOE cross-peaks, we constructed a model of
TBA9D, where two Upy residues form a planar structure
and stack with the adjacent G10-G14-G10-G14 quartet of
the 3′ G-quadruplex unit and T7-G8 base pairs (Figures
8C and 9). Moreover, the pyrene moieties are sandwiched
between T7 and G14 whose aromatic protons exhibit an
upfield chemical shift of � 6.66 and 6.40 ppm, respectively,
compared to � 7.88 and 7.45 ppm in the parent TBA.

In an attempt to stabilize both G-quartets through pyrene
stacking we have prepared TBA analogues with double Upy

substitutions at positions 4 and 9 (TBA4/9) as well as 9
and 13 (TBA9/13). However, NMR spectra of TBA4/9 and
TBA13/9 exhibit only broad resonances and no imino sig-
nals (Supplementary Figure S5), which suggests absence of
G-quadruplex structures.

Stabilization through enthalpic and entropic contributions

Thermal stability of Upy analogues with respect to par-
ent TBA was assessed by analyzing UV melting curves.
Three oligonucleotides containing the pyrene group (TBA4,
TBA9M and TBA13) exhibit Tm higher than TBA (Table 2
and Supplementary Figure S7). TBA9M with a TGUpy loop
exhibits the highest increase in Tm of 6.4◦C, while Tm for
TBA4 and TBA13 with TUpy loops increases by 5.6 and
4.8◦C, respectively. Thermodynamic analysis shows that in
the case of TBA4 and TBA13 higher Tm values are the re-
sult of favorable enthalpic contributions related to stack-
ing of pyrene groups on neighboring nucleobases. On the
other hand, the increased stability of the TBA9M structure
is achieved through entropic contributions of an increased
number of equiprobable states. This is in agreement with
NMR data where broadening of signals corresponding to
Upy9 and adjacent nucleotides was observed.

Due to the low DNA concentration used in UV measure-
ments and short incubation time the TBA9 oligonucleotide
was present in solution predominantly in the monomeric
form (TBA9M). We were unable to perform UV melting ex-
periments at high DNA concentrations, which would facili-
tate dimerization of TBA9, due to high absorbance of such
samples. However, at higher concentrations (400 �M) of
TBA9 and additional transition at ∼35◦C was be observed
(Supplementary Figure S7E), which could be attributed to
melting of the dimeric structure.

In order to further assess TBA9D stability we performed
an NMR melting experiment with incrementally increasing
the temperature from 25 to 55◦C (Supplementary Figure
S8). As temperature is increased TBA9D gradually trans-
forms into the monomeric TBA9M structure. The 1:1 ratio
between TBA9M and TBA9D is achieved at around 45◦C
above which NMR signals corresponding to both structures
decrease in intensity.

Nuclease degradation resistance in human blood serum and
interaction of pyrene-modified TBA analogues with thrombin

Pyrene-modified TBA analogues show increased nuclease
resistance with respect to the parent TBA as analysed un-
der conditions of human blood serum at 37◦C. Degrada-
tion of the oligonucleotides was examined after separation
using denaturing PAGE (Supplementary Figure S9). After
3 h of incubation, 90% of TBA degraded (Supplementary
Figure S9A lane 3 and Supplementary Table S1). In con-
trast, degradation of pyrene-modified TBAs was markedly
inhibited (Supplementary Figure S9B–D, and Supplemen-
tary Table S1). In particular, TBA4 and TBA13, which have
high thermal stability, had about 4-times as much of full-
length oligonucleotides remaining after 3 hours under hu-
man serum conditions than TBA. Thus, thermal stabiliza-
tion of G-quadruplexes with pyrene moiety may be corre-
lated with their higher stability against nuclease degrada-
tion.
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Figure 8. Spectral regions of a NOESY spectrum (�m = 250 ms) of TBA9D. (A) Aromatic-anomeric region where annotated cross-peaks represent in-
tranucleotide H8/H6-H1′ NOE contacts. (B) NOESY region containing imino proton contacts to pyrene, aromatic and D-ribose protons. (C) Schematic
representation of observed internucleotide NOE correlations for the TBA9D G-quadruplex. Broad silver and gold arrows show the direction of the phos-
phodiester backbone in both TBA9 DNA strands.

Table 2. Thermodynamic parameters for the TBA G-quadruplex and its pyrene-modified analogues

Oligonucleotide �H˚ (kcal mol−1) T�S˚ (kcal mol−1) �G˚25 (kcal mol−1) Tm (◦C)

TBA −39.2 ± 1.5 −35.6 ± 1.3 −3.6 ± 0.2 52.0
TBA4 −44.2 ± 6.8 −39.7 ± 6.3 −4.5 ± 0.5 57.6
TBA9M −37.2 ± 4.4 −33.1 ± 4.1 −4.1 ± 0.4 58.4
TBA13 −42.2 ± 4.8 −37.8 ± 4.4 −4.5 ± 0.4 56.8

Binding of pyrene-modified TBAs to the human throm-
bin was evaluated by means of a quartz-crystal microbal-
ance (QCM) with immobilized thrombin (Supplementary
Figure S10A) (65–67). Both parent and modified TBA
showed decreases in frequency when bound to thrombin,
while the antisense strand of TBA did not show any fre-
quency changes (Supplementary Figure S10B). Analysis of
the binding isotherms based on the Langmuir adsorption
model indicated that the dissociation constants (KD) of
thrombin were 85.1 nM for native TBA, 166 nM for TBA4,

93.6 nM for TBA9M, and 523 nM TBA13 at 25◦C (Supple-
mentary Figure S10C and Supplementary Table S2). There-
fore, the pyrene-modified TBAs were active for the recogni-
tion by thrombin. TBA9M had a similar affinity as the par-
ent TBA. However, TBA4 and TBA13 showed lower affini-
ties than TBA. The pyrene moieties in TBA4 and TBA13
are sterically located in G-quadruplex structures that may
face the binding surface of thrombin (68). Therefore, differ-
ences in KD values are probably due to the steric hindrance
of pyrene moiety for the binding to thrombin.
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Figure 9. Schematic presentations of structures of TBA4, TBA13 and the dimeric TBA9D G-quadruplexes. Upy residues are in orange. Dark and light grey
nucleotides correspond to guanines in syn and anti conformations, respectively. Thymines are shown in yellow.

DISCUSSION

Polyaromatic moieties like pyrene groups seem to be ideal
for stacking on G-quartets thus stabilizing G-quadruplex
structures. The thrombin protein has two exosites that bind
TBA. One binds TBA on the side of the TGT loop and the
other on the side of two TT loops (52,69). Therefore, drastic
changes on one side of the TBA structure, as in our study
with incorporating a relatively bulky pyrene moiety, could
still retain TBA’s affinity towards thrombin on the oppo-
site side of the G-quadruplex, while at the same time in-
crease thermodynamic stability. We have used a pyrene con-
jugated nucleotide (Upy) and incorporated it into loops of
the TBA model system. However, individual incorporation
of Upy at some loop positions results in destabilization of G-
quadruplex structures. On the other hand, replacing any of
the thymines at the 3′ ends of loops with Upy increases melt-
ing temperatures of G-quadruplex structures chair-type G-
quadruplex topology (Figure 9). The Tm increase is moder-
ate with 6.4◦C being the maximum, which we believe is due
to the low conformational flexibility of Upy residues. The
pyrene group is tethered to the uracil nucleobase via a linker.
Together these functional groups of Upy form an extended
structural unit measuring around 14.5 Å across the diago-
nal (H6 to HP7). In the case of TUpy loops in TBA4 and

TBA13 the pyrene group of the extended structure coupled
with a relatively short loop length cannot optimally stack on
the adjacent G-quartet. The T7-G8-Upy9 loop in TBA9 is
longer and offers more degrees of freedom. In TBA9M more
efficient stacking of pyrene groups and adjacent guanines
is responsible for slightly higher thermal stability. TBA9M

is in equilibrium with dimeric TBA9D structure (Figure 9),
whose possibility of formation we also attribute to higher
structural reorganization potential of T7–G8–Upy9 loop.

In a study by Mayer et al. higher thermal stability of TBA
was achieved with TINA residues, which also consist of
pyrene groups but lack deoxy-ribose and nucleobase (38). In
TINA the pyrene group is attached to the DNA backbone
through functional groups that allow for unrestricted rota-
tion and thus grant a lot of conformational flexibility. Nev-
ertheless, only substitutions with TINAs in the TGT loop
of TBA were tolerated to some extent, while substitution of
T9 with TINA led to a loss of aptamer activity. CD spec-
tra of the oligonucleotide with TINA at position 9 was not
in agreement with the parent TBA and suggested changes
in the G-quadruplex conformation. These observations are
in agreement with our findings, where Upy substitution in
TBA at position 9 can led to dimerization. A different ap-
proach by Pedersen et al. used different anthraquinone in-
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sertions to replace TT and/or TGT loops (70). Replacing
individual loops resulted in structures with lower Tm val-
ues. However, when both TT loops were replaced with an-
thraquinone insertions, the Tm values increased dramati-
cally. Their data suggest this is due to efficient stacking be-
tween two anthraquinone groups and not stacking of an-
thraquinone on the adjacent G-quartet. We believe that
our double substituted TBA analogues could suffer from a
similar effect due to preferential pyrene-pyrene rather than
pyrene-nucleobase stacking. However, due to higher DNA
concentrations needed for NMR studies (mM) the pyrene-
pyrene interactions could also be inter-strand thus forming
oligomers. Stability is not the only factor in designing an
efficient aptamer. Recently Montesarchio et al. successfully
stabilized TBA by cyclization of the oligonucleotide (58).
However, as a result the affinity towards thrombin was de-
creased due to increased rigidity of the structure. With this
consideration in mind position 9 of TBA would be best for
a substitution with Upy in TBA due to increased dynamics
observed for TBA9.

Although pyrene-modified TBA analogues exhibit
weaker interaction with thrombin protease, they may find
their use in other applications. TBA4 and TBA13 exhibit
weaker binding than the parent TBA, presumably due to
steric hindrance imposed by pyrene moiety in the region
that binds to thrombin. In the case of monomeric TBA9M

binding is comparable to the parent TBA. Lower KD value
of modified aptamers for thrombin binding might not be
preferred in certain cases. Primary potential at the time of
TBA discovery by SELEX method by Bock et al. in 1992
(48) was to act as an anticoagulant agent through thrombin
protease inhibition. Recent studies have shown that TBA
and its analogues exhibit anti-cancer properties (71), by a
not yet understood mechanism, but certainly not through
thrombin binding and inhibition, which would in such a
case represent unwanted side effect. Therefore, lowering
the binding affinity of TBA analogues to thrombin by
modifications has potential to increase the TBA activity in
another therapeutically important pathway.

Discovery and characterization of new genomic G-
quadruplexes in combination with studies that in various
ways try to improve their stability and affinity towards other
biological molecules are of great importance. These new
findings in combination with other types of chemical mod-
ifications could lead to the development of very important
therapeutic agents for cancer treatments and other disor-
ders where G-quadruplexes play a role.
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