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A novel thrombin binding aptamer containing a G-LNA residue
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Abstract—In this work, we report the solution structure, thermodynamic studies, and the pharmacological properties of a new mod-
ified thrombin binding aptamer (TBA) containing a G-LNA residue, namely d(5 0-GGTTGGTGTGGTTGg-3 0), where upper case
and lower case letters represent DNA and LNA residues, respectively. NMR and CD spectroscopy, as well as molecular dynamics
and mechanic calculations, has been used to characterize the three-dimensional structure. The modified oligonucleotide is
characterized by a chair-like structure consisting of two G-tetrads connected by three edge-wise TT, TGT, and TT loops.
d(5 0-GGTTGGTGTGGTTGg-3 0) is characterized by the same folding of TBA, being two strands parallel to each other and two
strands oriented in opposite manner. This led to a syn–anti–syn–anti and anti–syn–anti–syn arrangements of the Gs in the two tetr-
ads. d(5 0-GGTTGGTGTGGTTGg-3 0) possesses an anticoagulant activity, even if decreased with respect to the TBA.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The prospect of preparing therapeutically active ana-
logues of natural nucleic acids has stimulated much
interest to improve their characteristics, such as hybrid-
ization affinity, stability toward cellular nucleases, and
the ability to penetrate the cell membrane.1

In the last two decades a variety of modified oligonucle-
otides have been synthesized and they are used now in
biophysical and biochemical studies.2

In 1998, for example, the first oligonucleotides contain-
ing one or more 2 0-O,4 0-C methylene-linked bicyclic
ribonucleosides (LNA, Locked Nucleic Acid) were pre-
pared by the groups of Wengel3,4 and Imanishi.5 They
also described the hybridization affinity of LNAs to-
ward complementary nucleic acids. In LNA, the fura-
nose conformation is chemically locked in a C3 0-endo
(N-type) conformation by the introduction of a 2 0-O,
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4 0-C methylene linkage. LNAs have shown thermal
affinities when hybridized with either DNA (DTm =
1–8 �C per modification), RNA (DTm = 2–10 �C per
modification) or LNA (DTm 5 �C per modification).6–9

The hybridization properties suggest that LNAs could
be used as powerful agents for fine tuning drugs with
a very specific target potential, thus providing a new
class of therapeutics.7 Actually, LNAs represent very
versatile tools for the control of gene expression, the
treatment of various human diseases, and diagnostic as-
says. In fact, chimeric 2 0-O-methyl/LNA oligoribonu-
cleotides were found to inhibit RNA-protein
interactions important for HIV replication by sterically
blocking the trans-activation responsive region TAR.10

Furthermore, incorporation of LNA monomers into
the binding arms of the ‘10-23’ DNAzyme, yielding an
LNAzyme, markedly increases cleavage properties to-
ward the target RNA.11

Furthermore, a paper of some of us, in which we re-
ported the NMR solution structure of a parallel LNA
quadruplex,12 underscored further the wide range of
applicability of LNAs. Nevertheless, very little is known
about the effects of the incorporation of LNA residues in
antiparallel quadruplex structures.13 DNA quadruplex
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structures have been found in a number of important
DNA regions, such as those present at the ends of telo-
meres,14 in the promoter region of c-myc and other
oncogenes, in upstream of the insulin gene,15 and in
the structures of some aptamers.

Aptamers16 are nucleic acid macromolecules that bind
to molecular targets, including proteins, with high affin-
ity and specificity. Aptamers are typically from 15 to 40
nucleotides in length and can be composed of DNA and
RNA. Base composition defines aptamer secondary
structure, consisting primarily of helical arms and sin-
gle-stranded loops. Stable tertiary structure, resulting
from combinations of these secondary structures, allows
aptamers to bind to targets via van der Waals, hydrogen
bonding, and electrostatic interaction.

The aptamer drug TBA (Thrombin Binding Aptamer),
also named ARC183 (Archemix Corp.), is a consensus
DNA 15-mer, namely 5- 0GGTTGGTGTGGTTG
G-3 0,17–19 discovered with this technique. The three-
dimensional solution structure of TBA was solved using
NMR and X-ray techniques.20,21 TBA is characterized
by a chair-like quadruplex structure consisting of two
G-tetrads connected by two TT loops and a single
TGT loop. The aptamer is a thrombin inhibitor in devel-
opment for use as an anticoagulant during coronary ar-
tery bypass graft procedures. Currently, the only
approved anticoagulant for coronary artery bypass graft
is heparin. TBA exhibits a KD of 2 nM for thrombin,
50 nM for prothrombin, and binding to other serum
proteins or proteolytic enzymes is essentially undetect-
able.16 As suggested by others,22 TBA binds at the anion
exosite I of thrombin in a conformation little changed
from that of the unbound species. TBA is a strong anti-
coagulant in vitro, and inhibits thrombin-catalyzed acti-
vation of fibrinogen and thrombin induced platelet
aggregation. TBA has key advantages in that it avoids
heparin use and the risk of associated thrombocytope-
nia, is a specific inhibitor with rapid onset, is effective
at inhibiting clot-bound thrombin, and has a short
in vivo half-life of approximately 2 min which allows
for rapid reversal of its effects and the avoidance of
dose-adjusting complications of heparin and protamine.
Neither significant toxicities nor excessive bleeding
intraoperatively has been observed.

In order to improve the properties of TBA, a number of
researches22–25 have been devoted to its structure–activ-
ity relationship to post-SELEX modifications. For
example, He et al.24 synthesized numerous TBA ana-
logues containing modified guanosine carrying several
substituents at 8 position or at the exocyclic amino
group. In a different paper,25 the same authors reported
the synthesis and the thrombin inhibiting properties of
several TBA based oligonucleotides containing neutral
formacetal linkages.

In this frame, we have undertaken a study whose aim is
to use a biologically driven approach in order to im-
prove the knowledge of the interactions between throm-
bin and TBA, that are critical for the biological activity.
Furthermore, this study wants to demonstrate that LNA
residues can be incorporated in an antiparallel quadru-
plex forming oligonucleotide.

Thus, here we report the study of four new TBA based
oligonucleotides containing LNA residues, namely
5 0-ggttggtgtggttgg-3 (1), 5 0-ggTTggTGTggTTgg-3 0 (2),
5 0-gGTTGGTGTGGTTGG-3 0 (3), and 5 0-GGTTGG
TGTGGTTGg-3 0 (4), where upper case and lower case
letters represent DNA and LNA residues, respectively.
Moreover, the chemical-physical properties and the
three-dimensional characterization, based on NMR
and CD spectroscopy, associated with molecular
mechanics and dynamics calculations, of 4 are also
reported.
2. Results and discussion

The synthesis of the oligoribonucleotides 5 0-ggttggtg
tggttgg-3 0 (1), 5 0-ggTTggTGTggTTgg-3 0 (2), 5 0-gGTT
GGTGTGGTTGG-3 0 (3) and 5 0-GGTTGGTGTGGTT
Gg-3 0 (4) was performed by standard methods and the
incorporation of modified residues was performed using
G-LNA (g) or T-LNA (t) phosphoramidites. The NMR
samples of 1–4 were prepared at a concentration of
2.0 mM (0.6 ml, 90% H2O/10% D2O) in 10 mM
KH2PO4 buffer containing 70 mM KCl, 0.2 mM EDTA
(pH 7.0). The samples were heated for 10 min at 80 �C
and slowly cooled down to room temperature, then their
1H NMR spectra were recorded by using pulsed-field
gradient WATERGATE27 for H2O suppression. The
lack of imino signals in the 1D 1H NMR spectrum of
the oligomer containing all LNA residues (1) indicates
that, in the conditions used here, it is unstructured, most
probably due to the decreased flexibility of the molecule
now containing LNA residues. On the other hand, 2 and
3 give NMR spectra characteristic of mixtures of differ-
ent structures. As far as 1–3 are concerned, neither vary-
ing buffer solutions (using alternatively potassium and
sodium buffers and changing the concentrations of both
KCl and NaCl), nor varying the temperature could im-
prove the quality of their spectra. The oligonucleotides
5 0-GGTTGGTGTGGTTGg-3 0 (4), instead, turned out
to be the only analyzed oligonucleotide capable to form
a single well-defined hydrogen-bonded structure in solu-
tion. In fact, with the exclusion of some weak reso-
nances due to very minor conformations also present
in solution (whose relative intensities turned out to be
insensitive to temperature changes), only fifteen signals
attributable to nine guanine H8 and six thymine H6 pro-
tons were clearly observable in the aromatic region
(Fig. 1).

A combination of the analysis of 2D NOESY
(700 MHz, T = 25 �C), TOCSY spectra (700 MHz,
T = 25 �C), and 31P NMR spectroscopy (202 MHz,
T = 25 �C) allowed us to get the almost complete assign-
ment (Table 1) of both exchangeable and nonexchange-
able protons, and phosphorus resonances of 4.
Particularly, the one-dimensional proton decoupled
phosphorus spectrum displays 14 signals (see Supple-
mentary material). After assigning the 1H resonances
within each deoxyribose by a 2D TOCSY experiment,



Figure 1. Expanded region of the proton NMR spectrum of 4

(700 MHz, T = 25 �C).

Figure 2. Expanded region of the NOESY spectrum of 4 (700 MHz,

T = 25 �C, mt = 200 ms) correlating G–H8/H1 0 protons.
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the 2D proton-detected heteronuclear 1H-31P COSY (see
Supplementary material) allowed us to assign the entire
backbone correlating each phosphorus resonance to the
respective H3 0 proton on the 5 0-side and H5 0/H500 pro-
tons on the 3 0-side. Further, NOEs between base pro-
tons and H1 0, H2 0 and H200 protons allowed us to
assign all aromatic protons to the pertinent base.

It is interesting to note that the intensities of NOESY
(700 MHz, T = 25 �C, mixing time 100 ms) crosspeaks
between the H8 proton bases and sugar H1 0 resonances
indicate that four (G1, G5, G10, G14) out of nine Gs of
4 adopt a syn glycosidic conformation (Fig. 2), where
the H8 resonances of syn G residues are upfield shifted
with respect to those of the anti ones.20,26,27

Then, four anti-Gs (G2, G6, G11, and G15) have classi-
cal H8/H2 0–H200 sequential connectivities to 5 0 neighbor-
ing syn-Gs (G1, G5, G10, and G14, respectively)
(Fig. 3), indicating that the subunits G1–G2, G5–G6,
G10–G11, and G14–G15 are involved in the formation
of a four-stranded helical structure (underlined residues
adopt a syn glycosidic conformation). Moreover, the en-
tire pattern of NOEs observed for all cited Gs indicates
that the backbone conformations of these tracts resem-
ble those of the unmodified TBA possessing a right-
handed helix structure (Fig. 3).
Table 1. Proton (700 MHz) and phosphorus (202 MHz) chemical shifts of 4

Base (50–30) H8/H6 H10 H2 0 H200 H3 0

G1 7.41 6.04 2.94 2.94 4.98

G2 8.14 6.01 2.98 2.35 5.13

T3 7.84 6.18 2.17 2.54 4.89

T4 7.15 6.04 2.06 2.61 4.88

G5 7.40 5.99 3.37 2.86 4.85

G6 7.68 5.94 2.74 2.57 5.10

T7 7.85 6.42 2.47 2.59 4.84

G8 7.47 5.72 2.03 2.34 4.74

T9 7.24 5.86 1.95 2.36 4.61

G10 7.45 6.03 3.66 2.94 4.89

G11 8.17 6.00 2.95 2.35 5.13

T12 7.84 6.18 2.17 2.54 4.89

T13 7.22 6.07 2.12 2.64 4.90

G14 7.51 6.13 3.86 3.01 4.97

g15 4.91 5.81 4.86 4.49

a No stereospecific assignment has been done.
The alternation of syn and anti G residues within each
strand suggests that, as TBA, 4 folds into a monomolec-
ular foldback quadruplex, characterized by two G tetr-
ads. Further, a number of unusual NOE connectivities
were observed between syn-Gs and Ts, indicating that
5 0-TG-3 0 and 5 0-GT-3 0 tracts do not adopt a helical
winding, thus suggesting that, most probably, the TT
and TGT tracts form loops. Thus, 4 is characterized
by two G tetrads formed by the residues G1, G6, G10,
G15 and G2, G5, G11, G14, respectively, where the
underlined residues possess a syn glycosidic conforma-
tion. Interestingly the two tetrads assume a syn–anti–
syn–anti and anti–syn–anti–syn arrangement of the
bases. Then, the facts that TGT loop possesses some
NOEs with G imino protons of one tetrad and that
the two TT loops are characterized by NOEs with G
imino protons of the other tetrad indicate that no loop
assumes a dog-eared conformation. All this means that
4 folds into a chair-like quadruplex structure character-
ized by the same folding observed for TBA, possessing
four strands, two by two parallel to each.

In order to calculate the three-dimensional structure of 4
at atomic level, an estimation of proton–proton dis-
tances has been done analyzing the cross-peak intensities
in 10 mM KH2PO4, 70 mM KCl, 0.2 EDTA (pH 7.0, T = 25 �C)

H4 0 H50/H500a H6 0/H600a H2/Me 31P

4.37 3.98/4.05

4.39 4.40 �2.09

4.28 4.29/4.27 1.96 �0.18

4.23 4.38/4.30 1.03 �2.24

4.42 4.27 �1.03

4.41 4.23/4.41 �2.01

4.42 4.23/3.91 1.96 �1.10

4.07 4.03 �1.57

3.01 3.66/3.55 1.65 �1.81

4.26 4.10/4.12 �2.13

4.39 4.20/4.18 �1.10

4.28 4.29/4.27 1.96 �0.24

4.27 4.16/3.90 0.96 �0.95

4.37 4.10/4.34 �1.46

4.36 4.11/3.92 �1.90



Figure 3. Expanded region of NOESY spectrum of 4 (700 MHz,

T = 25 �C, mt = 100 ms) correlating G–H8/H2 0–H200 protons. Classical

G–H8/H20–H200 NOEs correlations for the four-stranded part of the

complex are reported.

Figure 4. Side view representation of the superimposed 20 structures

of 4. Backbones and bases are depicted in colored ‘stick’ (carbons,

green; nitrogens, blue; oxygens, red; hydrogens, white).
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in 2D NOESY experiments acquired at 700 MHz, both
at T = 25 �C and T = 5 �C (mixing time 100 ms for the
experiment acquired in D2O and 200 ms for the experi-
ments acquired in H2O). No spin diffusion phenomenon
has been observed using both 100 ms and 200 ms mixing
times. Pseudo-atoms were introduced where needed.
Distances (138) were used for the calculations and, as
suggested by the presence of eight G imino protons in
the 1D 1H NMR spectrum, 32 supplementary distance
restraints (HN1–O6, N1–O6, HN2–N7, N2–N7) for 16
hydrogen bonds corresponding to the two G-quartets
were incorporated during the computations (Table 2).
Further, in agreement with NMR data, glycosidic tor-
sion angles for four out of eight guanines involved in
the formation of the two G-tetrads were fixed in the
anti-domain (�160�/�70�), whereas the v angle was kept
in a range of 10�/100� (syn-conformation) for the
remaining four G residues.

Therefore, three-dimensional structures which satisfy
NOEs were constructed by simulated annealing (SA)
Table 2. Experimental constraints and structure statistics of the best

20 structures of 4

Experimental constraints

Total NOEs 138

NOEs from nonexchangeable protons 117

NOEs from exchangeable protons 21

Hydrogen bonds constraints 36

Dihedral angle constraints 8

CVFF energy (kcal mol�1) of the minimized structures

Total �4282.250 ± 2.396

Nonbond 143.685 ± 3.112

Restraint 18.979 ± 1.085

RMS deviations from the mean structure (Å)

All backbone heavy atoms 0.80 ± 0.24

All heavy atoms 0.88 ± 0.29
calculations. An initial structure of the oligonucleotide
was constructed possessing a random conformation
and minimized, in order to eliminate any possible source
of initial bias in the folding pathway. Restrained simula-
tions were carried out for 500 ps using the CVFF force
field as implemented in Discover software (Accelrys, San
Diego, USA). The restrained SA calculations started at
1000 K, and, thereafter, the temperature was decreased
stepwise down to 273 K. The aim of this step was to en-
ergy-minimize and refine the structures obtained by
using the steepest descent followed by the quasi-New-
ton–Raphson (VA09A) algorithms. A total of 20 struc-
tures was generated. Average RMSD values of
0.80 ± 0.24 Å and 0.88 ± 0.29 Å for the backbone and
all heavy atoms, respectively, were obtained from the
superimposition of all the 20 structures (Fig. 4). These
data, along with the lack of significant violations of
the experimental restraints, suggest that the obtained
structures are representative of the structure actually
adopted in solution by 4.

As expected, 4 shows a right-handed helical backbone
geometry and three edge-wise connecting TT, TGT,
and TT loops. As the unmodified TBA, 4 involves two
stacked G-tetrads, with the same guanine syn/anti distri-
bution around the GGGG tetrads, being characterized
by the usual syn–anti–syn–anti and anti–syn–anti–syn
arrangement of the two tetrads, respectively, and in
the relative strand orientations, with two strands paral-
lel to each other and two strands oriented in opposite
manner.

A direct comparison of the most representative structure
of 4 (the one with lowest energy after minimization), and
the already reported NMR structure of the unmodified
TBA (PDB code: 148D) has been accomplished by ana-
lyzing the helix parameters by CURVES28,29 (Tables 3
and 4).

These data clearly suggest that the overall structure
adopted by 4 is similar to that of TBA. The base stack-
ing of the two quadruplexes is quite similar, being the



Table 3. Rise, Tilt, Roll, and Twist of TBA and of the best-minimized

structure of 4

TBA Rise Tilt Roll Twist 4

G1/G2 3.44 �10.60 �179.75 50.93

�3.27 �13.21 �171.63 53.01 G1/G2

G5/G6 2.67 6.22 �161.77 48.90

�2.78 5.99 �177.02 53.01 G5/G6

G10/G11 2.80 10.45 �178.83 48.50

�2.69 19.14 162.67 53.27 G10/G11

G14/G15 4.67 �17.19 �177.35 55.65

�3.79 �4.11 �174.67 51.53 G14/G15

Table 4. Shear, Stretch, Stagger, Buckle, Propeller, Opening of TBA

and of the best-minimized structure of 4

TBA Shear Stretch Stagger 4

G1/G6 �6.15 1.72 �0.88

�6.39 0.59 �0.47 G1/G6

G1/G10 4.82 2.32 �2.69

6.59 2.66 �1.05 G1/G10

G1/G15 �6.02 1.87 �0.59

�4.47 2.83 �0.18 G1/G15

G2/G5 6.42 2.77 �0.11

6.50 3.80 0.03 G2/G5

G2/G11 �6.04 1.75 �2.05

�5.88 4.29 �0.47 G2/G11

G2/G14 5.41 2.07 �1.82

5.95 5.06 �0.69 G2/G14

TBA Buckle Propeller Opening 4

G1/G6 11.32 176.45 �89.48

9.96 �173.55 �90.27 G1/G6

G1/G10 3.47 �176.25 �0.95

�13.52 179.48 �0.57 G1/G10

G1/G15 �5.12 �162.35 86.32

4.42 �156.38 88.74 G1/G15

G2/G5 �5.50 157.97 �91.51

�9.24 175.09 �91.16 G2/G5

G2/G11 24.52 �177.68 �3.39

18.83 �171.56 �1.20 G2/G11

G2/G14 �5.12 �162.35 86.32

�4.68 �170.08 86.37 G2/G14

Figure 5. Side view of TBA (A) and 4 (B). Backbones and bases are depicted i

highlighted.
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five-membered rings of the top guanines overlapped to
the five-membered rings of the underneath guanine
bases.

As for the sugar puckering, the two molecules possess
almost the same sugar ring conformations except for
the G1, G10, G11, and G15 that in 4 adopt a C4 0-exo,
C3 0-endo, C3 0-endo, and C3 0-endo conformations,
respectively.

It is interesting to note that one structural difference re-
lies on the orientation of T7, that folds back into the
groove formed by the strands G5–G6 and G10–G11
(Fig. 5).

In order to determine the effects of the introduction of a
modified residue on the CD profile and the thermal sta-
bility of the resulting quadruplex structure, CD spectra
and CD melting and annealing experiments were ac-
quired for 4 (Fig. 6A) and its natural counterpart (see
Supplementary material). In particular, the CD spectra
of 4 and TBA, performed at 20 �C, are almost superim-
posable, both exhibiting two positive bands at 248 and
294 nm and a negative one at 267 nm, typical of antipar-
allel quadruplex structures,30–32 containing residues in
syn-glycosidic conformations.

As for melting and annealing CD experiments, taking
into account that the rates of quadruplex formation/dis-
sociation are very slow, we collected the data at 10�C/h.
No significant hysteresis emerged for both 4 (Fig. 6B)
and TBA (see Supplementary material) comparing
annealing and melting curves thereby indicating that,
at the scan rate used, both systems were at equilibrium.
Therefore, the melting temperatures of 46 and 52 �C
could be measured for 4 and TBA, respectively. The
melting curves were analyzed using van’t Hoff analysis
(Fig. 7) and thermodynamic parameters are shown in
Table 5. The data, compared with those of unmodified
TBA, indicate that the introduction of a LNA residue
destabilizes the TBA structure. DH� values for the two
n colored ‘stick’ (magenta). The different orientation of T7 (in yellow) is



Figure 6. (A) CD spectra of 4 at 20 �C (continuous lines) and 90 �C (dashed lines). (B) Melting (continuous lines) and annealing (dashed lines) CD

experiments of 4.
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Figure 7. Fitting of CD melting data of 4 according to the van’t Hoff

analysis.

Table 5. Thermodynamic parameters for the unfolding of 4 and TBA

Tm �C

(±1)

DH� kJ mol�1

(±20)

DS� kJ mol�1

K�1 (±0.05)

DG�(298 K)

kJ mol�1 (±1)

4 46 163 0.51 10

TBA 52 160 0.49 13
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aptamers are similar and correspond to a value of DH�
of dissociation of about 80 kJ mol�1 for G-tetrad, in ac-
cord with previously reported values.33,34 The enthalpic
data are in line with NMR data that show for the two
quadruplexes a very similar geometry of the G-tetrads.
Since DH� values are comparable and the Tm of 4 is low-
er, the lower thermodynamic stability is entropically
controlled. In fact, the presence of a conformationally
locked nucleotide increases the local organization of
the phosphodiester backbone lowering the entropic con-
tent in the quadruplex with a consequence of a major
gain in entropy in the dissociation process.

The biological activity of 1–4 has been tested with a pro-
thrombin time (PT) assay.

The PT assay (or INR or Quick time) is a routinely diag-
nostic assay that evaluates in vitro the activation of
extrinsic pathway of the coagulation cascade. This ulti-
mately measures the conversion of fibrinogen in fibrin
by thrombin with formation of a solid gel clot. In
healthy subject the PT is about 12 s and is highly repro-
ducible. Any compound that prolongs this value could
be considered a potential anticoagulant.

PT assays on all four samples were performed on human
plasma in strict comparison with TBA. In order to elim-
inate the variation caused by the measurements per-
formed on different days, the samples of 1, 2, 3, 4, and
TBA were prepared at the same time and folded to-
gether by heating the samples for 10 min at 80 �C and
slowly cooling them down at room temperature. The as-
says have been conducted after 1 week from the prepa-
ration procedure. Samples 1–3 did not show any
prolonged PT, and therefore any significant activity.
On the other hand, 4 displayed a prolonged PT. How-
ever, as shown in Figure 8, the activity of TBA (at the
concentration of 20 lM) on PT measurement turned
to be more marked when compared with 4 in the same
time frame. It is interesting to note that only the magni-
tude of the activity of 4 was reduced when compared to
TBA since the onset as well as the endurance of the
activity were almost comparable. The same assay per-
formed by using a minor concentration of the com-
pounds (2 lM) resulted in a loss of anticoagulant
activity after 5 min of incubation for 4 while TBA pre-
served its anticoagulant activity up to 15 min (data not
shown). The biological data reported here imply that
the modifications of the structure adopted by 4 affect
the biological activity, and therefore its interaction with
the thrombin. Looking to the overall folding of the
modified aptamer, it was not expected such reduction
in the biological activity. However, it is interesting to
note that TBA inhibits the thrombin activity when inter-
acting with its fibrinogen exosite.35 In particular, it has
been proposed TBA could associate with thrombin in
two different ways: through the T7-G8-T9 loop (as sug-
gested by X-ray data) or through the T3 and T12 resi-
dues (as suggested by NMR models).35 It is already
highlighted the role of the conformation of the loops
in another modified TBA.36 However, the very little dif-
ference in the orientation of T7 does not seem to fully
justify such a reduction of biological activity. Therefore,
the reduced activity of 4 might suggest that the mode of



Figure 8. Prothrombin time assessed by using human plasma. On the x-axis the minutes of incubation are reported, while PT in seconds is reported

on y-axis. (A) Refers to TBA, while (B) to 4.
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action of TBA actually requires a more wide recognition
process that involves even locally a single residue.

The structures reported here are, to the best of our
knowledge, the first example of an antiparallel quadru-
plex structure containing an LNA residue. These results,
particularly when viewed in the context of other recent
findings about locked nucleic acids, serve to underscore
further the polymorphic nature of LNAs. Furthermore,
the many advantageous characteristics of LNA usage,
demonstrate that LNAs might amplify the range of
applicability of synthetic oligonucleotides as aptamers.
Moreover, the data reported here might give a further
insight into the understanding of the variables involved
in the mode of action of TBA and thus it is possible to
take advantage of these findings to design new thrombin
binding aptamers.
3. Materials and methods

The oligonucleotides 5 0-ggttggtgtggttgg-3 0 (1), 5 0-ggTTg
gTGTggTTgg-3 0 (2), 5 0-gGTTGGTGTGGTTGG-3 0

(3), and 5 0-GGTTGGTGTGGTTGg-3 0 (4), and the nat-
ural counterpart 5 0-GGTTGGTGTGGTTGG-3 0 (TBA)
were synthesized on a Millipore Cyclon Plus DNA syn-
thesizer, using solid phase b-cyanoethyl phosphorami-
dite chemistry at 15 lmol scale. The syntheses of the
oligonucleotides were performed by standard methods
and using G- and T-LNA phosphoramidites for the
modified residue. The oligomers were detached from
the support and deprotected by treatment with concd
aq ammonia at 55 �C for 12 h. The combined filtrates
and washings were concentrated under reduced pres-
sure, redissolved in H2O and analyzed and purified by
HPLC on a Nucleogel SAX column (Macherey-Nagel,
1000-8/46); using buffer A: 20 mM KH2PO4 aq solution,
pH 7.0, containing 20% (v/v) CH3CN; buffer B: 1 M
KCl, 20 mM KH2PO4 aqueous solution, pH 7.0, con-
taining 20% (v/v) CH3CN; a linear gradient from 0 to
100 % B in 30 min and flow rate 1 mL/min were used.
The oligomers were collected and successively desalted
by Sep-Pak cartridges (C18). The isolated oligomers
were more than 99% pure (NMR).
3.1. Nuclear magnetic resonances

NMR samples were prepared at a concentration of
approximately 2 mM, in 0.6 ml (H2O/D2O, 9:1) buffer
solution having 10 mM KH2PO4, 70 mM KCl, 0.2 mM
EDTA, pH 7.0. For D2O experiments, the H2O was re-
placed with D2O by drying down the sample, lyophiliza-
tion, and redissolution in D2O alone. NMR spectra were
recorded with Varian UnityINOVA 500 MHz and
700 MHz spectrometers. 1H chemical shifts were refer-
enced relative to external sodium 2,2-dimethyl-2-sila-
pentane-5-sulfonate (DSS), whereas 31P chemical shifts
were referenced to external phosphoric acid (H3PO4

85% v/v). 1D proton spectra of samples in H2O were re-
corded using pulsed-field gradient WATERGATE37 for
H2O suppression. A proton-detected 1H–31P heteronu-
clear COSY was recorded in D2O in the hypercomplex
mode with 2048 t2 points and 96 t1 increments, and a
spectral width of 500 Hz along the 31P dimension. Phase
sensitive NOESY spectra38 were recorded with mixing
times of 100 and 200 ms (T = 25 and 5 �C). Pulsed-field
gradient WATERGATE was used for NOESY spectra
in H2O. TOCSY spectra39 with mixing times of 100 ms
were recorded with D2O solutions.

All experiments were recorded using STATES-TPPI40

procedure for quadrature detection. In all 2D experi-
ments the time domain data consisted of 2048 complex
points in t2 and 400-512 fids in t1 dimension. The relax-
ation delay was kept at 3 s for NOESY experiments used
in the structure determination. A relaxation delay of
1.2 s was used for all other experiments. The NMR data
were processed on a SGI Octane workstation using FE-
LIX 98 software (Accelrys, San Diego, CA).

3.2. Structural calculations

Structure calculations of 4 have been performed as fol-
low: cross peak volume integrations were performed
with the program FELIX 98, using the NOESY experi-
ment collected at mixing time of 100 ms. The NOE vol-
umes were then converted to distance restraints after
they were calibrated using known fixed distances of
H2 0/H200 of G5, G8, G10, T12, and G14. Then a NOE
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restraint file was generated with three distance classifica-
tions as follows: strong NOEs (1.8 Å 6 rij 6 3.0 Å,
where rij is the interproton distance between protons
i,j), medium NOEs (2.5 Å 6 rij 6 4.0 Å), and weak
NOEs (3.5 Å 6 rij 6 5.5 Å). A total of 138 NOE-derived
distance restraints were used.

Hydrogen bonds constraints were used: upper and lower
distance limits of 2.0 Å and 1.7 Å for hydrogen-acceptor
distance, and 3.0 Å and 2.7 Å for donor–acceptor dis-
tance, respectively. These constraints for H-bonds did
not lead to an increase in residual constraints violation.
No backbone torsion angles were used. According to
NMR data, glycosidic torsion angles were kept in a
range of �160�/�70� for the G anti, whereas a range
of 10�/100� was used for the G syn.

The calculations have been performed using a distance
dependent macroscopic dielectric constant of 4*r and
an infinite cut-off for nonbonded interactions to par-
tially compensate for the lack of the solvent.41 Thus
the three-dimensional structures which satisfy NOE
and dihedral angle constraints were constructed by sim-
ulated annealing calculations. An initial structure of the
oligonucleotide was built using a completely random ar-
ray of atoms. Using the steepest descent followed by
quasi-Newton–Raphson method (VA09A) the confor-
mational energy was minimized. Restrained simulations
were carried out for 500 ps using the CVFF force field as
implemented in Discover software (Accelrys, San Diego,
USA). The simulation started at 1000 K, and then the
temperature was decreased stepwise until 273 K. The fi-
nal step was again to energy-minimize to refine the
structures obtained, using successively the steepest des-
cent and the quasi-Newton–Raphson (VA09A) algo-
rithms. Both dynamic and mechanic calculations were
carried out by using 1 (kcal/mol)/Å2 flatwell distance re-
straints. Twenty structures were generated. RMSD val-
ues of 0.80 ± 0.24 Å and 0.88 ± 0.29 Å for the
backbone and heavy atoms, respectively, were calcu-
lated for all the 20 structures.

Illustrations of structures were generated using the IN-
SIGHT II program, version 2005 (Accelrys, San Diego,
USA). All the calculations were performed on a PC run-
ning Linux WS 4.0.

3.3. Circular dichroism

CD samples of 4 and TBA were prepared at a concen-
tration of 1 · 10�4 M, by using the buffer solution used
for NMR experiments: 10 mM KH2PO4, 70 mM KCl,
0.2 mM EDTA, pH 7.0. CD spectra and CD melting
curves were registered on a Jasco 715 circular dichroism
spectrophotometer in a 0.1 cm pathlength cuvette. For
the CD spectra, the wavelength was varied from 220
to 320 nm at 100 nm min�1, and the spectra recorded
with a response of 16 s, at 2.0 nm bandwidth and nor-
malized by subtraction of the background scan with buf-
fer. The temperature was kept constant at 20 �C with a
thermoelectrically controlled cell holder (Jasco PTC-
348). CD melting curves were registered as a function
of temperature from 20 to 90 �C at 294 nm with a scan
rate of 10 �C h�1 for both quadruplexes. The CD melt-
ing curves of TBA and modified aptamer showed sig-
moidal profiles and were modeled by a two-state
transition, using a theoretical equation for an intramo-
lecular association, according to the van’t Hoff analy-
sis.42 The Tm and DH� values provide the best fit of
the experimental melting data. The reported errors for
thermodynamic parameters are the standard deviations
of the mean from the multiple determinations. The
DS� values were calculated by equation DS� = DH�/Tm

and free energy change values by the equation
DG�(T) = DH��TDS�.

3.4. Prothrombin time (PT) assay

Human plasma samples were collected by venipuncture,
in presence of 0.1 volumes 3.8% sodium citrate and frac-
tionated by centrifugation at 2000g for 5 min. PT times
were measured by using Koagulab MJ Coagulation Sys-
tem with a specific kit RecombiPlas Tin HemosIL (Inst.
Labs, Lexinton, USA). Briefly, this method relies on the
high sensitivity thromboplastin reagent based on recom-
binant human tissue factor. The addition of recombipla-
stin to the plasma in presence of calcium ions initiates
the activation of extrinsic pathway. This results ulti-
mately in the conversion of fibrinogen to fibrin, with a
formation of solid gel. The procedure was performed
according to the manufacturer’s instructions. TBA, 1,
2, 3, and 4 or vehicle (PBS) were added at different time
points in volume of 2 ll at final concentration of 20 lM.
Data are expressed as means ± SEM and are representa-
tive of at least three different measurements.
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