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ABSTRACT

The G-quadruplex architecture is a peculiar structure
adopted by guanine-rich oligonucleotidic sequen-
ces, and, in particular, by several aptamers, including
the thrombin-binding aptamer (TBA) that has
the highest inhibitory activity against human
a-thrombin. A crucial role in determining structure,
stability and biological properties of G-quadruplexes
is played by ions. In the case of TBA, K" ions cause an
enhancement of the aptamer clotting inhibitory
activity. A detailed picture of the interactions of
TBA with the protein and with the ions is still
lacking, despite the importance of this aptamer in
biomedical field for detection and inhibition of
a-thrombin. Here, we fill this gap by presenting a
high-resolution crystallographic structural charac-
terization of the thrombin-TBA complex formed in
the presence of Na* or K* and a circular dichroism
study of the structural stability of the aptamer both
free and complexed with a-thrombin, in the presence
of the two ionic species. The results indicate that the
different effects exerted by Na* and K* on the inhibi-
tory activity of TBA are related to a subtle perturb-
ation of a few key interactions at the protein-aptamer
interface. The present data, in combination with
those previously obtained on the complex between
ao-thrombin and a modified aptamer, may allow the
design of new TBA variants with a pharmacological
performance enhancement.

INTRODUCTION

It has been known for a long time that guanine-rich
oligonucleotidic sequences can arrange in a quadruple
helix structure, named G-quadruplex (1). The main

component of G-quadruplexes is the G-tetrad or
G-quartet, a planar arrangement of four guanine bases
associated through a cyclic array of Hoogsteen-like
hydrogen bonds, in which each guanine base both
accepts and donates two hydrogen bonds (1). Stacked
G-quartets with their O6 atoms line a central cavity with
a strong negative electrostatic potential, where cations are
well accommodated (2). These cations play an important
role in the formation, topology and stability of
G-quadruplexes (3).

The G-quadruplex architecture is adopted by several
aptamers. These are DNA- or RNA-based oligonucleo-
tides selected from large combinatorial pools of sequences
for their capacity to efficiently recognize targets (4,5). The
best known aptamer is a DNA 15-mer whose sequence is
5-GGTTGGTGTGGTTGG-3', which is named throm-
bin-binding aptamer (TBA) (4), because of its inhibitory
properties against human o-thrombin, a pharmacologic-
ally relevant protein that plays a pivotal role in hemostasis
(6). The structure of TBA was solved by nuclear magnetic
resonance (NMR) spectroscopy in the 90s (7,8): it folds as
an anti-parallel chair-like G-quadruplex structure, with
two G-tetrads surrounded by a TGT loop on one side
and two TT loops on the opposite side. From the first
discovery of TBA, this molecule and its variants have
been extensively studied in terms of structure (by using
NMR and circular dichroism (CD)), stability and
a-thrombin affinity (9-20). It has been shown that modi-
fications of the original TBA sequence and/or of cation
composition of the buffer result in changed biophysical
properties and anticoagulant activity that were in some
cases attributed to different folding topologies and mo-
lecularity (9,21-25). Furthermore, TBA has been studied
for its potentiality in therapeutic (26-29) and diagnostic
fields (30-32), thanks to its ability to strongly and specif-
ically recognize a-thrombin.

The details of the interaction between TBA and
thrombin are still lacking, despite the great importance
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of TBA in biomedical field for both detection and inhib-
ition of a-thrombin. Indeed, thrombin-TBA complex
structure was solved by X-ray crystallography at 2.9 A
resolution (33). However, diffraction data were of low
quality and in a first model of the complex (PDB code
IHAP), the TBA molecule rebuilt in electron density
maps has a different topology with respect to the NMR
structure (7,8): in the latter TGT loop spans a wide groove
of the quadruplex helix and TT loops span the two narrow
grooves, whereas the opposite is observed in the crystallo-
graphic structure. A second model of the complex was
built using slightly higher resolution diffraction data
(2.8 A resolution) and the coordinates of the NMR struc-
ture of TBA in the fitting procedure (PDB code 1HAO)
(34). Besides the difference in topology of TBA, in the two
X-ray models, the orientation of the aptamer with respect
to thrombin also differs by a rotation of 180° about an
axis parallel to the two G-quartet planes. In particular,
TBA interacts with the fibrinogen-binding site of
a-thrombin (exosite 1) by the TGT loop in 1HAP, and
by the TT loops in IHAO. A later and more exhaustive
examination of the diffraction data suggested that the
NMR-derived model (IHAO) was likely to be the
correct one (35). However, the low quality of electron
density in the region of TBA loops did not provide an
unambiguous description of the thrombin—-TBA-binding
interactions; moreover, 1HAP is still often used as a
model for the design of new TBA-modified aptamers
(12,14).

As recalled earlier, ions play a crucial role in
determining the structure, stability and biological pro-
perties of G-quadruplexes. The ions are supposed to
favour the thrombin/aptamer interaction by stabilizing
the folding of the aptamer. In particular, the presence of
potassium ions gives more stable quadruplexes than other
univalent cations and enhances the thrombin-inhibiting
effect of the aptamer (36,37). At the same time,
a-thrombin is able to act as a molecular chaperone on
the aptamer, inducing and/or stabilizing TBA quadruplex
fold, regardless the presence of cations (13,38).

We have performed a detailed X-ray diffraction study
of the protein—aptamer complex formed in the presence of
Na® (thrombin-TBA-Na) at 1.80 A resolution or K"
(thrombin—-TBA-K) at 2.05 A resolution. Stability of the
aptamer structure, free and in complex with a-thrombin in
the presence of the two ionic species was also monitored
by CD. Together with the previously published data on
the high-resolution crystal structure of the complex
between o-thrombin and the variant mTBA (39), the
present results definitively qualify the two TT loops as
the aptamer recognition motif of the thrombin exosite
I that is responsible for the elevated stability of the
complex. Moreover, the well-defined electron density in
the region of the aptamer loops provides unambiguous
details on the protein—aptamer interface. The data here
presented also suggest that the different ability of Na*
and K" in reducing the inhibitory activity of TBA is
related to subtle structural variations involving key
protein—aptamer interactions rather than to the effect of
ions on the stability of the TBA structure.

MATERIALS AND METHODS
Sample preparation, crystallization and data collection

The human D-Phe-Pro-Arg-chloromethylketone
(PPACK)-inhibited o-thrombin was purchased from
Haemtech. Two different samples of o-thrombin were
prepared, changing the initial buffer to MCl 0.75M,
where M is either Na* or K*, using Centricon mini-con-
centrator and a refrigerated centrifuge. TBA was
purchased from Genosys. Stock solutions of the
aptamer, at a concentration of 2mM, were prepared dis-
solving the lyophilized oligonucleotide in 10 mM sodium
(TBA—Na) or potassium (TBA-K) phosphate buffer
pH 7.1 Nucleotide samples were heated for 10min at
85°C and then slowly cooled down and stored at 4°C over-
night. The complexes with thrombin were prepared, as
previously described (40), by placing a 2-fold molar
excess of aptamer on a frozen sample of inhibited
thrombin and leaving the sample at 4°C for 3 h. Then,
the samples were diluted and the buffer changed to
0.025M M-phosphate pH 7.1 and 0.1 M MCI, where M
was either Na* or K, for thrombin—-TBA—Na and throm-
bin—-TBA-K, respectively. The thrombin—-TBA complexes
were extensively washed to take off the excess of aptamer
and finally concentrated to about 8 mg/ml using Centricon
mini-concentrator and a refrigerated centrifuge.

Crystallization conditions were identified after an exten-
sive screening performed using commercial kits and an
automated crystallization system. The starting crystalliza-
tion solution contained 20% wt/vol polyethylene glycol
8000, 0.2M zinc acetate and 0.1 M sodium cacodilate
pH 6.5. Using the sitting drop vapour diffusion method,
the optimized conditions were found to be very similar for
both complexes. The best diffracting crystals grew from
drops of 1pl, obtained by mixing equal volumes of
complex solution (8mg/ml) and reservoir solution
(10-15% wt/vol polyethylene glycol 8000, 0.05M zinc
acetate and 0.1M sodium cacodilate pH 7.4).
Diffraction data from both complexes were collected
in-house on a Saturn944 CCD detector. The X-ray radi-
ation used was Cu-Ka radiation from a Rigaku Micromax
007 HF generator. After the addition of 25% glycerol to
the harvesting solution, crystals were flash-cooled at 100 K
in supercooled N, gas produced by an Oxford Cryosystem
and maintained at 100 K during the data collection. All
the data were indexed, processed and scaled with
HKL2000 (41). Crystals of both thrombin—-TBA
complexes have a different symmetry from those previ-
ously studied (IHAP and 1HAO). They belong to the tri-
clinic space group P1 and diffract up to 1.80 and 2.05 A
resolution for thrombin—-TBA—Na and thrombin—-TBA-K,
respectively. Matthews’ coefficient calculations suggested
the presence of a 1:1 complex in the asymmetric unit.
Detailed statistics on data collection are reported in
Supplementary Table S1.

Structure determination and refinement

The structure of thrombin—-TBA—K was solved by the mo-
lecular replacement method using the program Phaser (42)
and coordinates of both inhibited thrombin (derived from
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the structure of its complex with mTBA, PDB code 3QLP)
and TBA (derived from the structure of the complex with
thrombin, PDB code 1HAO) as search models. To avoid
bias, PPACK, ions and water molecules were removed
from the model. A clear solution was obtained with a
Z-score of 12.5 and a log-likelihood gain (LLG) of 1206.
The structure of thrombin—-TBA-Na was obtained
starting from thrombin—-TBA—K model: several cycles of
rigid body refinement with CNS program (43) were per-
formed in the resolution range 10.0-3.0 A, treating TBA
and thrombin as distinct rigid groups. The R factor for the
model thus obtained was 0.360. The two structures were
then refined through several cycles of coordinate and B
factor minimization with CNS (43). Each run was
alternated with manual model building using the
program O (44). Analysis of difference Fourier maps,
calculated at various stages of refinement, allowed the
fitting of PPACK in the active site, the positioning of
several ions and water molecules, and the identification
of a glycosylation site on Asn60G of the thrombin heavy
chain. After including of low-resolution data and bulk
solvent correction, the crystallographic R factor and
Ryyee for the thrombin-TBA-Na final model, in the reso-
lution range 50.0-1.80 A, were 0.175 and 0.225, respect-
ively, whereas for the thrombin-TBA-K final model in the
resolution range 50.0-2.05A were 0.174 and 0.226, re-
spectively. In thrombin—-TBA-K, the potassium ion was
unambiguously identified from anomalous difference
Fourier peaks. The programs used in locating anomalous
scatterers were from the CCP4 suite (45). TRUNCATE
was used to calculate the amplitude of structure factors
and anomalous difference from the measured intensities,
PHASER to find anomalous scatterers in the refined
model and FFT to generate anomalous difference
Fourier maps. At the end of refinement, the geometry
of all the protein structures was monitored using
PROCHECK (46) and WHATCHECK (47). A full list
of refinement statistics is reported in Supplementary
Table S2. All residue fall in ‘allowed’ regions of the
Ramachandran map with the exception of two residues
of a flexible loop of thrombin—-TBA-K.

The drawings were prepared with Pymol (http://pymol
.org). The coordinates of the structures have been de-
posited in the Protein Data Bank (Codes 4DIH and
4DII, for thrombin-TBA-Na and thrombin-TBA-K,
respectively).

Structural analysis of thrombin—-aptamers complexes

Features of the thrombin-TBA interface in the two
complexes, including buried surface area, number and
types of residues at the interface, and gap volume index,
were calculated using the Protein—Protein Interaction
Server (http://www.bioinformatics.sussex.ac.uk/protorp/).
The shape complementarity score, Sc, as defined by
Lawrence and Colman (48), was calculated using the
CCP4 package (45), opportunely modified to include
nucleic acid parameters. Packing interactions between
the aptamer and thrombin molecules were found using
the Contact routine of CCP4 package (45) and by visual
inspection of the structure with O program (44).
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CD measurements

CD spectra were recorded at 10°C using a Jasco J-710
spectropolarimeter equipped with a Peltier thermostatic
cell holder (Model PTC-348WI). CD measurements in
the 200-350 nm range for the aptamer free and complexed
with a-thrombin were performed using a 0.1cm path
length cell and aptamer or protein concentration 7.0 uM
in 0.025M M-phosphate buffer pH 7.1 and 0.1 M MCI,
where M was either Na' or K*. Before measurements, the
samples were pre-equilibrated at 10°C for Smin and the
instrument was calibrated with an aqueous solution of
d-10-(+)-camphorsulfonic acid at 290 nm. Thermal un-
folding curves were recorded in the 10-90°C range, in
1°C steps with 0.5min equilibration time between
readings, at heating rate 1°C/min. No differences in
melting transitions were observed when the scan rate
was increased to 5°C/min. The temperature/wavelength
mode was used: CD signal was followed at 295nm and
the whole spectrum was recorded in the 200-350 nm range
every 5°C. Melting temperatures for TBA were calculated
from the first derivative of the molar ellipticity change vs.
temperature.

RESULTS
CD measurements

The effect of sodium or potassium buffers and/or of
a-thrombin on thermal stability of TBA tertiary structure
has been tested by means of CD. TBA folds in the
expected antiparallel quadruplex structure when either
sodium or potassium ions are added to a solution of the
aptamer at 10°C. This is clearly shown by CD spectra that
present the typical maximum at 295nm, the two add-
itional positive peaks at 210 and 250nm and the
minimum at 270 nm (Figure 1A and B, blue lines). These
spectral features are fully recovered after annealing at
90°C, indicating that the presence of the ions is sufficient
to induce the correct folding of the aptamer (Figure 1A
and B, red lines).

The thermal stability of TBA was investigated in the
10-90°C range following the CD signal at 295 nm and re-
cording the whole CD spectrum every 5°C. The melting
temperatures of TBA in the presence of Na' (Figure 2A,
dashed line) and K" (Figure 2B, dashed line) are 24 and
53°C, respectively, in good agreement with those reported
in literature (12,13). When o-thrombin is added to the
solution in an equimolar ratio to TBA, the melting
curves indicate a considerable increase in the thermal sta-
bility of the quadruplex structure. The melting tempera-
ture of TBA rises up to 58°C (Figure 2A, bold line) and up
to 70°C in the presence of Na™ and K" (Figure 2B, bold
line), respectively. To investigate the stability of the
complexes at the temperature used for testing inhibitory
activity of the aptamer (36,37), CD spectra of TBA were
recorded in the presence of thrombin and Na® or K™ for
S5h every Smin at 37°C. No appreciable variation of the
CD signals in the quadruplex region has been observed for
both complexes (data not shown).
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Figure 1. CD spectra of 7uM TBA in 25mM M-phosphate buffer pH 7.1 and 0.1 M MCI, where M is either Na* (A) and K" (B) at 10°C before

(blue line) and after (red line) annealing at 90°C.
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Figure 2. Thermal denaturation of TBA as followed by CD spectroscopy at 295 nm, in the absence (dashed line) and in the presence (bold line) of an
equimolar amount of thrombin at a heating rate of 1°C/min. Measurements were carried out in 25mM M-phosphate buffer pH 7.1 and 0.1 M MCI,
where M is either Na* (A) and K* (B), using a 7uM aptamer concentration.

Opverall crystal structures

Good quality crystals of thrombin—-TBA complex in the
presence of Na* (thrombin-TBA-Na) and in the presence
of K (thrombin-TBA-K) were grown and used for the
X-ray diffraction analysis. The former complex was solved
at 1.80 A and refined to R factor/Rp.. values of 0.175/
0.225, whereas the latter was solved at 2.05A and
refined to 0.174/0.226. The crystals are isomorphous and
belong to the triclinic space group P1. Detailed statistics of
the refinement are reported in Supplementary Table S2.
In both complexes, the heavy chain (residues 16-246)
and the light chain (residues 1B-14 K) of the thrombin
molecule are well defined, with the exception of the
v-autolysis loop (residues 148-150) of the heavy chain.
The electron density maps corresponding to TBA are

also clear and continuous, with the only exception of the
Thy9 base of thrombin-TBA-Na. In the presence of
sodium or potassium ions, TBA folds as a chair-like
quadruplex with a core that is formed by two stacked
G-quartets and covered by the TGT loop on one side
and the two TT loops on the opposite side. The aptamer
topology is in full agreement with the NMR model (7,8);
in particular, TT loops span the two narrow grooves,
whereas the TGT loop spans a wide groove.

Despite the differences in the crystal packing and
symmetry, the present crystal structures and those previ-
ously published for thrombin—-TBA (1HAO) (33,34) and
for thrombin-mTBA (3QLP) (39,40) complexes present
two invariant features: (a) the asymmetric unit contains
one thrombin and one aptamer molecule and (b) apart
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from the 1HAO structure, the most extended interface
between the two molecules is composed by the thrombin
exosite I and the two TT loops of the aptamer (Figure 3).

In all crystal forms, the protein also interacts with a
second symmetry-related aptamer; the regions involved
in this additional interaction surface change from one
structure to the other and the overall area is significantly
less extended with respect to the invariant interface.
The only exception is represented by the low-resolution
structure IHAO where the two interfaces are comparable.
In thrombin-TBA-K and thrombin—-TBA-Na, whose
crystals are isomorphous, one residue of the exosite II
only marginally contacts the TGT loop of TBA.
Moreover, in the thrombin—-mTBA crystal structure, the
additional interaction surface does not involve at all
residues from the exosite II region. Altogether, these
features strongly indicate that this secondary interface is
the result of the packing optimization rather than of a
specific recognition pattern between a-thrombin and the
aptamers and further support the conclusion that the
surviving complexes in solution should have the 1:1 stoi-
chiometry displayed in the solid state (39,40).

Coordination of the alkaline ions

Examination of difference Fourier maps clearly shows the
presence of a strong electron density peak, positioned
between the two G-quartets, marking the position of the

Figure 3. Overall structure of the thrombin—-TBA complex in the
presence of sodium (A) and potassium (B) ions. Thrombin molecule
is represented as cartoon, TBA molecule is represented as sticks.

Figure 4. Omit Fo-Fc electron density map (6.0 o level) of the ion
stacked between aptamer quartets in the thrombin—-TBA-Na (A) and
thrombin—-TBA-K (B) structures.
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alkaline ion in the two crystal structures. Furthermore, the
anomalous difference Fourier map definitely shows that in
the case of thrombin—-TBA-K, the electron density peak
represents a bound potassium ion. It is interesting to note
that in the case of thrombin—-TBA-Na, the residual
electron density resembles that of a prolated ellipsoid
(Figure 4A), whereas in the case of thrombin—-TBA-K,
its shape is nearly spherical (Figure 4B). As K is un-
equivocally identified from its anomalous signal
(Supplementary Figure S1), the different shape of the
two peaks can be linked to the different ionic radius of
the two ions. In thrombin—-TBA-K the potassium ion,
centred in the electron density peak, is in a proper
position to make coordination bonds to the four purine
06 atoms of both quartets according to a distorted
anti-prism geometry. The observed coordination bonds
range from 2.7 to 2.9A, perfectly in line with the
expected values. In thrombin—-TBA—Na, the sodium ion
is too small to bind simultaneously the eight oxygens
and two alternative positions of Na™ with the same occu-
pancy were refined according to the electron density. In
each position, the ion is closer to four oxygen atoms not
lying on the same quartet plane, with distances ranging
between 2.2 and 2.7A. Ions are also known to play a
role in the stabilization of the aptamer loops and may
affect the whole quadruplex fold by discriminating
among different loop conformations (49). For this
reason, particular attention was devoted to verify the
presence of ions bound to these TBA regions. The visual
inspection of the anomalous map (Supplementary
Figure S1) clearly shows that the only potassium ion
bound to TBA is the one sandwiched between the two
tetrads. Morcover, the electron density of the sodium
structure, as well as that of the potassium structure, also
gives no evidence for the presence of sodium ions bound
to loops. Therefore, the small structural differences
between the two complexes must be uniquely related to
the type of ion bound in the central core of the aptamer.

Architecture of the complex: comparison with previous
structures

The crystallographic structures of the complex between
a-thrombin and TBA definitely show that the aptamer
interacts with the fibrinogen binding site of thrombin by
TT loops, as previously found for the modified aptamer
mTBA (39). However, the binding mode on thrombin
observed for TBA in the present structures differs by a
180° rotation about the helix axis when compared with
thrombin-mTBA (PDB code 3QLP) and also with the
old thrombin-TBA (PDB code 1HAQO) structures
(Figure 5). It should be stressed that, apart from the
TGT loop, TBA has an approximate 2-fold symmetry co-
incident with the helix axis. Therefore, as the TGT loop is
far away from the protein-binding site, the two binding
modes are practically equivalent and can only be distin-
guished by observing the electron density corresponding
to the TGT loop (Figure 5A and B). On the other hand,
the packing interactions involving the TGT loop would be
different for the two binding modes.
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A

Exosite |

Figure 5. (A) Comparison between the two alternative binding modes of TBA: the one observed in the present structures (aptamer is colored in
orange) and the one observed in thrombin-mTBA and 1HAO structures (aptamer is colored blue). Omit Fo-Fc electron density map (3o level) of the
TGT loop is also shown. (B) Zoomed vision of the TGT loop with its omit Fo-Fc electron density map (3o level).

TBA in its interactions with a-thrombin

As previously found for the thrombin—-mTBA complex
(39), the interactions between TBA and a-thrombin are
both hydrophobic and hydrophilic and involve residues
of the TT loops with a further contribution of Gua5.
Thy4 and Thy!3 are mainly involved in polar interactions
(Supplementary Figure S2), whereas Thy3 and Thyl2
form essentially hydrophobic contacts. Several protein
residues, such as Arg75, Tyr76, Arg77A and Ile79, are
involved in the binding of both aptamers (Table 1),
whereas few other residues bind specifically either
TBA (His71 and Tyrl117) or mTBA (Leu65 and Ile82).
Moreover, due to the good quality of the electron
density maps, several networks of water molecules
bridging thrombin and TBA have been identified; they
involve Thr74, Gly69, Ser27 and Lys70 (Table S3).

Focusing the attention on the thrombin/TBA inter-
actions in the Na" and K* complexes, it emerges that
the Na™ complex is characterized by a slightly larger
buried surface area (502 versus 445A?), higher surface
complementarity index Sc (0.76 vs. 0.72), higher number
of interface residues and intermolecular interactions
(Table 1), which are the result of correlated small
re-arrangements at the exosite I of thrombin and at the
TT loops of TBA. In particular, His71 in thrombin—-TBA-
K adopts two alternative conformations: both conform-
ations are characterized by hydrophobic contacts between
the imidazol group and Thy3, and one of them is further
stabilized by a polar interaction between ND1 of the his-
tidine and O4 of thymine. These contacts are missing in
thrombin—-TBA-Na; here, Thy3 is slightly more distant
from His71, which adopts a unique conformation
(Figure 6A and B).

Placed on the opposite site of the TT loops with respect
to the central tetrads, the TGT loop is not involved in
thrombin binding and only marginally participates to
packing contacts. Thy7 and Gua8 have a similar conform-
ation in the presence of either Na or K. The orientation
of these residues is fixed by stacking interactions with the
tetrad formed by Gual, Gua6, Gual0O, Gual5 and by the
binding with a water molecule bridging the N3 atom of
Thy7, the N7 atom of Gua8 and the O6 atoms of Gua6
and Gual0. On the other hand, the third base of the loop,
Thy9, is not involved in specific interactions and its
position is less well defined. Moreover, in the case of
thrombin—-TBA-Na complex, its mobility is further
enhanced by the generally more elevated values of
thermal displacement parameters of this structure with
respect to that of the potassium complex, and its density
is barely visible.

DISCUSSION

Aptamer molecules that are able to recognize and bind
human o-thrombin with affinity ranging from low
picomolar to low nanomolar represent an attractive
approach in the cardiovascular therapy. In general, the
high affinity of aptamers derives from contact complemen-
tarity between functional groups; their three-dimensional
arrangement assures specificity and allows discrimination
of the target and non-target homologous proteins (50).
Thus, knowledge of the structural details of the interaction
between these molecules and their target proteins is crucial
for the improvement of aptamers properties.

Although TBA was the first aptamer to be discovered
(4) and is still one of the most studied, a detailed picture of
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Table 1. Interactions between thrombin and aptamers
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Thrombin—-TBA-K

Thrombin—-TBA-Na

Thrombin—-TBA

Thrombin-mTBA

(4DII) (4DIH) (IHAO) (3QLP)
Aptamer Protein Aptamer Protein Aptamer Protein Aptamer Protein
residue residue residue residue residue  residue residue residue
Polar Thy3 (O4) His71 (NDI) Thy3 (N3) Glu77 (OE2) - - Thyl2 (N3) Glu77 (OE2)
Polar Thy4 (O4) Arg75 (NH2) Thy4 (O4) Arg75 (NH1, NH2) — - Thyl3 (O4) Arg75 (NHI,
NH2)
Polar Thy4 (O2) Arg77A (NHI) Thy4 (02) Arg77A (NH1) - - Thyl3 (0O3") Asn78 (ND2)
Polar Thy4 (N1) Arg77A (O) Thy4 (N1, N3) Arg77A (O) - - - -
Polar Gua5 (04') Arg77A (NH2) Gua$ (04) Arg77A (NH2) - - Gua2 (O2P) Arg77A (NHI,
NH2)
Polar Thyl3 (02) Arg75 (NE, NH2)  Thyl3 (02) Arg75 (NH2) - - Thy4 (O2)  Arg75 (NH2)
Polar Thyl3 (O4) Tyr76 (N) Thyl3 (0O4) Tyr76 (N) - - Thy4 (O4) Tyr76 (N)
Polar Thyl3 (N3) Tyr76 (O) Thyl13 (N3) Tyr76 (O) - - Thy4 (O4) Arg77A (NHI)
Hydrophobic Thy3 His71, 1le79, Tyrl117 Thy3 Ile24, 1le79, Tyrl17 Thyl2 Ile24, His71, Thyl2 1le79
11e79,
Tyrl17
Hydrophobic Thy4 Asn78, 11e79 Thy4 I1e79 - - Thyl3 Asn78, 11e79
Hydrophobic Thyl2 - Thyl2 Tyr76 Thy3 Tyr76, 1le82  Thy3 Tyr76, Leu65,
11e82
Hydrophobic Thyl3 Tyr76 Thyl3 Tyr76 - - Thy4 Tyr76
B
Q Thy3
\

Figure 6. Different position of His71 with respect to Thy3 in thrombin-TBA-Na (purple) and thrombin-TBA-K (orange) upon superposition of

(A) Thy3 and (B) protein backbone atoms.

its complex with human a-thrombin has not yet been fully
clarified. The recently published structure of thrombin in
complex with mTBA at 2.15A resolution has provided
new structural information on the thrombin—aptamers
recognition process (39); those results are now fully con-
firmed by the high-resolution structures of thrombin—-TBA
complex crystallized in the presence of the monovalent
cations K* or Na™. In particular, the proposed 1:1 stoi-
chiometry of the complex in solution relies on the 1:1 stoi-
chiometry present in all crystal forms and on the extended
interaction surface between the exosite I of the thrombin

and the TT loops of aptamers that remains essentially
unmodified in all crystal forms. On the other side, the
TGT loop is involved in non specific packing contacts
that change from one crystal form to the other. Thus,
the present structures strongly enforce the previous sug-
gestion (39) that the TT loops, acting as a pincer-like
system that embraces the protruding region of thrombin
exosite I, are the aptamer binding motif. It is noteworthy
to recall that in the two crystal structures here presented
the aptamer is rotated 180° about its pseudo 2-fold axis
with respect to thrombin—-mTBA and 1HAO structures.
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As far as the complex with TBA is concerned, the two
binding modes are basically equivalent and the only sig-
nificant difference is confined to the orientation of the
TGT loop that is far away from the binding contacts
with a-thrombin. On the other hand, for the putative 1:1
complex in solution the TGT loop is expected to be fully
exposed to the solvent. Therefore, it can be supposed that
both binding modes involving TT loops exist in solution
and just one of them is selected in the crystallization
process. The deviations from the 2-fold symmetry are
much larger for mTBA due to the polarity inversion site.
Thus, the interactions with the protein for the two binding
modes are not fully equivalent and it can be expected that
also in solution only one species is significantly populated.
These features are in line with the thermodynamic data,
indicating a less adverse entropic contribute for the for-
mation of the complex between thrombin and TBA with
respect to mTBA (12).

The differences in the functional properties of TBA and
mTBA have been previously analysed on the basis of the
crystal structures of the thrombin—-mTBA complex and
IHAO model. Interestingly, the surface complementarity
indexes obtained for thrombin-TBA-K and thrombin—
TBA-Na are much higher than that calculated for the
old THAO model and almost comparable with that of
thrombin—-mTBA. However, the buried surface areas are
in both cases smaller than the one found for the modified
aptamer. These findings confirm the previous suggestion
that the greater affinity for a-thrombin of mTBA with
respect to TBA is related to a better fit of mTBA at the
thrombin exosite I and to a larger buried area (39). The
greater number of contacts between mTBA and
a-thrombin when compared with TBA does agree
with the larger favourable enthalpy in the complex forma-
tion (12).

The effects of the alkaline ion on the properties of the
thrombin—-TBA complex are particularly interesting. CD
shows that both ions stabilize the typical anti-parallel
G-quadruplex structure of TBA, and this conformation
is further stabilized by the binding with o-thrombin. As
well known (51,52), the effect of K is much greater than
that of Na®, as proved also by the 7, values in the
presence and in the absence of a-thrombin. The analysis
of the aptamer atomic thermal displacement parameters
relative to those of thrombin molecule see definition in ref.
(53) indicates a greater flexibility of TBA—Na with respect
to the K™ counterpart. Indeed, the potassium ion perfectly
fits at the center of the cavity between the two G-tetrads
and links together all the eight purine O6 atoms in a dis-
torted anti-prism geometry at the expected coordination
distances, thus increasing the rigidity and the stability of
the whole structure. Because of its smaller size, the sodium
ion is partially disordered and occupies two alternative
positions, each one closer to one of the two tetrads. This
confers a higher plasticity to the aptamer that favours a
better fit on the thrombin surface and the optimization of
the intermolecular contacts, as evidenced by the data re-
garding the buried surface arca. In the absence of
thrombin, K* markedly stabilizes TBA when compared
with the Na™ containing aptamer (7, = 53 and 24°C in
the case of TBA-K and TBA-Na, respectively).

The stability of the ternary complexes with thrombin is
considerably higher, but the relative effect of the two
ions is reduced (70 and 58°C for thrombin—-TBA-K and
thrombin—-TBA—-Na, respectively), in agreement with the
more extended aptamer/thrombin contacts in the Na' vs.
K" ternary complexes. However, in the presence of
sodium ions, the binding of the protein does not reduce
the local flexibility of the aptamer core, caused by the
smaller ionic radius of Na® with respect to K. Thus,
thrombin—-TBA—-Na stability is still lower than that of
thrombin-TBA-K.

The present results are of particular interest as they
underline the subtle effects of the specific binding site
and type of the ionic species in the modulation of the
protein/aptamer recognition. Incidentally, an alternative
localization of the alkaline ion between quartets and
loops was hypothesized in the past (54-56). Very
recently, the correct positioning of the ion in between
the two tetrads has been suggested on the basis of molecu-
lar dynamics simulation (57,58) and NMR studies in the
presence of NH, " as counter ion (59). The present struc-
tures represent the first detailed description of the ionic
binding site of TBA.

The alkaline ions also influence the inhibitory activity of
TBA, which is lower in the presence of Na* with respect to
K. In the conditions used for the assays, TBA is folded
and its complex with thrombin is stable in the presence of
Na™ as well as of K*. Therefore, the different effects on
the inhibitory activity of TBA should arise from some
subtle structural differences of the corresponding
complexes. Indeed, we have found that in thrombin—
TBA-K the aptamer interacts with His71, a residue
crucial for the inhibition of the fibrinogen conversion to
fibrin by a-thrombin. Contacts with this thrombin residue
are missing in the case of thrombin—-TBA—Na; thus, His71
remains more free to interact with fibrinogen and this may
explain the lower inhibitory activity of the thrombin/TBA
adduct in the presence of Na™.

The interplay between affinity of the ion and flexibility
induced by its binding to the thrombin/aptamer adduct
plays an intriguing role in determining the relevance of
the inhibition process and deserves a special attention
in the design of new aptamers aimed to an enhanced
activity.
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