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A terminal functionalization strategy
reveals unusual binding abilities
of anti-thrombin anticoagulant aptamers
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ENSCM, 34293 Montpellier, France
Despite their unquestionable properties, oligonucleotide ap-
tamers display some drawbacks that continue to hinder their
applications. Several strategies have been undertaken to over-
come these weaknesses, using thrombin binding aptamers as
proof-of-concept. In particular, the functionalization of a
thrombin exosite I binding aptamer (TBA) with aromatic moi-
eties, e.g., naphthalene dimides (N) and dialkoxynaphthalenes
(D), attached at the 50 and 30 ends, respectively, proved to be
highly promising. To obtain a molecular view of the effects of
these modifications on aptamers, we performed a crystallo-
graphic analysis of one of these engineered oligonucleotides
(TBA-NNp/DDp) in complex with thrombin. Surprisingly,
three of the four examined crystallographic structures are
ternary complexes in which thrombin binds a TBA-NNp/
DDp molecule at exosite II as well as at exosite I, highlighting
the ability of this aptamer, differently from unmodified TBA,
to also recognize a localized region of exosite II. This novel abil-
ity is strictly related to the solvophobic behavior of the terminal
modifications. Studies were also performed in solution to
examine the properties of TBA-NNp/DDp in a crystal-free
environment. The present results throw new light on the
importance of appendages inducing a pseudo-cyclic charge-
transfer structure in nucleic acid-based ligands to improve
the interactions with proteins, thus considerably widening
their potentialities.
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INTRODUCTION
Nucleic acid-based aptamers are synthetic molecules with great po-
tential in both therapeutic and diagnostic applications thanks to
their peculiar binding abilities, which are strictly related to their
structural organization.1–3 Several aptamers are currently in
different stages of clinical trials, and the search for new aptamer-
based drugs, drug carriers, and even diagnostic tools is rapidly ex-
panding.4,5 In this context, recent strategies aim to broaden the
aptamer applications by introducing in the backbone hydrophobic
groups that compensate the low hydrophobicity of nucleic acids,
thus expanding the variety of interactions between aptamers and
target molecules.6
Molecular Thera
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In the last years, particular attention has been paid to aptamers able to
regulate the activity of human a-thrombin (thrombin), a serine pro-
tease with a key role in blood coagulation.7,8 Similar to the other blood
coagulation proteinases, thrombin specificity for substrate, inhibitor,
and effector is mediated by the binding to exosites on the protein
surface, which are physically separated from the catalytic site.7 As
concerns the inhibition of the thrombin activity, the anticoagulant ap-
tamers interacting with the substrate recognition site, termed exosite
I, are promising to such an extent that two of them have been consid-
ered for clinical trials8: TBA (also known as HD1) and NU172, that
adopt a G-quadruplex and a mixed duplex/quadruplex structure,
respectively.9,10 A second class of aptamers that are able to recognize
the heparin-binding site (exosite II) of thrombin has been also
selected.11,12 HD22 and Toggle families, DNA and RNA aptamers
adopting duplex/quadruplex and stem-loop structures, respectively,
are at the forefront in the thrombin exosite II recognition.13,14 Despite
their excellent binding abilities, these aptamers do not show anticoag-
ulant properties, making them suitable candidates for the design of
effective biosensors. Recently, several studies on the simultaneous
binding of two aptamers at both thrombin exosites were performed,
pointing out an aptamer-guided inter-exosite cooperativity.15–18

Thrombin binding aptamers are also often used as proof-of-concept
in analyzing the effects of new chemical modifications on the proper-
ties of oligonucleotides. Indeed, despite the countless favorable prop-
erties of oligonucleotide aptamers, some non-negligible drawbacks,
such as their low resistance to nucleases, greatly limit their use in vivo
and do not allow their definitive consecration as drugs.19 In the
attempt to solve these issues, different strategies have been explored,
particularly aiming at optimizing both TBA and NU172 aptamers, by
insertion of chemical modifications at the level of the sugar-phos-
phate backbone and/or of key residues of their sequences.20–32

Recently, some of us developed innovative functionalization methods
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Figure 1. Chemical structure of TBA-NNp/DDp

The oligonucleotide sequence is in deep teal, and the 50 and 30 terminal appendages

are in magenta and blue, respectively.
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based on the cyclization or pseudo-cyclization of anti-thrombin ap-
tamers, that led to extraordinarily stabilized oligonucleotides, some
of which showed preserved, or even improved inhibition proper-
ties.33–36 This is the case of the pseudo-cyclic TBA analogue named
TBA-NNp/DDp (Figure 1), in which the 30 and 50 ends of the
50-GGTTGGTGTGGTTGG-30 sequence have been respectively con-
jugated with two electron-rich 1,5-dialkoxy naphthalene (DAN, D)
and two electron-deficient 1,8,4,5-naphthalenetetra-carboxylic dii-
mide (NDI, N) moieties, provided with terminal 1,3-propanediol
phosphodiester groups (p).36 TBA-NNp/DDp exhibited a consider-
able improvement of the thermal stability and nuclease resistance,
coupled with a moderate increase in anticoagulant activity with
respect to unmodified TBA. Circular dichroism experiments per-
formed in the presence of K+ ions showed that the melting tempera-
ture (Tm) of the G-quadruplex domain of TBA-NNp/DDp is 11�C
higher than TBA. Moreover, the half-life in fetal bovine serum and
586 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
the anticoagulant activity of this pseudo-cyclic aptamer proved to
be respectively amplified by 4.5 and 1.2 times compared with those
of the parent aptamer.

Encouraged by these promising results and eager to obtain an in-
depth structural characterization of this intriguing pseudo-cyclic
TBA analogue, we carried out a comprehensive crystallographic anal-
ysis of the complex between thrombin and TBA-NNp/DDp. In
particular, we solved the structure of this complex in four different
crystal forms, obtaining unprecedented structural data on a second-
ary interaction of the TBA-like aptamer with thrombin exosite II.
Interestingly, the crystal packing analysis has revealed the ability of
the aromatic appendages to make contacts with hydrophobic patches
of the protein surface thanks to their solvophobic behavior. These
data clearly suggest that the introduction of hydrophobic portions
in an oligonucleotide sequence represents a powerful strategy to
shape the contact surface with the target molecule. Spectroscopic,
calorimetric, and electrophoretic studies were also performed to
deeply investigate in solution the folding and binding properties of
this TBA analogue.

RESULTS
Crystallographic analysis

The crystallographic analysis of the complex between thrombin and
TBA-NNp/DDp involved four crystals (Figure S1) grown in different
conditions, here named a, b, g, and d (Table 1 and Table S1), and
belonging to P64, P3121, P21, and P3221 space groups, respectively.
The crystals diffract X-ray up to 3.18, 2.00, 3.03, and 2.50 Å resolu-
tion, respectively. In all crystal forms, a TBA-NNp/DDp molecule in-
teracts with the thrombin exosite I. In particular, in the crystal form a,
a standard 1:1 thrombin-aptamer complex is found (Figure 2A). The
asymmetric units of the crystals grown in conditions b and g contain
one (Figure 2B) and two ternary complexes (Figure 2C), respectively,
in which thrombin is sandwiched between two TBA-NNp/DDp mol-
ecules, one for each exosite. In the case of crystal form d (Figure 2D),
the discontinuous residual electron density centered on the crystallo-
graphic 2-fold axis and close to exosite II (Figure S2) was reasonably
interpreted by considering half occupancy for a TBA-NNp/DDp
molecule, alternatively bound to exosite II of two symmetry-related
complexes. Thus, the crystal contains equimolar amounts of 1:1
and 1:2 thrombin-aptamer complexes.

Aptamer structure

Regardless of the binding site and the crystal form, TBA-NNp/DDp
adopts a well-defined elongated structure (Figure 3). The oligonucle-
otide domain folds in a TBA-like antiparallel G-quadruplex,9 in
which guanines 2, 5, 11, 14 and 1, 6, 10, 15 form G-tetrad I and II,
respectively. A potassium ion is sandwiched between the two tetrads
that are connected by a TGT (Thy7-Gua8-Thy9) and two TT (Thy3-
Thy4 and Thy12-Thy13) loops. Thy4 and Thy13 of the TT loops are
involved in intramolecular stacking interactions on G-tetrad I, while
Thy3 and Thy12 interact with the protein (see next paragraphs). In all
the present structures, the electron density in the TGT loop region is
not well defined, suggesting a high mobility of this segment, whose



Table 1. Crystal data

Crystal form a Crystal form b Crystal form g Crystal form d

Crystallization condition 46% v/v Tacsimate� pH 7.0
20% w/v PEG 4000
20% v/v 2-propanol
0.1 M trisodium citrate pH 5.6

25% w/v PEG 3350
0.2 M ammonium acetate
0.1 M Bis-Tris pH 6.5

30% w/v PEG 3350
0.2 M sodium malonate pH 7.0

Cryoprotection 20% v/v glycerol – 25% v/v glycerol 25% v/v glycerol

Space group P64 P3121 P21 P3221

Unit-cell parameters

a, b, c (Å) 152.91, 152.91, 79.49 76.60, 76.60, 129.38 76.62, 114.86, 83.44 75.87, 75.87, 146.90

a, b, g (deg) 90.00, 90.00, 120.00 90.00, 90.00, 120.00 90.00, 117.25, 90.00 90.00, 90.00, 120.00

VM (Å3 Da�1) 6.20 2.20 3.28 2.62

No. of molecules in the
asymmetric unit

One 1:1 thrombin-aptamer
complex

One 1:2 thrombin-aptamer
complex

Two 1:2 thrombin-aptamer
complexes

Half 1:1/Half 1:2 thrombin-
aptamer complex

Solvent content (%) 81.8 48.6 65.5 56.9
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conformation is also affected by the presence of the terminal modifi-
cations (Figure S3). As concerns the latter ones, the two 1,8,4,5-naph-
thalenetetra-carboxylic diimide (NDI) and the two 1,5-dialkoxy
naphthalene (DAN) moieties capitalize their charge-transfer interac-
tions to alternately stack on top of each other, self-assembling in a het-
ero duplex domain delineated by NDI/DAN/NDI/DAN alternation
(Figure 3). The first NDI at the 5ʹ end in turn stacks on Gua1 and
Gua15 of the G-tetrad II of the G-quadruplex domain. This contin-
uous stacking between the oligonucleotide domain and terminal
groups generates a compact architecture resembling that observed
in the case of the exosite I-binding aptamers with a mixed duplex/
quadruplex structure.10,37 Only a few patches of electron density in
correspondence of the terminal 1,3-propanediol phosphodiester
groups are evident in almost all the crystal forms, thus indicating a
high flexibility of these regions. In all cases, the aptamer terminal
groups play a significant role in the crystal packing (Figure S4). In
crystals a, b, and d, they are involved in interactions with symme-
try-related thrombin molecules. In crystal g with two complexes in
the asymmetric unit, the aptamers form end-stacking interactions
in such a way as to preserve the charge-transfer driven alternation
of NDI and DAN moieties (Figure 4). This construction requires
that the terminal DAN group of the two interacting oligonucleotides
is alternately disordered in the solvent.

Interaction of TBA-NNp/DDp with exosite I

Similar to TBA,9 TBA-NNp/DDp binds the thrombin exosite I with
the two TT loops by firmly gripping the protruding protein region
from Arg73 to Ile79 (Figure S5). A thymine of a TT loop is located
in the hydrophobic crevice of the protein surface formed by the
phenyl ring of Tyr117 and the side chains of Ile24 and Ile79 and forms
a hydrogen bond with the Glu77 side chain. Conversely, a thymine of
the second TT loop interacts with Tyr76 via p-p stacking. The thy-
mines not involved in these interactions, i.e., Thy4 and Thy13,
form hydrogen bonds with the Arg75 side chain. Similar to unmod-
ified TBA,9,38 TBA-NNp/DDp is able to recognize thrombin exosite I
in two alternative orientations related by a 180� rotation around the
approximate G-quadruplex 2-fold axis (Figure S6). Indeed, in crystals
a and b, Thy3 stacks with Tyr76 and Thy12 occupies the hydrophobic
crevice, while in the other crystals the positions of the two thymines
are reversed. A detailed comparison of the interactions between TBA-
NNp/DDp or TBA and exosite I in terms of buried area, interface res-
idues, and hydrogen bonds is reported in Table S2.

Interaction of TBA-NNp/DDp with exosite II

Thrombin exosites I and II differ in their biological and structural
features.7 In particular, exosite I comprises a localized region of the
protein surface, essentially formed by the Arg73-Ile79 loop, whereas
exosite II is large and encompasses residues Tyr89-Arg101, Arg126-
Leu130, Glu164-Lys169, and Phe232-Phe245. The unexpected inter-
action of TBA-NNp/DDp with exosite II, observed in crystals b, g,
and d (Figure 2), involves a localized region of this exosite (residues
Tyr89-Arg97 and Trp237-Phe245), which is embraced by the two
TT loops (Figure S5). Noteworthy, TBA-NNp/DDp uses the same
structural motif, the TT loops, for the binding to the two different
protein regions. In detail, both Thy4 and Thy13 that stack on
G-tetrad I interact with Arg93 side chain via hydrogen bonds. The
other two thymine residues (Thy3 and Thy12) occupy two different
crevices of the exosite II surface. A crevice is formed by the Asn95
and the side chains of Trp96 and Arg97, while the other is delimited
on one side by Tyr89, Ile90, and Pro92 and on the other by the side
chains of Trp237, Lys240, Val241, Gln244, and Phe245 (Figure 5).
These thymines are held in these positions by hydrogen bonds
involving either the protein backbone or side chains. A detailed sum-
mary of the buried area, the interfacing residues, and the hydrogen
bonds involved in the binding of TBA-NNp/DDp with exosite II is
reported in Table S3.

The comparison of the binding of TBA-NNp/DDp with that of ap-
tamers that selectively recognize the thrombin exosite II shows that
the TBA analogue is able to mate with a different section of the exosite
with respect to that occupied by Toggle-25t, but with the same region
as the G-quadruplex domain of HD22_27mer (see paragraph “Recog-
nition of exosite II: TBA-NNp/DDp versus other aptamers” in the
supplemental information, Figures S7–S9, and Table S4).
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 587
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Figure 2. Thrombin-TBA-NNp/DDp complexes

Cartoon/surface representations of thrombin-TBA-NNp/

DDp complexes in the asymmetric units of (A) crystal a,

(B) crystal b, (C) crystal g, and (D) crystal d. Thrombin is red

and oligonucleotide domain, NDIs, and DANs of TBA-NNp/

DDp are in deep teal, magenta, and blue, respectively.
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Finally, as observed in the case of the binding with exosite I, the
pseudo 2-fold axis of the aptamer G-quadruplex region allows
TBA-NNp/DDp to interact with exosite II in two alternative orienta-
tions (Figure S10). Indeed, in crystals b and d, Thy12 is surrounded by
Asn95, Trp96, and Arg97, and Thy3 is located near the C-terminal
residues. The positions of the two thymine residues are reversed in
crystal g.

Interestingly, in the crystal form d, the exosites II of two complexes
face each other across a crystallographic 2-fold axis with an inter-
vening aptamer that is alternately linked to either one of the two sites,
so that the crystal contains a binary and a ternary complex.

Studies of TBA-NNp/DDp in solution

In order to investigate if the compact structural organization of the
NDI and DAN moieties, linked at the 50 and 30 ends of the modified
TBA, is preserved in solution, a thermal denaturation analysis of the
free aptamer by CD, UV-Vis spectroscopies and differential scanning
calorimetry (DSC) was performed in comparison with unmodified
TBA. Furthermore, a comparison of the thrombin binding ability of
TBA-NNp/DDp and the parent aptamer was performed by electro-
phoretic mobility shift assays (EMSA).

Analysis of the unfolding process of TBA-NNp/DDp

The thermal stability of TBA-NNp/DDp was evaluated by following
the unfolding process of the two structural elements of the aptamer,
the G-quadruplex domain and the stacked terminal appendages by
CD and UV measurements, respectively. The analysis of the temper-
ature-induced variation of the CD signal of the antiparallel
G-quadruplex domain at 295 nm (Figure S11) and of the absorbance
588 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
at 410 nm (Figure S12), in the proximity of NDI
visible band, provided comparable Tm values of
67�C (Table 2), which are significantly higher
(DTm = 15�C) than that reported for the unmod-
ified aptamer.39 This Tm value was further
confirmed by DSC results (Table 2 and Fig-
ure S13), thus suggesting a global cooperative
one-step unfolding process that correlates well
with the compact structure of TBA-NNp/DDp
found in the crystal state. The analysis of the ther-
modynamic parameters (Table 2) obtained by the
DSC profile of the TBA analogue shows that
the DH� and DS� values are quite comparable
to those previously determined in the same con-
ditions for the parent aptamer.39 The only differ-
ence is the small increase of the enthalpic contri-
bution for the modified TBA, which can be reasonably due to the
additional interactions involving the 50 and 30 end appendages.

Electrophoretic analysis of the interaction of TBA-NNp/DDpwith

thrombin

The binding of TBA-NNp/DDp with thrombin at different aptamer-
protein molar ratios (1:0.5, 1:1, and 1:2) was analyzed in comparison
with unmodified TBA by EMSA analysis—a highly sensitive and
widely used method to study protein–nucleic acid interactions40—
under non-denaturing conditions (Figure 6).

The gels were subjected to a double-staining procedure, using first a
staining specific for nucleic acids (Stains-All, Figure 6A) and then one
specific for proteins (Coomassie, Figure 6B). Both unmodified TBA
(lane 1) and TBA-NNp/DDp (lane 5) showed a single band on the
gel, indicative of unimolecular species, with amigration ability in agree-
ment with previous results.36 Indeed, TBA-NNp/DDp exhibited a
slightly increased electrophoretic mobility with respect to its parent ap-
tamer, indicative of a more compact G-quadruplex structure.

EMSA analysis revealed a similar behavior for TBA and TBA-NNp/
DDp, which in the presence of the protein (Figure 6A, lanes 2–4
for TBA and 6–8 for TBA-NNp/DDp), formed new retarded bands,
attributable to the corresponding aptamer-protein complexes, as evi-
denced after nucleic acid staining. In detail, the 1:1 aptamer-thrombin
mixtures (Figure 6A, lanes 2 and 6, respectively) showed a residual
band of free, unbound aptamers, calculated as 25% and 47%, respec-
tively for TBA and TBA-NNp/DDp (Figure S14). In the presence of a
2-fold excess of thrombin, the aptamer bands completely disappeared
(Figure 6A, lanes 3 and 7, respectively for TBA and TBA-NNp/DDp).



Figure 3. Cartoon representation of TBA-NNp/DDp

architecture

Oligonucleotide domain is in deep teal, NDIs are in

magenta, and DANs are in blue. The inset on the left shows

the 2Fo–Fc electron density map (crystal form a) of the NDI/

DAN/NDI/DAN motif contoured at the 2.0 s level.
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In turn, the 1:0.5 aptamer-thrombin molar ratio mixtures (Figure 6A,
lanes 4 and 8, respectively, for TBA and TBA-NNp/DDp) showed
only a low amount of the aptamer-protein complexes along with a
major amount of both free oligonucleotides in solution (determined
as 58% and 67%, respectively, for TBA and TBA-NNp/DDp, Fig-
ure S14), suggesting that in both cases no more than one aptamer
molecule is bound to thrombin.

Coomassie staining in the tested electrophoretic conditions showed a
sharp band for free thrombin (lane 9). When used in molar excess
Figure 4. Views of the stacking interactions between two TBA-NNp/DDp

molecules formed in the crystal g

Oligonucleotide domain, NDIs, and DANs of TBA-NNp/DDp are in deep teal,

magenta, and blue, respectively. The terminal DAN groups that alternately stack

between the terminal NDI groups of two symmetry-related TBA-NNp/DDp mole-

cules are in light colors.
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with respect to each aptamer (Figure 6B, lanes 3
and 7, respectively for TBA and TBA-NNp/
DDp), the bands of the unbound protein were
clearly visible, having the same electrophoretic
mobility as the band of the free protein used as
control, and confirmed a similar behavior for
TBA and TBA-NNp/DDp. This allowed also
excluding the binding of the modified aptamer
to more than one protein molecule, analogous
to what was observed for the parent aptamer. On the other hand,
when complexed with the aptamers, the thrombin band exhibited a
detectable change in its mass-to-charge ratio and thus in its migration
ability.

In all cases, TBA-NNp/DDp-thrombin complexes showed a lower
electrophoretic migration than the TBA-thrombin ones. This finding
is in line with the tendency of these complexes to form aggregates of
high molecular weight, which is related to the solvophobicity of the
oligonucleotide end-modifications.

Overall, EMSA studies suggested that, in solution, TBA-NNp/DDp
preferentially interacts with thrombin with a TBA-like 1:1
stoichiometry.

DISCUSSION
In the continuous effort to overcome the limits of oligonucleotide-based
drugs andbiosensors, a detailed structural characterization can facilitate
the rational design of chemical modifications and reveal unexpected
new properties. In this context, we have performed a detailed investiga-
tion of the structure of the recently proposed pseudo-cyclic TBA
analogue named TBA-NNp/DDp. The diffraction data measured on
four different crystal forms, grown from slightly different crystallization
solutions, showed that TBA-NNp/DDp can either be engaged as a bi-
nary complex with thrombin in the crystal form a, or as a ternary com-
plex in the crystal forms b and g, or even as a binary and a ternary com-
plex altogether in the mixed form d. It should be recalled that previous
studies performed onTBA, both in the solid-state and in solution,9,31,41–
44 have concordantly shown that TBA forms a 1:1 complex with
thrombin. In this complex, the aptamer is specifically bound at the exo-
site I of the proteinwith the twoTT loopsfirmly gripping the protruding
protein region from Arg73 to Ile79. As expected, the oligonucleotide
sequence that TBA-NNp/DDp shares with the parent aptamer, adopts
the same antiparallel G-quadruplex structure including the TT loops
binding motif. Indeed, the TBA analogue binds thrombin at the exosite
I in all the four structures in amanner that is practically identical to that
observed in the thrombin-TBA complex. This result clearly indicates
py: Nucleic Acids Vol. 30 December 2022 589
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Figure 5. Aptamer-exosite II interactions

Cartoon representation of TBA-NNp/DDp interactions with a localized region of thrombin exosite II (light red). Oligonucleotide domain, NDIs, and DANs of TBA-NNp/DDp are

in deep teal, magenta, and blue, respectively. On the sides, views of the residues forming the two crevices occupied by two thymines of the aptamer.
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that the additional end groups do not impair the known binding inter-
actions of TBA. In addition to its interaction with exosite I, some exper-
imental results, such as aggregationdata of aptamer-functionalized gold
nanoparticles triggered by thrombin in solution,45,46 indicated thatTBA
is involved in multiple interaction sites with thrombin. In particular, a
secondary low-affinity interaction in the vicinity of exosite II has been
suggested, although not fully described, and never observed in the crys-
talline state. Rather unexpectedly, in all the crystal forms of TBA-NNp/
DDp complexed with thrombin, except for a, a ternary complex is
found in which a second aptamer is bound at the exosite II. This is a
more extended site with respect to exosite I, and is largely preferred
bymore complex ligands, as in the case of themixed duplex/quadruplex
aptamers that can efficiently cover thewhole area of the site.14 In partic-
ular, TBA-NNp/DDp interacts with a localized region of exosite II (the
G4_A-region; see supplemental information) in a highly conservative
manner with respect to the HD22_27mer quadruplex moiety. This
finding qualifies this exosite II region as an efficient anchoring site for
a TBA-like G-quadruplex construct, revealing a putative secondary
Table 2. Melting temperature values of the unfolding process of TBA-NNp/

DDp determined with different techniques

CD UV-Vis DSC

Tm (�C) Tm (�C) Tm (�C)
D H

�
m

(kJ mol�1)
D S

�
m

(kJ mol�1 K�1)

TBA-
NNp/DDp

67 ± 1 67 ± 1 66.1 ± 0.5 115 ± 6 0.34 ± 0.02

TBA39 52 ± 1 – 53.0 ± 0.5 99 ± 10 0.30 ± 0.03

The thermodynamic parameters obtained by the analysis of the DSC profile are also re-
ported. Values for TBA are reported for comparison.
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binding site also for TBA, although with a much lower affinity with
respect to TBA-NNp/DDp.

In order to understand the reason for the different behavior of TBA
and TBA-NNp/DDp, the role of the end groups in the TBA analogue
should be briefly analyzed. As previously mentioned, the phospho-
diester-linked NDI and DAN appendages at 50 and 30 ends, respec-
tively, adopt a pleated fold exposed to the solvent on the other side
of antiparallel G-quadruplex structure with respect to the TT loops.
Besides that, the electronic complementarity, charge transfer, and sol-
vophobic effects of NDI and DANmoieties drive the formation of the
NDI/DAN/NDI/DAN stacking motif that ensures a very stable alter-
nation of NDI andDANmoieties protruding out of the G-quadruplex
molecular shape,47–51 far away from the TT binding loops. Although
this structural motif does not sensibly perturb the adhesion capacity
of the TT loops, it does modify the overall hydration properties of the
aptamer by increasing its hydrophobic character.50,52 In this respect,
the present crystal data are particularly rich of useful information
regarding the properties of this TBA variant, which can throw light
on its behavior in solution. In the solid phase a, which hosts only
the binary complex, the solvent content is considerably high, i.e.,
almost double with respect to the other crystal forms (Table 1). The
hydrophobic end groups of the aptamer are involved in several
nonspecific contacts with the protein (Figure S15A), whereas the pu-
tative second binding site at exosite II is fully exposed to the solvent,
facing a large cavity that could easily host a second aptamer (Fig-
ure S16). On the other hand, in the crystal forms containing the
ternary complex, the crystal packing presents much smaller solvent
cavities and is organized so tominimize the contacts of the hydropho-
bic end-chain groups with the solvent. This escaping tendency also
produces in these crystal forms nonspecific packing interactions



Figure 6. EMSA experiments

Representative (A) Stains-All- and (B) Coomassie-stained

5% EMSA of TBA or TBA-NNp/DDp in the absence (�)

and presence (+) of thrombin (Thr); 130 pmol of each

aptamer was incubated with 130, 260, or 65 pmol of the

protein, thus obtaining final 1:1, 1:2, or 1:0.5 aptamer-

protein molar ratios, respectively. Gels were run, under

native conditions, at constant 100 V for 55 min at r.t. in

TAE 1X buffer. Lane 1: TBA, lane 2: TBA-thrombin 1:1

complex, lane 3: TBA-thrombin 1:2 complex, lane 4:

TBA-thrombin 1:0.5 complex, lane 5: TBA-NNp/DDp,

lane 6: TBA-NNp/DDp-thrombin 1:1 complex, lane 7:

TBA-NNp/DDp-thrombin 1:2 complex, lane 8: TBA-NNp/

DDp-thrombin 1:0.5 complex, lane 9: thrombin.
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between the appendages and the protein chain (Figures S15B and
S15C). The slightly higher solvent content of the g form with respect
to the b and d ones can be reasonably justified by the fact that, in this
particular case, the ternary complexes are held together in infinite
rows by the highly directional stacking interactions between the
end-to-end NDI/DAN/NDI/DAN sequence belonging to the aptamer
bound to the exosites I and II, respectively (Figure S17). In this rather
long stacking sequence, in order to preserve the alternation of NDI
and DAN moieties, one of the two intermediate DAN residues is
alternatively bulged out and disordered, highlighting the stability of
this particular construct. Altogether, the solid-state results strongly
suggest that the NDI and DAN end groups favor the binding at exo-
site II with respect to the parent TBA, in turn leaving essentially un-
altered the binding mode at exosite I.

Less definite indications can be obtained from the studies in solu-
tion, where the specific properties of the solvent play an important
role. Both spectroscopic and calorimetric studies suggested that the
compact structure of TBA-NNp/DDp also survives in solution and
thermally unfolds according to a one-step mechanism. The specific
properties of the terminal moieties affect the determination of the
binding stoichiometry of TBA-NNp/DDp to thrombin in solution.
In particular, though the isothermal titration calorimetry (ITC)
studies performed on the TBA-thrombin system gave a clear-cut
indication of the formation of a 1:1 complex, a similar approach
with the here investigated TBA analogue provided only a vague indi-
cation of the stoichiometry of the complex formed in solution with
thrombin (data not shown). However, EMSA analysis revealed a
similar behavior for TBA and TBA-NNp/DDp, pointing also for
the modified aptamer at the formation of 1:1 protein-aptamer com-
Molecular Thera
plex. Taken together, these binding data may be
interpreted as due to the influence of the end
groups that in addition to the more specific in-
teractions, drive toward nonspecific clustering
of protein-aptamer molecules, whose contribu-
tion depends on the experimental conditions.

The fine-tuning of nucleic-acids hydrophobicity
plays a fundamental role in promoting both
self-assembly and the formation of complexes with proteins.53,54 In
this context, the detailed structural characterization of the interaction
of thrombin with TBA-NNp/DDp has highlighted that the here
investigated end-modifications are particularly suitable to modulate
the properties of nucleic acids. In particular, their insertion in an
oligonucleotide sequence could direct the binding toward the hydro-
phobic regions of those proteins that still remain difficult targets.

MATERIALS AND METHODS
Materials and sample preparation

The human D-Phe-Pro-Arg-chloromethylketone (PPACK)-in-
hibited thrombin was purchased from Haematologic Technologies
(USA). Unmodified TBA was purchased from biomers.net GmbH
(Ulm/Donau, Germany) as HPLC-purified oligomer. Its identity
and purity were proved by MALDI-TOF mass spectrometry and
HPLC data, as provided by the commercial supplier. TBA-NNp/
DDp was synthesized as previously reported.36 The concentration
of the protein and the oligonucleotides was determined by means
of UV spectroscopy analysis at 280 nm (at 20�C) and 260 nm (at
90�C), respectively, using molar extinction coefficients calculated
from the primary sequences. Prior to each experiment, the ap-
tamer samples were annealed in 10 mM potassium phosphate
buffer pH 7.4 and 100 mM KCl by heating to 90�C for 5 min,
then slowly cooling down in 50–60 min, and storing at 20�C
overnight.

Acrylamide/bis-acrylamide (19:1) 40% solution and glycerol were
purchased from VWR. Stains-All, ammonium persulfate (APS),
and tetramethylethylenediamine (TEMED) were purchased from
Sigma-Aldrich (Merck Life Science S.r.l., Milan, Italy).
py: Nucleic Acids Vol. 30 December 2022 591
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Crystallization

The complex between thrombin and TBA-NNp/DDp in 25 mM po-
tassium phosphate buffer pH 7.4 and 100 mM KCl was obtained
following a standard protocol.9 Briefly, a 2-fold molar excess of the
aptamer was deposited onto a frozen sample of thrombin and the sys-
tem was left at 4�C overnight. Finally, the solution was extensively
washed and concentrated to about 9 mg mL�1 using a 10-kDa-cutoff
Centricon mini-concentrator (Vivaspin 500; Sartorius, Goettingen,
Germany) and a refrigerated centrifuge (Z216MK; Hermle Labor-
technik, Wehingen, Germany).

The initial screeningand the optimizationof crystallization experiments
were performed by the hanging drop vapor diffusion method mixing
0.5 mL complex solution with 0.5 mL reservoir solution at 20�C and re-
producing the conditions reported in the literature for the crystallization
of other thrombin-aptamer complexes.9,10,13,14,18,31,37,41–44,55 Crystals
suitable for X-ray diffraction data collection grew in four different con-
ditions (Table 1 and Figure S1).

Data collection, structure determination, refinement, and

structural analysis

Diffraction data were collected at the XRD2 beamline of Elettra Sincro-
trone Trieste (Italy) using l = 1.0000 Å. Datasets were processed using
autoPROC software.56–59 The phase problem was solved by molecular
replacement using Phaser MR60 from the CCP4 package58 and the co-
ordinates of the native protein (PDB code: 1PPB),61 as a search model.
Refinement and manual model building were carried out using
REFMAC558,62 and Coot63 programs, respectively. Detailed statistics
on data collection and refinement are reported in Table S1. Structures
were validated using the PDB validation server (https://validate-rcsb-1.
wwpdb.org/) and Coot routines.63 The coordinates of the structures
were deposited in the Protein Data Bank (PDB codes: 7ZKL, 7ZKM,
7ZKN, and 7ZKO).

Thrombin-TBA-NNp/DDp interface areas and interactions were
examined using the PISA program64 available online (https://www.
ebi.ac.uk/pdbe/pisa/). Molecular graphics figures were generated
with PyMOL (DeLano Scientific, Palo Alto, CA, USA).

CD spectroscopy

Circular dichroism (CD) measurements were carried out using a Jasco
J-1500 CD spectrometer equippedwith a Peltier-type temperature con-
trol. Thermal unfolding of a 40mMaptamer sample wasmonitored in a
0.1 cm path length cell by following CD changes at 295 nm in the
20–95�C range at the heating rate of 1�Cmin�1. The melting tempera-
ture value was evaluated through analysis of the first derivative of the
melting profile.

UV-Vis spectroscopy

UV-Vis experiments were recorded on a Jasco V-770 spectrophotom-
eter equipped with a Peltier thermostatic cell holder, by using a 1 cm
path-length cell. The aptamer concentrations were in the range 4.2 to
12 mM. The thermal denaturation curves were obtained by following
the UV-Vis signal at 410 nm in the 20–95�C range, at a heating rate of
592 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
1.0�Cmin�1. The melting temperature was determined through anal-
ysis of the first derivative of the melting profile.
Differential scanning calorimetry

DSCmeasurements were performed on a nano-DSC (TA Instruments,
USA) equipped with twin capillary cells of a 0.3 mL sensitive volume. A
170 mMTBA-NNp/DDp sample was heated from 5 to 95�C at the scan
rate of 1.0�C min�1. The reversibility of the unfolding process was
checked by running at least two successive heating and cooling scans
at a scanning rate of 1�Cmin�1. The excessmolar heat capacity function
was obtained upon subtraction of the baseline, which is assumed to be
given by the linear temperature dependence of the native-state heat ca-
pacity.65 A buffer versus buffer scan was subtracted from the sample
scan. Themelting temperature was determined as the temperature cor-
responding to the maximum of the thermogram. The unfolding
enthalpy, DH�, was obtained by direct integration of DSC peak, while
the entropy change was obtained by integrating the curve Cp/T versus
T (where Cp is the molar heat capacity and T is the temperature in
Kelvin).
Electrophoretic mobility shift assay

EMSAswere performed according to reported procedures,66,67withmi-
normodifications. Indetail, in parallel experiments, 130 pmol ofTBAor
TBA-NNp/DDp (both previously annealed in 10mMpotassium phos-
phate buffer pH 7.4 and 100 mMKCl) were mixed with 130, 260, or 65
pmol of thrombin so to have 1:1, 1:2, or 1:0.5 aptamer-proteinmolar ra-
tio. After incubation for 2 h at 4�C, all the samples were supplemented
with glycerol (to a final concentration of 5%) immediately before their
loading on the gel and then analyzed by electrophoresis on 5% poly-
acrylamide gels using TAE (Tris Acetate EDTA) 1X, pH 9.4, as running
buffer. Gels were run under native conditions, at constant 100 V and
room temperature (r.t.) for 55 min, then stained with Stains-All over-
night according to themanufacturer’s instructions andfinally visualized
with a UV transilluminator (BioRad ChemiDoc XRS, Milan, Italy). Af-
ter DNA staining, the gels were washed in water and stained again with
Colloidal Coomassie G-250 to visualize the bands of the free and ap-
tamer-bound protein. Each experiment was performed in triplicate.
The intensity of the DNA bands on the gel was then calculated by using
the FiJi software and normalized with respect to the free, untreated ap-
tamer. Percentages of the oligonucleotide bands are reported as mean
values ±SD for multiple determinations. The statistical significance of
replicates was analyzed using Student’s t test with *p < 0.1, **p < 0.01,
or ***p < 0.001 compared with untreated oligonucleotides.
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