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Aiming at novel approaches to obtain improved aptamers, we developed a cyclic TBA 

analogue (cycTBA) by exploiting Cu(I)-assisted azide-alkyne cycloaddition. Its markedly 

increased serum resistance and exceptional G-quadruplex (G4) stability vs. TBA were 

associated to reduce thrombin inhibition, suggesting that some flexibility in TBA structure is 

necessary for protein recognition. 

 

In the panorama of anticoagulant agents, inhibitors of thrombin - a “trypsin-like” serine protease 

with fundamental roles in blood clotting, converting soluble fibrinogen into insoluble fibrin
1
 - are 

among the most reliable and widely exploited drugs against thrombosis. The 15-mer G-rich 

oligonucleotide Thrombin Binding Aptamer (TBA15 or simply TBA), carrying the sequence 5’-

GGTTGGTGTGGTTGG-3’, is the best-characterized aptamer of thrombin. TBA has been proposed 

as a valuable alternative to classical thrombin inhibitors used in clinic, such as heparin, warfarin and 

bivalirudin, showing severe side effects and/or suffering from narrow therapeutic windows.
2
 Upon 

folding into an antiparallel, chair-like G-quadruplex structure, TBA can tightly and selectively bind 

the fibrinogen-binding exosite I of human thrombin, inhibiting its key functions in the coagulation 

cascade.
3
 

Due to suboptimal dosing profiles, TBA did not progress to advanced clinical trials, being blocked 

after Phase I studies.
4
 Since then, a large number of TBA analogues have been synthesized carrying 

either backbone modifications
5
 or integrated into different nanosystems - including magnetic,

6
 gold

7
 

and silica nanoparticles
8
 - showing promising pharmacokinetic profiles, however not reaching 

advanced in vivo studies. 

In this scenario, as a general strategy to improve the in vivo properties of TBA, we herein propose a 

cyclization approach to obtain a better performing TBA analogue, involving the covalent 

connection, via a proper flexible linker, of the 3’- and 5’-ends of the oligonucleotide strand. Two 

major benefits are expected upon cyclizing TBA: on one side, the absence of the 3’ and 5’ termini 

should sensibly protect the oligonucleotide from nuclease degradation, thus significantly prolonging 

mailto:daniela.montesarchio@unina.it
mailto:francois.morvan@umontpellier.fr


DOI: 10.1002/cbic.201900045 

2 
 

its in vivo half-life; on the other, the structural preorganization of the aptamer, imposed by its cyclic 

backbone, should favour the G-quadruplex formation, stabilizing it and thus enhancing its target 

affinity. This approach has been extensively adopted in the past to improve the general properties of 

peptides
9
 and peptidomimetics,

10
 as well as peptide nucleic acids (PNA)

11
 and glycomimetics,

12
 but 

only limitedly applied to oligonucleotides
13

 in general, and, to the best of our knowledge, 

essentially unexploited thus far on aptamers. 

In particular, in this work we report the design, synthesis and biophysical characterization of an 

unprecedented cyclic TBA analogue, here named cycTBA (Fig. 1), realized as a proof of concept to 

validate the efficacy of cyclization approaches applied to aptamers. cycTBA - carrying a 20 atoms 

linker connecting the two extremities of the oligonucleotide, which in the folded G-quadruplex 

conformation point in the same direction, far away from both the TT loops recognized by the 

protein - was successfully synthesized combining standard phosphoramidite solid phase synthesis 

and Cu(I)-assisted azide-alkyne cyclization protocols (Fig. 1). In detail, this TBA analogue was 

prepared starting from the azide-functionalized solid support 1
14

 and, after oligonucleotide assembly 

realized using standard phosphoramidite chemistry, a pentynyl group
14

 was introduced at the 5’-end 

by reaction with phosphoramidite 2. After full deprotection and release from solid support 3, 

cyclization of linear oligonucleotide 4 was performed by addition of CuSO4 and sodium ascorbate 

in a K
+
-containing solution, necessary to promote the G-quadruplex folding of the oligonucleotide 

and thus ensure the spatial proximity of its ends. The resulting cycTBA was purified by HPLC and 

then characterized by MALDI-TOF MS analysis, as well as, the regular TBA As observed 

previously the linear oligonucleotide 4 displayed a retention time in RP-HPLC (15.65 min) bigger 

than the cyclic one 5 (11.48 min). (Fig. S1 and S2).  
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Figure 1. Synthetic scheme for the preparation of cycTBA. In the inset, a schematic representation 

of a cyclic TBA structure, with a generic linker connecting the 3’- and 5’-ends of the 

oligonucleotide sequence is reported. 

 

Then, to get information on its conformational behaviour, the novel cyclic analogue was studied, in 

comparison with the unmodified TBA, by a combined approach including several techniques, i.e. 

UV, CD, CD-melting, differential scanning calorimetry (DSC), gel electrophoresis and SE-HPLC. 

In addition, its anticoagulant activity was determined by dynamic light scattering (DLS) analysis. In 

order to evaluate the effects of different saline conditions on the structuring ability of the aptamer, 

two different phosphate buffer solutions were analysed, containing a high content of K
+
 (10 mM 

KH2PO4/K2HPO4, 70 mM KCl, 0.2 mM EDTA, pH 7.0, here indicated as K
+
 buffer) or of Na

+
 (i.e 

PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2, here indicated as 

Na
+
 buffer), respectively mimicking the intracellular and extracellular media.  

First of all, cycTBA and TBA samples were analysed by UV thermal difference spectra (TDS) at 2 

μM concentration in both the selected K
+
 and Na

+
 buffers, recording spectra at low and high 

temperatures. The UV spectrum of cycTBA at 15 °C, in both saline solutions, revealed the 

characteristic absorption of TBA, with the double-hump band between 230 and 300 nm (Fig. S3 and 

S4). The obtained TDS profile of cycTBA showed a positive band at 273 nm and a negative band at 

295 nm, similarly to unmodified TBA, providing the typical “fingerprint” of G-quadruplex 

structures (Fig. S3 and S4).
15

 

Then, the conformational behaviour in solution of cycTBA was investigated by CD experiments at 

different concentrations, i.e. 2, 20 and 100 µM. The CD spectra at 15 °C of cycTBA – here shown 

at 2 µM conc. as a representative example - gave, in both K
+
 and Na

+
 buffer solutions, two positive 

bands, with maxima at about 295 and 246 nm and a negative band with a minimum at ca. 266 nm 

(Fig. 2a, dashed lines). These spectral features are consistent with those obtained for the unmodified 

TBA analysed under the same experimental conditions (Fig. 2a), and with those reported in the 

literature.
16

 Only a 2-3 nm shift was observed for the minimum (266 vs. 269 nm) and the maximum 

(246 vs. 248 nm) at low wavelengths with respect to TBA. These data confirmed that cycTBA is 

able to form a chair-like antiparallel G-quadruplex structure and that cyclization does not impair the 

G-quadruplex structuring ability of TBA nor affects its folding topology. Remarkably, in the Na
+
 

buffer the cyclic aptamer exhibited a lower structuration degree than in the K
+
-rich solution, as 

expected considering that K
+
 can stabilize G4 structures better than Na

+
.
17

 

CD-melting experiments on cycTBA, monitoring at 295 nm, provided a nice sigmoidal behaviour 

with apparent Tm values of ca. 69 and 60 °C, respectively in K
+
 and Na

+
 buffer solutions, indicating 

the formation of very stable G4 structures. The measured Tm values were in very good agreement, 

within the experimental error, at all the analysed concentrations (Fig. 2, b and c). As expected, the 

cyclic structure allowed a marked increase of the G-quadruplex thermal stability of cycTBA, with 

Tm= +18 °C vs. unmodified TBA (Fig. 2, S5 and S6), analysed under the same experimental 

conditions at 2 µM conc. (69 vs. 51 °C and 60 vs. 42 °C, respectively in K
+
 and Na

+
 buffer 

solutions). In all cases, the heating and cooling profiles were essentially superimposable, indicating 

that, under the experimental conditions used (scan rate of 1 °C/min), the related 

denaturation/renaturation processes were reversible (Fig. S5 and S6). The melting curves were also 

studied by van’t Hoff analysis, allowing Tm values consistent with those estimated from the maxima 

of the first derivative plots. All the thermodynamic values obtained from the CD measurements at 2 

µM conc. are shown in Table 1. CD spectra were also acquired every 5 °C during the melting and 

cooling experiments (Fig. S7 and S8) showing a marked reduction of the CD signals at high 

temperatures, overall indicating that, from a qualitative point of view, cycTBA behaved as 

unmodified TBA in both saline phosphate buffer solutions. Notably, cycTBA was fully denaturated 

at 90 °C and, after the heating/cooling processes, full recovery of its spectral features was always 

observed (Fig. S7 and S8). 
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Figure 2. (a) overlapped CD spectra of TBA and cycTBA (continuous and dashed lines, 

respectively) at 15 °C and 2 µM conc. both in K
+
 and Na

+
 buffer solutions (red and blue lines, 

respectively). (b, c) Overlapped CD-melting profiles (recorded at 295 nm, with a temperature scan 

rate of 1 °C/min) reporting the fraction of folded cycTBA oligonucleotide as a function of the 

temperature at three different conc. (2, 20 and 100 µM: green, red and blue lines, respectively) in 

both the selected K
+
 (b) and Na

+
 (c) buffer solutions, in comparison to unmodified TBA (analysed 

at 2 µM conc., black line). 

 

Inspection of the thermodynamic parameters for cycTBA unfolding compared with TBA (Table 1) 

revealed that the higher thermal stability of cycTBA in both buffer solutions was mainly due to a 

decrease of the unfolding entropy change. This is likely the thermodynamic consequence of the 

structural preorganization of the aptamer, imposed by its cyclic backbone, to form the proper G-

quadruplex structure. 

The thermodynamics of cycTBA unfolding was further investigated by differential scanning 

calorimetry. A noteworthy advantage of DSC measurements, with respect to spectroscopic 

methodologies, is that the thermodynamic parameters for the unfolding process can be obtained 

from experimental curves without any model assumption, whereas van’t Hoff analysis of the 

spectroscopic melting profiles involves assuming a two-state process. The thermograms of cycTBA 

in both buffer solutions showed an almost symmetric shape and were fully reversible (Fig. S9). The 

measured enthalpy and entropy changes (Table S1) were very close to the values determined by the 

CD melting experiments, suggesting that the two-state assumption for the unfolding process was 

correct. Notably, the Tm values were in very good agreement with those obtained by CD 

measurements, thus providing a strong evidence of the monomolecular nature of the observed 

transitions.  

 

 K
+
 buffer 

 
Tm (°C) ± 1 ΔHv.H (kJ mol

-1
) ΔSv.H (kJ mol

-1
 K

-1
) 

TBA 51 152 0.47 

cycTBA 69 135 0.39 

 
Na

+
 buffer 

 
Tm (°C) ± 1 ΔHv.H (kJ mol

-1
) ΔSv.H (kJ mol

-1
 K

-1
) 

TBA 42 147 0.47 

cycTBA 60 122 0.37 

 

Table 1. Apparent Tm values (estimated from the maxima of the first derivative plots) and 

thermodynamic parameters for the unfolding process of TBA and cycTBA as determined by means 

of CD measurements at 295 nm in both saline phosphate buffer solutions at 2 µM concentration. 

Errors on thermodynamic parameters are within 10 %.  
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Gel electrophoresis analysis was used to further characterize cycTBA in the selected buffer 

solutions. Different oligonucleotide concentrations, ranging from 20 to 100 μM, were explored. In 

Fig. S10 a representative example of a 15 % polyacrylamide gel, run under native conditions, is 

reported. In comparison with TBA, also cycTBA migrated as a single band on the gel, but with a 

slightly increased mobility, indicating that the cyclization provided the aptamer with a more 

compact structure, however with similar overall size in both the selected buffers (Fig. S10a). 

Remarkably, no retarded bands, attributable to large aggregates or higher order G4 structures, were 

detected even at the highest investigated concentrations (Fig. S10b). Therefore, it can be concluded 

that the cycTBA behaviour was not dependent on the sample concentration and a single 

unimolecular G-quadruplex structure was formed in all cases, in accordance with the CD-melting 

data acquired at different concentrations. 

In order to further investigate the conformational behaviour of the novel cyclic TBA, also a size 

exclusion chromatography (SE-HPLC) study was carried out. Analysis of cycTBA at 2 μM 

concentration showed only one peak in both buffer solutions, with retention times similar to those 

found for unmodified TBA (tR ca. 9 min, Fig. S11). These data are consistent with the presence of a 

single, monomolecular G-quadruplex structure, under the tested conditions, for both the modified 

and unmodified TBA, in accordance with native PAGE experiments. 

As a main requirement for potential in vivo uses, TBA analogues have to show a notably increased 

resistance to nuclease degradation vs. unmodified TBA. Therefore, the nuclease resistance of 

cycTBA was studied in PBS buffer containing 80 % fetal bovine serum, i.e. a solution mimicking 

the extracellular environment in which the aptamer should exert its activity - in order to evaluate the 

protective effects of cyclization against enzymatic digestion of the oligonucleotide. Thus in parallel 

experiments, cycTBA and TBA were incubated in 80 % fetal bovine serum at 37 °C and, at fixed 

times, aliquots of these mixtures were collected and analysed both by HPLC on a Nucleogen SAX 

column and gel electrophoresis analysis until disappearance of the peak or the band corresponding 

to the pure oligonucleotide. 

Inspection of the chromatograms showed for the unmodified TBA the complete disappearance of 

the initial peak within 5 h (Fig. S12), while cycTBA was still present even after 7 days (Fig. 3). 

These results, also confirmed by gel electrophoresis analysis (data not shown), nicely demonstrated 

that cycTBA showed a markedly enhanced nuclease resistance, with t1/2 of 100 h vs. 0.56 h for 

TBA, i.e. ca. 180-fold higher serum stability than TBA (Fig. 3 and S12). The high resistance to 

enzymatic degradation of cycTBA is clearly attributable to the presence of the linker connecting the 

3’- and 5’-oligonucleotide ends, thus not accessible to exonucleases, and is highly desirable for 

potential in vivo studies. 
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Figure 3. Enzymatic resistance experiments on cycTBA in 80 % fetal bovine serum (FBS) as 

monitored by SAX-HPLC analysis: (a) representative chromatograms of the oligonucleotide alone 

(yellow line) and of the reaction mixtures in FBS analysed at 1, 3 and 7 days after incubation (blue, 

red and green lines, respectively); (b) chromatographic peak area expressed as percentage of the 

remaining area normalized to the initial one for all the analysed time points (15 total time points in 

7 days). Data are reported as mean values ± SD. The dark dashed line represents the 50 % 

remaining area and thus the half-life (t1/2) in hours. 

 

The inhibitory activity towards human α-thrombin was then determined by DLS experiments, 

following the conversion of fibrinogen into fibrin promoted by the protein, which results in a 

significant increase of light scattered intensity. In Fig. S13 the normalized scattered intensity is 

reported as a function of time for the system containing only fibrinogen and thrombin and for those 

containing also TBA and cycTBA, in a thrombin:aptamer ratio of 1:5. In the first case, the steep 

increase of intensity confirmed the quick formation of fibrin, which, on the contrary, was reduced 

by addition of the aptamers, as proved by the longer lag times and the lowest slope of the curves. 

Notably, in the presence of cycTBA, a higher intensity increase was observed than in the presence 

of TBA, suggesting that the former may be a less effective inhibitor than the latter. A proper 

comparison of their anticoagulant efficiency was performed by calculating the ratio between the 

initial slope of the normalized scattered intensities in the absence and in the presence of the 

aptamers,
18

 and indeed cycTBA showed an inhibitory effectiveness that is 55% that of TBA (5±1 vs 

9±1 for cycTBA and TBA respectively). 

In conclusion, cycTBA exhibited an exceptional thermal stability (ΔTm of ca. +18 °C in both Na
+
 

and K
+
 saline conditions) and notably increased nuclease resistance (ca. 180-fold higher) compared 

to unmodified TBA, however associated with a thrombin inhibition activity – as evaluated by DLS 

experiments - ca. half of that found for unmodified TBA. This is a relevant result, plausibly 

attributable to the increased rigidity of the G-quadruplex core induced upon cyclization of the 

aptamer.  

Thus, not always higher stability and structural preorganization provide better biological results. 

These data seem to indicate that what could be more relevant for TBA bioactivity is the mutual 

interaction between the aptamer and the protein, as also suggested by other research groups.
5a

 

Probably once thrombin recognizes the aptamer, there is a conformational rearrangement upon 

complexation for best interaction, which could be somehow impaired if the aptamer is too 

rigidified.  

Taken together, our results clearly demonstrated the favourable impact of cyclization on the 

physico-chemical features of TBA, opening new possible routes to the development of improved 

TBA analogues on varying the length and chemical features of the linker used to covalently bind the 

oligonucleotide extremities. Ongoing studies are currently devoted to obtain a fine-tuning of the 

linker features, so to successfully extend the cyclization approach to other biologically relevant G-

quadruplex-based aptamers.  
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