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ABSTRACT

Aptamers are single-stranded RNA or DNA moleculest specifically recognize their targets
and have proven valuable for functionalizing séwsibiosensorsa-thrombin is a trypsidike
serine proteinase which plays a crucial role immastasis and thrombosis. An abnormal activity
or overexpression of this protein is associatet wivariety of diseases. A great deal of attention
was devoted to the construction of high-throughpasensors for accurately detect thrombin for
the early diagnosis and treatment of related deseaderein, we propose a new approach to
modulate the interaction betweearthrombin and the aptamer TBA To this end, TBAs was
chemically conjugated to two peptide sequences (BRIE-Ac and TBA-GEIF-Ac)
corresponding to a short fragment of the acidicoe@f the human factor V, which is known to
interact directly with exosite |. Surface Plasmoashance (SPR) results showed enhanced
analytical performances of thrombin with TBAS&F-Ac than with TBA wild-type, reaching a
limit of detection as low as 44.9 pM. Electrophasasobility shift assay (EMSA) corroborated
the SPR results. Molecular dynamics (MD) simulati®gupport experimental evidences and
provided further insight into thrombin/TBA-peptideteraction. Our findings demonstrate that
the combination of TBAs with key interacting peptides offers good oppoitiea to produce

sensitive devices for thrombin detection and padénandidates to block thrombin activity.
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1. Introduction

a-thrombin is a trypsifike serine proteinase that plays a crucial rolehaemostasis and
thrombosis [1]. Since its discovery in the 19thtaey, a-thrombin has been extensively studied
due to its complexity in function and regulatiomce it acts paradoxically as pro-coagulant and
as anti-coagulant factor [2d-thrombin is the product of an enzymatic amplificatnetwork, in
which inactive components are activated by proteolieavage [3-5]. A primary function of
thrombin relies on the conversion of soluble fibgen into insoluble fibrin clot [6], that anchors
platelets to the site of an injury initiating thepair process [7].

a-thrombin is composed by two polypeptide chaingihA (36 residues) and chain B (259
residues), which are covalently linked through sulfide bond. Chain B is organized in two
adjaceng-barrels and contains the active site and two b@sisites, | and Il [4]. The active site,
with the reactive Serl195 residue at the base,gklyninegatively charged and located in a deep
canyon flanked by two loops, the 60-insertion afidop. These two loops restrict the entrance
to the active site helping to establish the subestead inhibitors specificity. The exosite | is
located to the right of the active site and is &sown as fibrinogen recognition site. It contains
hydrophobic patches and numerous charged residues.location of these residues in the
surface of exosite | provide electrostatics magtirgg for the fibrinogen to the active site [8].
Exosite 1l is located opposite to exosite | andtaots several charged residues, however does
not include a hydrophobic area in the surface. Exds is prepared for the interaction with
polyanionic ligands like glycosaminoglycan (GAG)ameparin [9, 10]. The natural substrates,
cofactors and inhibitors compete for the threeedéht sites of thrombin: the active site, exosite |

and exosite Il [2, 11, 12].



For these reasonsy-thrombin is an important protein target for anégalation and
cardiovascular diseases therapy [3, 5]. Endogenmetiisombin inhibitors are serpins AT and
HCII, however they need specific interactions wgticosaminoglycans, like heparin, to become
efficiently active [3, 10, 13]. Heparin in its fullr truncated low molecular weight forms has
been selected as the most relevant anti-coagulag fbr the prevention and treatment of
thrombosis [14]. In addition, heparin binds to egé&anumber of regulatory proteins within the
complement system [15] and to different blood cefisr instance endothelial cells and
monocytes [16]. Exogenous inhibitors come from dieeprotein families and are normally
found in the saliva of blood suckers as part oaticoagulant mix that allows them to feed [17,
18].

In addition, single-stranded DNA oligonucleotides@NA) that bind specific thrombin [19,
20] have been developed by selection of combirgtdibraries of oligonucleotides (SELEX)
[21]. These ssDNAs molecules contained a 14-17onsensus sequence, with eight highly
conserved guanine residues, which form a centred bailt of two guanine quartets. These
oligonucleotides are known asthrombin binding aptamers (TBAs). Among the TBAs 15-
mer with d(B3GGTTGGTGTGGTTGG3J[19] sequence presents a strong anticoagulantitycti
at the nanomolar range [22]. Its interaction witle exosite | prevents-thrombin to interact
with fibrinogen and platelet aggregation [23, 24¢cording to structural studies [25-27], TBA
in the presence af-thrombin or specific cations such as K+ forms aimolecular, antiparallel
G-quadruplex with a chair-like conformation, cotisig of two G-quartets connected by a single
TGT loop and two TT loops.

Clinical trials have shown that this compound hateresting anticoagulant properties,

however, its activity is too short because it iscily degraded. A large number of derivatives



have been studied in order to increase the affitmtyhrombin and/or its stability to nuclease
degradation [12, 28]. In addition a modest antifecdtive activity has been found for TBA as a
consequence of potential binding to nucleolin [ZRRgcently, modified TBA derivatives with
higher antiproliferative activity and lower antigpdant properties have been described [30, 31].
In addition, TBA has been used for the constructadnbiosensors for the detection of
thrombin [32] and it has been used as model congpéumthe optimization of aptasensors [33].
New approaches for the design of pharmaceuticaltaggainst thrombin could possibly take
into account the synergistic effect of polyvalemder’'s. Herein, we design, synthesize and
characterize for the first time the affinity of twethrombin binding aptamer conjugates that are
covalently linked to a short peptide sequence spording to a fragment of the acidic region of
the human factor V, which interact directly withthrombin exosite | [34]. This conjugation is
expected to contribute positively ésthrombin anchorage since both TBA and peptide hihge
ability to specifically bind to exosite I. Previotesthis work oligonucleotides-peptide conjugates
have been used as fluorescent probes, molecumf3&pand cellular uptake enhancers [35, 36].
In particularly, a TBA-peptide conjugate was ddsed for the visualization of Kions in cells
[37]. But this peptide was mainly used as scaffold fahaning a biotine and a fluorescent probe
to TBA. In our communication, the peptide is desigro interact with thrombin providing a
synergetic anchoring of the aptamer. For inspediegeffect of TBA-peptide conjugation on
binding affinity, experimental techniques such &sciophoresis Mobility Shift Assay (EMSA)
and Surface Plasmon Resonance (SPR) will be coedluthis latter methodology will allow us
to follow in real-time the binding of thrombin ohet TBA-peptide functionalized biosensor,
while determining accurately the limit of detectifam a-thrombin. In turn, EMSA assay permits

to evaluate the propensity of TBA-peptide conjugdte interact witha-thrombin in solution.



Molecular dynamics (MD) will be used to determime tfree energies of binding between
thrombin and TBA-peptide conjugates. Informatiomutbthe intermolecular interactions in the

complexes will be also assessed.

2. Methods

2.1. Design of the TBA-peptide conjugates

The two crystals structures 1HAO [38] and the 3IP®H containinga-thrombin bound to TBA

or to the peptide (EIFEPPES) were used for thegdesi the conjugates. First, we selected just
one of the two dimers described in the crystalcstme 3P6Z. Then, the twa-thrombin
molecules were superimposed using the molecularalier PyMOL. We extracted the TBA
and the peptide coordinates to build up the comngctbetween both molecules with the
program Avogadro [39, 40]. Finally, the new coosetes were confirmed to verify whether

TBA-peptide conjugates were located in exosite .

2.2. Synthesis of modified TBAs

Modified TBAs were synthesized on several batche$-pmol scale (CPG) synthesis and the
standard protocols [41]. The name and sequencdfefeht modified TBAs are listed in Table
1. The Amino-Modifier G was site-specifically inserted into the TBA at Bieend. During the
addition of the amino linker we avoided the uséhef capping step to prevent partial acetylation
of the amino group in further chemical steps. Qiigdeotides for biosensing were prepared
starting with the 3’ end thiol modification and lfmlved by 5’ additional thymidines. The solid

supports carrying the 5’-amino oligonucleotidesevetored at -20 °C until further used.



2.3. Synthesis of TBA-peptide conjugate

Solid-phase peptide synthesis was performed manirala batch procedure using48moc-
protected amino acids. Syntheses were performédshpmol scale. First, the support carrying
the 5’-amino oligonucleotides were treated wittolution of 20% piperidine in DMF for 4 min
to remove potentially reactive acetyl groups[42¢xN the MMT group was removed using 3%
TCA in DCM, neutralized with 5% DIPEA in DCM and slged in CHCN. The resulting
support was treated with a mixture of Fmoc-amina 420 equiv), PyBOP (20 equiv) and
DIPEA (40 equiv) in 0.2-0.3 ml of DMF for 5 hrs. &, the solution was filtered and the support
was washed with DMF and a second coupling of tleesamino acid in the same conditions
[Fmoc-amino acid (20 equiv), PyBOP (20 equiv) arl@BA (40 equiv) in 0.2-0.3 ml of DMF]
was performed over night. The glutamic acid cowgdinvere performed with 20 equivalents of
HATU instead of PyBOP. Next the resin was washeith WiH;CN three times and twice with
DMF. The Fmoc group was then removed using a 2@rline solution in DMF for 5 min and
the support was washed in ¢EN and DMF. This process was repeated a second Aihne
end of the synthesis the amino terminal was adegylavith a mixture of AgO:DIPEA:DMF

(0.1:0.17:1.53) to prevent the cyclation of theesithain of the glutamic acid.

2.4. Deprotection and purification of TBA-peptide ©njugate

The side chain of the glutamic acid was deproteuatitldl a 5% TCA solution in DCM for 1 hr,
washed with CBCN and dried. Next the supports were treated w2t Ziqueous ammonia at 55
°C for 1 hr or at room temperature overnight. Ammaosolutions were concentrated to dryness
and the products were desalted over a NAP-10 cokioted with water. The resulting products

were further purified by reversed-phase HPLC withr@in linear gradient from 0 % to 30%,



flow rate 3 mL/min; solution A was 5% ACN in 0.1 &jueous TEAA and B 70% ACN in 0.1
M aqueous TEAA. The length and homogeneity of thgoaucleotide-peptide conjugates were
checked by MALDI-TOF Table 1). The products concentration was determined bygralasice
measurements (260 nm) and their extinction coeffichvas considered as the TBAThese

samples were kept dry at -20 °C until further use.

2.5. Melting Temperature studies and CD spectra

Melting curves of the TBA-peptide conjugates wereasured by monitoring the absorbance
hyperchromicity at 295 nm. The UV absorption speetere recorded at 1°C/min intervals, with
a 1 min equilibration time at each temperature eallne sample was heated over the range 20-80
°C. Buffer solution was 10 mM sodium cacodylate B and 100 mM KCI. The concentration
of the samples was around 1.68. Each sample was allowed to equilibrate at thgain
temperature for 5 min before the melting experinveas started. The melting temperatures (Tm)
are the average value of a pair of Tm experiments.

Circular dichroism (CD) measurements were recometthe same concentration and using the
same buffer as for the denaturing curves. The sp&atre registered at 15 °C over a range of
205-320 nm with a scanning speed of 100 nm/miespanse time of 4 s, a 0.5-nm data pitch,

and a 1-nm bandwidth.

2.6.a-thrombin-binding assay
The interaction between TBA-peptide conjugates amthrombin were analyzed by gel
electrophoresis. The TBAs-peptide conjugates (4 pM@re mixed with increasing

concentrations ofi-thrombin. The mixtures were left to interact fohdat room temperature in



100 mM Tris pH 7.4, 50 mM AcOH, 2 mM KCI, 12.5 mMd{Ac), and 5 mM EDTA.
Complexes formation was analyzed on a 10% polyaorile gel at 80V, at 4 °C for 4 hrs in the

same buffer.

2.7. SPR analysis of the TBA-peptide conjugates Wit-thrombin

The interaction betweesthrombin and TBA-peptide conjugates was monitaed quantified
by a home-made SPR [43]. Gold sensor chips wesnebkand prepared prior to experiments.
Briefly, the gold chips were rinsed with pre heassdvents (i.e., trichloroethylene, acetone,
ethanol, and dkD). Then, sensor chips were dried withflx and placed in a UV/©generator
(BioForce Nanosciences, USA) for 20 min. After thgbld sensor chips were subsequently
rinsed with ethanol and water and dried underfiNx. The TBA peptide conjugates were
immobilized with 100 mL of immobilization solutiond pM TBA-peptide in the following
solution (20 mM Tris pH 7.4, 140 mM NaCl, 5 mM Kdl,mM MgC}) in the gold chips in a
humid chamber O/N. Then, they were rinsed with DERO, dried with N, and placed in the
sensor device. The interaction between oligonuiclegieptide conjugates amdthrombin was
detected by flowing over the sensor different cotregions ofa-thrombin in the same buffer
conditions at a 1@lL/min constant rate and at room temperature (Rinalfy, the data were
collected using Origin 8.0 software. The experirakdetection limit (LOD) was defined as the
target concentration giving &R (%) in the hybridization signal at least threeds higher than
that of the standard deviation of a blank signélke Timit of quantification (LOQ) was defined as
the target concentration givingAR (%) in the hybridization signal at least ten tintegher than

that of the standard deviation of a blank signal.
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2.8. MD simulations

2.8.1. Construction of solvated systems

Molecular dynamics (MD) simulations were perfornmtedstudy the binding energies of human
a-thrombin with TBAs and peptide-modified TBA. We sought to understémel effect of
conjugating the newly designed peptides to TBAagthrombin/TBA interaction by comparing
the average binding energies obtained from a sekplicate simulations. Similarly to what
consider in peptide design, the crystal structotgained from RCSB PDB with IDs 1HAO [38]
and 3P6Z [34] were used to define the initial camates for the complexasthrombin/TBA
(system 1), a-thrombin/TBA-GFIE and a-thrombin/TBA-GEIF. The Leap module of
AMBER14 was used to modify the sequence of thereafee peptide detailed in PDB 3P6Z to
match the ones tested experimentally. The amindHieker was parameterized in the R.E.D.D.
server [44] that automates the calculation of REB&ges at the HF/6-31G(d) level of theory,
consistent with AMBER'’s ff14SB force field [45]. €hacking residues of humanthrombin
were modelled through the structural template-basenh fill-in tool Modeller9v15 [46]. The-
thrombin extremes were capped with neutral acetyl Bl-methyl group, respectively. The
overall charge ofi-thrombin was set to correspond to pH=7.4. Thaaindtonformations were
minimized for 2500 cycles applying the steepesteesalgorithm in implicit Generalized Born
(GB) solvent. The resulting geometries were thelvated using a TIP3P waters [47] in an
octahedral water box with a 12 A padding in alkdtions around the surface of complexes. The
solvent molecules added were made to be identighinvsystems, to ensure their accurate
energetic comparison. The sodium and chloride mese added to the systems to reach a

concentration of approximately 150 mM.
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2.8.2. Molecular Dynamics simulations

Eight 50-ns MD simulations for each system werefquared using AMBER’s ff14SB force
field. Replicate simulations were assigned withfedént initial velocities, to generate
independent simulations. Hydrogen bonds were helelfusing the SHAKE algorithm [48]
Short-range interactions were set to a cutoff ofAl@nd particle mesh Ewald (PME) [49] was
applied for long-range electrostatics. Minimizatiomeating and equilibration stages were
sequentially performed involving: (i) 1000 steps tioe steepest-descent algorithm, followed by
1000 steps of conjugate-gradient algorithm, whiek2al mol* A of positional restraints were
imposed oru-thrombin/aptamers atoms; (ii) 2500 steps of bagordthms, steepest-descent and
conjugate-gradient were applied to unrestrainetegsys, (iii) systems were heated from 0 to 298
K using Langevin thermostat over 1 ns with collisfoequency of 2 psand 5 kcal mot A2 of
positional restraints on thrombin/aptamers atonng; finally, systems were equilibrated at
constant pressure and at 300 K for 2 ns using hangkermostat, and assigning 0.5 kcal thol
A2 of positional restraints thrombin/aptamers atoRus. all stages the time step was set to 2 fs.
MD runs were performed on Navigator computing @ustf LCA-UC [50] using the CPU
version of PMEMD program in AMBER14 [51]. H-bondadysis were carried out in AMBER'’s
Ptraj program and processed via an in-house sgep¢loped by the authors using Fortran 77
and R programming. The MD run that presented aevalufree energy closer to the averaged
free energy value was selected to conduct H-boradyses. The distance between acceptor-
donor was considered to be equal or less than ZBdithe angle cut-off of equal or higher than
135°. The details of MM-GBSA analyses and the dpson of the method used for inspection

of the intermolecular interaction are provided upflementary data.
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3. Results and discussion

3.1. Design of the TBA-peptide conjugates

As starting point we analyzed two crystal strucsuoga-thrombin forming complex with TBA
and a peptide derived from the human factor V fithe RCSB protein data bank (PDB IDs
1HAO [38] and 3P6Z [34]). The pdb 1HAO is the sture of the complex betweenthrombin
and TBA and the pdb 3P6Z contains a dimea-tfirombin bound to the peptide with sequence
EIFEPPES. After superimposing the tedhrombin structures the binding region (exositefl)
the two ligands do not undergo significant confaioreal changes as a low RMSD value of
0.481 was obtained (Supplementé&fg. 1). The peptide residues, EPPES, were removed to
avoid overlapping with TBA nucleotides, while theocdinates of the last residues EIF were
preserved. Upon analyzing the binding site of tB&AT&nd the peptide we could observe a close
proximity between the 5’ end of the TBA. Three ghgeresidues and a linker, aminohexyl, were
introduced in peptide structure to allow the birgdivetween 5’ end of TBA and peptide. The
effect of the amino-acid sequence in the interactmthrombin was inspected by constructing

peptides with inverted sequences EIF and FIE.

3.2. Synthesis, deprotection and purification of mdified TBAs

We synthesized the TBA—peptide using standard Difahesis [41] and Fmoc-protected amino
acids using a method developed in our laboratog]. [Wsually, the stepwise synthesis of
oligonucleotide-peptide conjugates using the saom@pat starts with the assembly of the
peptide, as Boc-protected amino acids can be emaglayoiding the use of acid treatment in the
presence of the oligonucleotide chains. Howevethigmcase, the peptide moiety is located at the

5" end of the oligonucleotide. For this reason, TBA oligonucleotide was assembled first on
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controlled pore glass (CPG) supports using stan8asganoethyl phosphoramidites. After the
completion of the TBA sequence, the N-6-MMT-aminofidinker was incorporated to the 5’
end of the DNA to generate an amino group for tegembly of the peptide. Following the
coupling of the amino linker, the capping step \a&eided to prevent undesired acetylation of
the amino group as described [42]. Neverthelessyashing step with piperidine was
incorporated prior to the deprotection of the arhexyl-linker to remove potentially reactive
acetyl groups that may be produced in previousphoramidite coupling cycles [42].

Subsequently, the peptide sequences were assetoltled 5’ end of the TBA to obtain the
desired oligonucleotides conjugate. For the addid the triglycine sequence we used the
available Fmoc-triglycine derivative. To increake incorporation efficiency of glutamic acid,
the coupling reagent PyBOP was replaced by HATW: d4phenylisopropyl (PheiPr) group was
selected for the protection of the side chain ataghic acid. Other acid labile groups such as t-
butyl ester were not adequate as the strong acidittons needed for their removal can cause
the depurination of the TBA oligonucleotide durthg peptide deprotection step. In addition, we
decided to acetylate the amino terminal end obtlgonucleotide-peptide conjugates before acid
deprotection of the side chain of the glutamic aaicbrder to inhibit potential pyroglutamic
formation and to increase the stability of the ffipeoduct. The deprotection of the side chain of
the glutamic acid was optimized by increasing the&hloroacetic acid solution percentage and
the reaction time (5% and 1 hr). Finally, the tneait of the support with concentrated aqueous
ammonia solution was used to deprotect the oligetide moiety and liberate the conjugate
from the solid support. The synthetic protocoltiswn inscheme 1

The resulting synthesis crudes were analyzed byGH§ilzing a main product. These products

were collected and characterized by MALDI-TOF presg the expected mass, which are
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shown inTable 1. The HPLC profiles of the products obtained arewsh in Fig. 1 and

Supplementaryig. 2.
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Table 1. Sequence, melting temperaturg,)( and mass spectra of TBA-peptide conjugates
prepared in this study

Sample Sequence (3'-5’) T.(°C)° AT, Meate Miound
TBA GGTTGGTGTGGTTGG 49.5 - 4725/4726
TBA-Ac GGTTGGTGTGGTTGG-linker-Ac 40.2 -9.3 4946/4950
TBA-G;FI GGTTGGTGTGGTTGG-linker-G;FI 40.8 -8.7 5377/5372
TBA-G3EIF-Ac GGTTGGTGTGGTTGG-linker-G3EIF-Ac 35.1 -14.4 5506/5511
TBA-G5FIE-Ac GGTTGGTGTGGTTGG-linker-G3FIE-Ac 39.1 -10.5 5506/5502
bR—S'S'Ts'TBA—GgEIF—AC R-S-S-TTTTTGGTTGGTGTGGTTGG-linker-G3EIF-Ac n.d. -—-- 7273/7282
5—p 3

bR-S-S-TS-TBA-G3F|E-AC R-S-S-TTTTTGGTTGGTGTGGTTGG-linker-G3FIE-Ac n.d. - 7273/7277
5—»3

210 mM sodium cacodylate, 100 mM KCI pH 7.
® disulfide protected form. Uncertainty 0.5°C. mdt determined. Linker: O-phosphate-O-({d-NH.

3.3. Thermal denaturation studies and CD spectra

In order to analyze the effect of the incorporatadrshort peptide sequence at the 5’ end of the
TBA in the stability of the intramolecular antipehquadruplex structure, we have recorded the
corresponding melting curves (Supplementkig. 3) allowing us to determine the melting
temperatures (Tm), (séle@ble 1). A single transition was observed at 295 nm twatesponds

to the denaturation of G-quadruplexes [52].

Unmodified TBA presents a Tm of 49.5 C and shov@Daspectrum with positive peaks at
295 and 245 nm as well as a negative peak at 269 hese features are in good agreement with
those reported previously for antiparallel G-quatex [53, 54]. Surprisingly, the incorporation
of the acetylated amino linker at the 5’ end of Ti2A produced a considerable decrease in the
thermal stability of the TBA obtaining a Tm of 402 and it may be due to the presence of the
phosphate group at the 5’ end [55]. This reduditiotmermal stability is maintained in one of the
two peptide sequences and in its truncated vemsitdmut the glutamic acid (TBA-SFIE-Ac

and TBA-GFI).
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However, the oligonucleotide-peptide conjugate TBA=IF-Ac presented a higher decrease
in the stability of the quadruplex structuT = -14.4 °C). The exchange of the two amino
acids in the peptide sequence increa3e by ca. 4 °C. These results indicated that the
incorporation of a phosphate group and a shortigeegequence at the 5’ end has an influence in
the stability of the G-quadruplex structure, whitdpends on the position of each amino acid in
the sequence. Nevertheless, the CD spectra ofwbemrtodified TBA-peptides presented the
typical features of an antiparallel G-quadruplexT8A alone, indicating that the incorporation

of the peptide sequence at the 5’ end does nattdffe overall structure as it is showrFig. 2.

30 TBA
TBA-Ac
25 -
_ TBA-GEIF-Ac
20 4 TBA-GFIE-Ac
15 -
o 10 -
O ]
5_
0_
-5
-10 — 1 T T T ' T T T T T T T
200 220 240 260 280 300 320 340

wavelenght (nm)

Fig. 2. CD spectra of the two oligonucleotide-peptide agages synthesized at 15 °C compared
with TBA-Ac and TBA alone.
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3.4.a-thrombin-binding assay by EMSA

Next, we studied the complex formation betweethrombin and the TBA-peptide conjugates
(seeTable 1 for sequences) by electrophoresis mobility shéiay (EMSA). The amounts of
TBA-complex formed at several TBA:Thrombin molatioa are shown irfrig. 3. At all TBA:
Thrombin molar ratios, the highest amount of thromtmmplex was observed for TBAsBIF-

Ac followed by unmodified TBA and finally TBA-E-IE-Ac showed the lower affinity fos-
thrombin. From these results and contrary to wioaldc be expected from the decrease in G-
guadruplex stability in the melting temperature emxpents, we could conclude that the
incorporation of a short peptide sequences at ldeoé the TBA does not disrupt its interaction
with a-thrombin. These results are in agreement withretpeesented in the literature showing
thata-thrombin binding is not dependent of the therntabgity of TBA modifications [30, 56].
Also, these results indicated that the affinitytiod TBA for a-thrombin can be increased and
modulated by the incorporation of a peptide segeemc¢he respective ends, and that the amino

acids sequence orientation is an important factobiihding.
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Fig. 3. EMSA assay of complexes betweethrombin and TBA-peptide conjugates in 100 mM
Tris pH 7.4, 50 mM AcOH, 2 mM KCI, 5 mM EDTA, 12rBM Mg(OAc),.

3.5. SPR analysis of the TBA-peptide conjugates witr-thrombin

SPR technology has been used to analyze thromteraction with different types of ligands
[57, 58]. To prevent possible steric obstructiontlué active site and of the exosite | of the
protein, we decided to immobilize in the gold suefahe unmodified and modified TBAs. For
that purpose, we used TBAs modified with a thiakgy at the 3’-end, which will allow their
attachment to the gold surface by chemisorptioougin thiol-gold chemistry. We included, also,

a block of 5 thymidines nucleotides at the 3’-esdspacer in order to improve the formation of
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the G-quadruplex structure and the accessibility-tfirombin [59]. CD spectra confirm the
antiparallel G-quadruplex structure of the thiatatdigonucleotides although the CD maxima
are less intense than the unmodified TBA (datasimaw). The binding event is observed by
alterations of the optical properties of the galaface. Tiny variations in the refractive index
produced by the interaction between TBA anthrombin changed the intensity of the reflected
light, allowing real-time monitoring of the captur&/e have studied the interaction of two
peptide-TBA conjugates (TBA-4EIF-Ac and TBA-GFIE-Ac) with a-thrombin. For
comparison purposes, we also assayed the compievadtion between the unmodified TBA
with a-thrombin.

All results obtained with the three unmodified anddified TBA bioreceptors are show in
Fig. 4 andFig. S4 We evaluated the interaction of the peptide-TEBAjagates with a range of
a-thrombin concentrations. Triplicate measuremenis @alibration curves of each interaction
were obtained and are representedrion 4. The limits of detection (LOD) and quantification
(LOQ) for each bioreceptor were calculated.

When comparing the obtained SPR curves, resultsy sho clear difference in the
performances of the modified surfaces for the dete®f thea-thrombin analyte. The surface
Gold-S-Ts-TBA-G3FIE-Ac showed the lowest affinity to interact witkthrombin, having a limit
of detection of 124.33 pM and™®0.71 remarkably lower than the one calculated®A (49.12
pM, R?=0.93). On the other hand, the biosensor with &asarfunctionalized with the Gold-S-
Ts-TBA-G3EIF-Ac displays enhanced analytical performancesofthrombin in comparison
with the latter one, reaching a LOD of 44.9 pM wWRH-0.99. As expected, the values calculated
for the limit of quantification follow the same @& as LOD. The values obtained for LOD are in

agreement with those reported in literature forasphsors [60, 61], in the order of sub
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nanomolar discarding the SPR biosensors that eehdheir sensitivity by means of
amplification procedures or by exploiting the prdjgs of nanoparticles [62].

The higher sensitivity detected for surfaces fuwrdlized with Gold-S-FTBA-G3EIF-Ac
corroborates the data obtained from electrophoregieriments. From these experiments, it is
clear that by conjugating a peptide moiety derifredh human factor V with TBA, the affinity
of the aptamer for thrombin can be modulated, favgaan useful approach to build better

biosensors for thrombin detection.

A B ST — SH-T5-TBA

— SH-T5-TBA-G3 FIE-Ac
44 SH-T5-TBA-G3 EIF-Ac

AR (%)
*

¥
<"— Thiol-linker o JaE=
0.0 5.5 1 16.6 222 27

Concentration (pmol/ml)

C
¥ ® @
Receptor TBA TBA-GSEIF-AC TBA-GSFIE-AC
LOD (pM) 49 45 120
LOQ (pM) 160 150 430
Kq (nM) 15 15 18

Fig. 4. SPR measurements of the TBA-peptide conjugatel withrombin. In panel A,
schematic representation of the gold sensor chigtionalization with TBA as a receptor
through a thiol-linker. In panel B, SPR curves lo¢ tdetection of the interaction between
thrombin with TBA or with the two TBA-peptide comjates variant in 20 mM Tris pH 7.4, 140
mM NaCl, 5 mM KCI, 1 mM Mgdl. All data show mean value £SD from the SPR-equiilin
signal of three measurements. In panel C are iteticthe limits of detection (LOD) and the

limit of quantification (LOQ) calculated for eachceptor.
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3.6. MD simulations

MD simulations have proven valuable in determinitige thermodynamic properties of
protein/ligand complexes in atomic detail, endowiagpowerful predictive complement to
experiments [63, 64]. We sought to compare the ibgha@ffinities of the complexes tested
experimentally whilst gaining further insight redarg the sources dominating in thrombin and
modified TBAs interaction. As mentioned above, tmgstal structures 1IHAO and 3P6Z were
used to establish the initial positions of protepgptides and aptamer, and different start
velocities were imposed on simulation replicatesrithance sampling. In all the simulation runs,
complexes rapidly reached equilibrium and show RMSD oscillations in the last nanoseconds
of simulation (Supplementaryig. 5). In comparison, the RMSD variance range of theATB
conjugated to peptides is wider than the one af-tyipe, suggesting that the presence of peptide
induces larger conformational changes upon bindmgddition, the RMSF plot displays similar
atomic fluctuation patterns for the thrombin boundTBA and thrombin bound to modified-
TBA which in general fluctuate <A (Supplementaryig. 6). An exception occurs only for the
v-loop displaying higher atomic fluctuation espdgiathen having TBA-GFIE-Ac.

For determining the thermodynamic properties inedhn the interaction ad-thrombin and
the set of aptamers tested experimentally the binfiee energies were assessed by MM-GBSA
methodology. This methodology is a popular methodestimate absolute free energies of
protein-ligand complexes with a moderate computafieffort [65, 66]. The average absolute
binding free energy estimates are compardegign 5A. The specific values for each replicate as
well as the decomposed energies into the variamssitfrom electrostatics, Van der Waals, non-
polar solvation and electrostatic solvation intécacs are listed in supplementafable 1 By

comparing the average binding energy for wild tgoel modified-TBAs, results confirmed the

22



experimental observations. In particular, the cgafion of TBA with GEIF-Ac clearly
enhances the interaction afthrombin/TBA (AGpine= -26.1+3.9 kcal mot for thrombin/TBA
and AGping = -44.2+8.0 kcal mal for thrombin/TBA-GEIF-Ac) while the conjugation with the
parent GFIE-Ac peptide weaken thethrombin/TBA interaction AGping = -20.84£5.9 kcal mol

1. The value of absolute binding free energiesvestied fora-thrombin/TBA is larger than those
reported experimentally, which are comprised betw&and -10 kcal md]| calculated through
different techniques [67-70]. It is well-known thitie MM-GBSA method neglects the entropy
loss associated with bound water molecules in &eprdigand complex, but nevertheless this
methodology provides a useful tool to compare eelatomplex systems. The present results
show that the trend found computationally is in djareement with results obtained with
EMSA and SPR assays.

In general, the decomposition of the binding freergy into different energy items highlights
the relevant contribution of nonpolar and hydropgbabteractions 4Gnonpol= AEydqw + AGsa) tO
binding free energies. Despite being unfavorables electrostatic contribution is more
pronounced in thrombin/TBA-EIF-Ac complex, sinceAGp, become less positive. When
binding free energies are decomposed into indiVidesidues (se€&ig. 5B), the results show
differences between systems. For the wild-type TB# most contributive residues are the
nucleotides located on the TT loops, 3, 4, 12 aBdhht are in close vicinity ta-thrombin
exosite |. The conjugation of peptides to the TBAgerves the same profiles of interaction but
reduces slightly the affinity of dT13, and for TB&gFIE-Ac the interaction with dT14 is also

reduced.
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Furthermore, the residues ogRBE-Ac peptide present low affinity to the thrombisidues
being the isoleucine (I) and phenylalanine (F)rtiast prominent for the binding (>1 kcal mol
1), For TBA-GEIF-Ac the triad E, | and F, in this order, makgnsiicant contributions to the
binding affinity. The hydrogen bond analysis, dégicin Fig. 6A, detected four stable H-bonds
not discarding ionic bonds between the amide grafpArg75 and Tyr76 and the carbonyl
groups of dT14 and dT13, while other contacts ataldished with protein residue Arg77A and
the TBA nucleotides dT13 and dT14, as detected misorystal structure [54, 71, 72]. The
conjugation of GFIE-Ac peptide displays H-bonds with a dynamic gmmcy, and just two
prevalent H-bonds, where one is established betteeglutamic acid (E) and Arg7Bi(. 6B).

In turn, TBA-GEIF presents several long time H-bonds formed nbt between thrombin/TBA
and thrombin/peptide but also within peptide/TBAgY. 6C). In this case, the peptide is buried in
thrombin tertiary structure reaching inner residsiesh as GIn29 and Leu31, moving away from

the initial position provided by the crystal stue.
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Fig. 6. Interaction betweea-thrombin/TBA, a-thrombin/TBA-GFIE-Ac anda-thrombin/TBA-
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26



In addition, for a detailed description of intermallar interactions, the binding patterns
within the ternary systems thrombin/TBA-peptide analyzed based on the topological features
of the electronic charge densities, in order toodete the types of interaction and rationalize the
respective strengths. Fig. 7 and8 the volume of the interacting regions allows irifeg on the
extent of the interactions within the thrombin/TR&ptide conjugates. Binding specificity is
suggested by discrete regions of enhanced interectiepresented by the 3D isosurfaces. This
specificity depends, as expected, on the natutkeoprotein residues involved in the interaction.
Blue and red denote, respectively, stronger sibgidestabilizing interactions, while green
indicates weak van der Waals-type interactionsoAixluded, are the respective 2D scatter
plots, in which the asymmetry of the peaks reflébts favourable nature of the protein/ligand
interactions. The peaks on the negative, stabgidide of the plot are more intense than the
corresponding peaks on the positive, destabilizgide, indicating that the balance of
noncovalent forces in each binding scenario amverall favouring the complex formation and
stability.

A clear difference between both thrombin/TBA androthbin/TBA-GFIE-Ac and
thrombin/TBA-GEIF-Ac is observed inFig. 7 (panels A and B) and (panel A and C)
respectively. The stability of the former interacis is essentially governed by several N-®I
hydrogen-bonds (represented by large volumes witk benters), as also observedFig. 6.
These hydrogen-bonds are identified by large d#ffpsaks (ca. 5 N-HO hydrogen-bonds in
thrombin/TBA and 5 N-H-O and 1 N-H-O hydrogen-bonds in thrombin/TBAsBIE-Ac),
with the respective maximums defined at -0.05< @igp <-0.02. In thrombin/TBA-GEIF-Ac
(panel c), the type of hydrogen-bonds is simildthaugh the double (N-H)-O involving

ARG75(N-H)-DT4(0) is more pronounced.
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Fig. 7. Interaction patterns underlying the complexes bketwi-thrombin and (A) TBA, (B)
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isosurfaces (right). The structures of the com@ecarespond to the last snapshot of 50 ns MD
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in white.
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These stronger hydrogen bonds are identified akatger diffuse peaks at sigi)p ~ -0.054
and signk,)p = -0.05, respectively, in the corresponding 2D scgplot. There is also a third
well-defined peak corresponding to the ARG77A(NB4(0). In addition to the N-HO
hydrogen-bonds derived from the ARG75(N-H)-DT4(@dalso ARG774(N-H)-DT4(0) the
thrombin-TBA-GEIF binding is also stabilized by slightly enhanegoh der Waals interactions
(corresponding to the flat green regions), esthbtisbetween ARG75 and DG5, ARG77A and
DT13 and TYR76 and DT3-DT4 rings. In contrast torothbin/TBA (panel A) and
thrombin/TBA-GFIE-Ac (panel B), these weakly stabilizing van Wéaals-type interactions are
represented by the solid peak at sigy =~ -0.02. Such weak attractive forces have been
recognized as important driving forces in the hiwgdprocess of similar systems involving
proteins and aptamers [38].

FromFig. 8 (panels A and B), it is observed that the vanWeals interactions are almost
comparable when the binding of protein/peptid&IG-Ac and protein/peptide{GIE-Ac are
considered. However, the number and nature of yloeolgen-bonds differ. In protein/peptide-
GsFIE-Ac (panel A) two N-H-O hydrogen bonds are established between ARG77A(ldrd
the carboxylic group of glutamic acid. The lattemiso involved in one O-HO hydrogen bond
with the SER162 (O-H) moiety. These interactions loa identified in the more intense peaks on
the left, at sigri)p =~ —0.05 and signig)p = —0.03, respectively. The protein/peptidg=G--Ac
binding (panel B) is favoured by four N-HD hydrogen bonds established between LEU31(N-
H)-ACE(O), I(N-H)-GLN29(0), and two ARG75(N-H)-E(@nd TYR86(N-H)-E(O). The triad
ACE, F and | establish a network of stabilizing véer Waals interactions with neighbour
protein residues. This extensive number of ativactinteractions between ;BIF-Ac and

thrombin justifies the high affinity detected in MBBSA calculations. Comparing the
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interactions promoted by both peptides, we may thgmize that g-IE-Ac competes with TBA
to interact with thrombin’s exosite |, whilesBIF-Ac shows the ability to interact with residues
present in a distant region from exosite |, thusvging an additional interaction site, without
disturbing the interaction between thrombin/TBA.h@t peptides have demonstrated high
affinity of phenylalanine to thrombin residues Itz in regions comprised within 31-35

residues [73, 74], providing useful insights foe thesign of high-affinity peptides.
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Fig. 8. IGMPIot isosurfaces illustrating the existeintermolecular interactions established
between A) thrombin and §6IE-Ac and B) thrombin and 4&IF-Ac. Stabilizing/destabilizing
noncovalent interactions are represented in blde#red van der Waals forces are colored in

inter_

green (volume cutoff o6g™ =0.15; color coding: —0.X sign@y)p < 0.1). a-thrombin side
chains are represented in white as cartoon whitlees@levant amino acids are featured in ball-
and-stick, where carbon atoms are colored in grgyogen in blue, oxygen in red and hydrogen

in white. Peptides §EIF-Ac and GFIE-Ac are represented in thin lines.
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4. Conclusion

Similarly to antibodies, DNA aptamers are widelydsn biosensors and in the production of
targeted therapies but offer several advantagdsdimg straightforward chemical synthesis,
small size, lack of immunogenicity and possibildf chemical modification. Backbone and
nucleobase modifications are the most commonly ss@degies to increase nuclease resistance
and/or to increase the affinity to the target [18]this work we described a new approach for the
design ofa-thrombin high-affinity conjugates, taking into acmt the synergistic effect that
could arise from the combination of more than omeldér. As demonstrated both experimentally
and computationally, the covalent binding of TBAtlwa short peptide sequence, derived from
the acidic region of human factor V which interadteectly with the exosite I, increases the
TBA'’s affinity to the targetr-thrombin protein. During the characterization, ase/e seen that
this conjugate preserves the typical structuratures of an antiparallel G-quadruplex, as the
natural TBA. The free energies determined by MM-@B8ethod reproduce the experimental
evidences obtained in both EMSA and SPR methodgatticular, coupling the peptide;EF-

Ac guaranteed higher binding affinities than theyrate GFIE-Ac or the TBA alone. An
accurate evaluation of intermolecular interactiamthin the complex demonstrated thatEB--

Ac promote H-bonds with thrombin residues not ledah exosite | and also exhibit interactions
with TBA. On the other hand, the reversgFE-Ac seems to compete with TBA for the same
thrombin region. Therefore, the amino acid sequeseems to be determinant for the
reinforcement of thrombin/TBA-€EIF-Ac interaction. The results described in thespnt work
encourage the development of new oligonucleotiqeipes conjugates with potential to increase
the affinity to targetr-thrombin. In addition, this strategy is compatiblgh existing backbone

and nucleobase modifications.
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Appendix A. Supplementary data

Reagents, instrumentation, MM-GBSA analyses, arsmlgsid visualization of noncovalent
interactions, superposition of the two crystal cwees (supplementarfFigure. 1), HPLC
analytical profiles (supplementaryigure. 2), Melting temperatures profile (supplementary
Figure. 3), SPR raw data (supplementary Fig. 4), Structuaaiations for the three simulation
systems obtained MD simulations (supplementBigure. 5), Root-mean-square-fluctuation
(RMSF) (supplementarlyigure. 6). Binding free energy calculated by MM-GBSA metblud)y

(supplementaryrable 1).
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DCM: dichloromethane; CPG: controlled pore glas2BA: diisopropylethylamine; DMRAN,N-
dimethylformamide; Fmoc: 9-fluorenylmethoxycarbgnylV200: polystyrene support (low
volume); MMT: monomethoxytrityl;, PyBOP: Benzotridedl-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphate; PhiPr: 2-pherpgimoyl ester; O.D. optical units; TEAA:

triethylammonium acetate; TCA trichloroacetic acid.
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1. Material and methods

1.1. Reagents

The standard ancillary reagents and phosphoramidged on the TBA synthesis were obtained
from Applied Biosystems and Link Technologies Lt&-MMT-Amino-Modifier C6-CE-
phosphoramidite and 3'-Thiol-Modifier C3 S-S CPGravebtained from Link Technologies.
Matrix for MALDI-TOF experiments was composed by,£26’-trihydroxyacetophenone
monohydrate (THAP, Aldrich) and ammonium citratdatic (Fluka). Solvents for HPLC
analysis and purification were prepared using auttie (Merck) and triethylammonium acetate
(TEAA) as mobile phase. The Fmoc-glutamic acid #&ned Fmoc-Gly were purchased to
Novabiochem and the rest of amino acids to Signee fest of the chemicals are analytical
reagent grade from commercial sources as specB@dents used for gold sensor chip cleaning
were purchased from Panreac Applichem (Barcelopain Acetone 99.5% and Ethanol 99%.
Main salts and chemical reagents for all the expenits, sensor cleaning, buffer preparation and
biofunctionalization were acquired from Sigma-Atdri (Germany): sodium dodecyl sulfate
(SDS), hydrochloric acid (HCI), sodium hydroxidea@®H), sodium chloride (NaCE99.5%,
potassium chloride (KCIl) and Magnesium chloride (3.

1.2. Instrumentation

Modified TBA sequence was synthesized on an ABI GB4DNA Synthesizer (Applied
Biosystems). Semipreparative and analytical RP-HPW@s performed on a Waters
chromatography system using Nucleosil 120 C18 (8B60r) and XBridge OST {g
respectively. Mass spectra data were recorded &ABDI Voyager DE RP time-of-flight
(TOF) spectrometer (Applied Biosystems). Absorptspectra between 220 and 300 nm and the
melting temperatures at 295 were recorded withsaal&650 spectrophotometer equipped with
a Peltier temperature-controlling unit. The tempeewas controlled with an 89090A Agilent
Peltier device. Hellma quartz cuvettes were used. dpectra were recorded on a JASCO
spectropolarimeter J-810. Polyacrylamide gels weraged with a Gene Genius Bioimaging
system (Syngene). Model building was performed wodadro. The home made SPR [75]
sensor platform is based on Kretschmann configuratmonitoring the binding interaction in

real time. A polarized light of 670 nm from a las&urce is divided in two identical beams
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focused on the crystal-backside of the sensor @lgss surface coated with 2 nm of chromium
and 45 nm of gold, 10x10x0.3 mm from SSens, Enschetihe Netherlands). The flow system
consists of two flow cells (300 nL each) for twamsitaneous and independent analysis.
Measurements were performed at a fixed angle aflé@mce and the variations of the refractive
index (RI) were detected in a multielement photddioThe device incorporates all optics,
electronics and fluidics components necessary &yat@ autonomously. Sensograms reproduce
the binding event by monitoring the increase (ccrease in case of unbinding events) of the
intensity of the reflected lighiAReflectivity (%), AR (%)) vs. time (seconds, s). This change of
the intensity of the reflected light is directlyyated to changes in the RI of the dielectric medium
caused by mass changes on the metallic surfacgin@i0 software (OriginLab, Northampton,

MA) is used to collect the data.
2. MD simulations

2.1. MM-GBSA analyses

The end-state calculation Generalized Born and surface area continuum solvation (MM-GBSA) method
[76] was used to obtain a detailed description of the a-thrombin/TBA interaction. Following this

approach, the binding free energies were calculated according to:

AGying = [Ga-thrombin/ls-TBA (X)] - [Ga-thrombin (X)] [G15-TBA(X)] (1)

in which the parameters are estimated from frames, denoted as (x), taken from the replicate MD

trajectories. For each frame, the free energy of a state is estimated by:

G(X) = Hgas (X) + Htrans/rot (X) + Ggovation (X) =TS (X) (2)

Where Has(x) and Hansiot(X) are calculated from internal (bond, angle edifals), electrostatic
and van der Waals energies. Thguion (X) includes the input of polar and non-polar terim
which the polar contribution is typically obtainég using the generalized Born (GB) model
whereas the non-polar tern is estimated from theestaccessible surface area (SASA)
determined with the LCPO method. Finally, the lastm, TS(x) corresponds to the
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conformational entropy to the binding. MM-GBSA as®ds were made with MMPBSA.py
program in AMBER14 using the last 1000 frames fithvm equilibrated trajectory with a single
trajectory approach. For MM-GBSA, a level-set-badeslectric model was used with an ionic
strength equal 150 mM, and a solvent probe of 1.4adii. The average values for binding
energy are calculated from the 8 independent simuks SEM values were calculated by the

value of sample standard deviation divided by tiease root of the total number of simulations.

2.2. Analysis and visualization of noncovalent interactions

The noncovalent interactions witheathrombin/TBA complexes are evaluated resortinghi®
Independent Gradient Method (IGMand the IGMPIlot software (version 1.0). These are
specially useful for inspecting weak interactiongrotein structures and related complexes [77-
79]. IGM is ruled by the topological characteristiof the electronic charge densipy,of each
system. In addition tp, other relevant quantities related to the firsl aacond derivatives of the

Pter

density are considered. The IGM descripigf* is defined by the difference between the first

derivatives of the charge densities for the togatesm and the fragments

Sginter — |VI)|GM, inter | _ |Vl)| (1)

inter.

The presence of NCI is indicated by~ >0 and the respective strength is reflected by the

IGM, inter

magnitude of the descriptor at a point in spacép is calculated from sums over all the

atomic densities in the different fragments dendtexhd B in the x-direction,

&)

IGMPIot uses the pre-computed atomic charge dessitir constructing a promolecular density

IGM,inter

- sz« 2 @

=1 g =1 g

producing a minimal effect on the NCI, as in thes&remely low-density regions a very little
relaxation of the charge density occurs, followig formation of covalent bonds. Also, a
discrimination between favorable and unfavorablel MCdependent on the second derivative
(Laplacian) of the density”?p, which can be decomposed into three eigenvalugsaimal
variation, 7% = A + A2 + Az (M < ko < A3) providing information on the stabilizing& 0) or

destabilizing X,> 0) interactions. Larger (negative) values sifn(.,;)p reflect stronger
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interactions, such as hydrogen bonds, wsigm(A,)p values close to zero are associated to weak
NCI including van der Waals forces. Specificallge tcoordinates of the each complex were
extracted from last frame of the simulations tha&spnts a free energy value closest to the free
energy mean value. Solvent molecules were remouddttee complexes were dissociated into
the respective binding components (thrombin/TBApthbin/peptide, peptide/TBA). NCI are
represented in space by isosurface volumes forsgfi€" colored according to the values of
sign(rz)p at each point on the surface. This allows infgrran the (de)stabilizing nature and
extent of the interactions. The preparation andesgntation of the systems and isosurface
graphics were carried out using the Visual Molecgnamics software version 1.9.2. [80] A
guantitative evaluation of the types and strengthsICI within the complexes was assured by

combining the isosurface representations and thueesaf the same two descriptors.
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EIFEPPES

Supplementary Figure 1. Superposition of the two crystal structures of ham-thrombin
bound to the TBA (PDB ID: 1HAO) and to the pepti(@FEPPES) ((PDB ID: 3PZ6)-
thrombin are colored in yellow and blue, TBA in mga and the peptide sequence in dark blue.
a-thrombin structures are represented by the secgndtucture elements (new ribbons
representation), the TBA is represented in cartowhthe peptide is represented in sticks.
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Supplementary Figure S2HPLC analytical profiles of the different prodwtitained conjugate
(XBridge OST Gg column).
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Supplementary Figure 4.SPR raw data of the experiments shows the interatietween-
thrombin and TBA-peptide conjugates variantM TBA-peptide in the following solution (20
mM Tris pH 7.4, 140 mM NaCl, 5 mM KCI, 1 mM Mg§lwas immobilized and different

concentrations (from 0.01 to 1 pM) efthrombin were flowed in, using the same buffea at6

uL min and at rt.
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Supplementary 5. Structural variations for the (Ay-thrombin/TBA, (B) a-thrombin/TBA-
GsFIE-Ac and (C)o-thrombin/TBA-GEIF-Ac simulation systems obtained MD simulations.
The structural behavior af-thrombin and the three aptamers is shown sepgralbe heavy
atoms belonging to thrombin backbonenxY@nd to TBA (P, O3, O%5, C3’, C4’, C5’) were
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selected for carry out the root-mean-square-denafRMSD) analyses, taking the first frame of
the production run as the RMSD reference. The RM&@Ihes for the eight replicates are

compiled in each graph.
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Supplementary Figure 6. Root-mean-square-fluctuation (RMSF) relative t@ treference
structure for the backbone atoms of humathrombin bound to natural TBA and the modified
aptamers TBA-GEIF-Ac and TBA-GFIE-Ac. The curves represent the average value$R
obtained from 8 MD simulations, considering thet 1&8 ns of production run. The main

secondary structures are depicted in correspondermetein residue number.
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Supplementary Table 1.Binding free energy calculated by MM-GBSA methodplaand its
components ofi-thrombin/TBA, a-thrombin/TBA-GFIE-Ac and a-thrombin/TBA-GEIF-Ac

complexes obtained in eight replicates. Data avgiged in kcal mof.

Systems Replicates AE.aw AEge AEcs AEsurf AG po” AG nonpol” AGping®  TAS AG(AAG)®
TBA Tep] 5. ~1409 5 1414 65 5.3 6.1 50£ 20 205
rep: -81.1 -1454.¢ 1475.¢ 9.5 20.¢ -90.€ 70z -40.0¢ 301
rep: -45.¢ -1484.; 1483 4.8 0.7 49 -50. -35.¢ 1437
rep: -60. -1363.¢ 1376 6.6 12.€ 67.4 54E -36.¢ 7€
rept 59.¢ -1437. 1435.( 6.1 2.€ 66.C -68.¢ 27 40.¢
repé 635 -1389.1 1394. 7.0 5.2 705 -65. -38.7 26,6
repi 61 -1351.1 1351.¢ 70 0.7 68.¢ -68.1 -36.€ 31
repe -68.4 -1516.( 1518.¢ 75 2.4 5. 73E 46,6 26.
A"grEa,ae * -625%4.1 -1425 84237 1431.24235 -6.9+0.5 54432 694446  -64.0#3.3 -37.9%2.1 -26.143.9
TBAGFIE- repl 3L 1608 1608.¢ B2 032 704 701 424 273
Ac
rep: -39. 14774 1483 4.7 5.¢ 44 -38.4 31z 71
reps 76.1 -1596.1 1615.¢ 9.1 19.¢ 85.2 -65.4 -36.7 287
rep¢ -35. -1521.¢ 1519.€ 4.2 2.0 40 42 29% 12
rept -68. -1500.1 1526.¢ 8.4 26.% 76. 51.C 47, 3.6
repé -58. -1518. 1528.0 7.8 9.2 66.1 57E 332 243
repi -64.1 1709 1714 8.0 48 721 675 -38.4 28¢
rept -69.C 1742 1747 88 5.1 778 723 -38.€ 341
A"g'E"",ae * 59.415.9 -1584.3+40.3 1593.0£39.5 7.240.8 87440  -66.746.6  -580#54  -371+24 20859
TBAGEIF- rep1 474 1658 16491 57 BE 531 Bt 32¢ 29¢
Ac
rep: 92.2 17121 1717.¢ 112 5.6 -103.€ -97.¢ 4237 55
reps -85. -1649.1 1663.¢ 105 147 -95.7 -81.C 45.¢ 35.1
rep¢ -81.C -1625.¢ 1634.¢ 9.7 9.1 -90.7 -81€ 46 35.€
rept 733 -1829.% 1810.¢ 9.7 185 -83.1 -101.€ 42.€ 58.¢
repé -95.€ -1870.2 1867.¢ A1 2.4 1072 -109:5 -62.¢ 46.€
repi -102. 1726 1736. 1€ 9.7 1142 -104.5 -38.4 66.1
rept -69.31 -1778.9. 1786.8¢ -7.6C 7.91 -76.91 -68.9¢ 42z 26.£
A"g'E"",ae * -80.847.1 -1731.3436.2 1733.4£34.1 9.7:0.9 22446 -905:80  -88.4+7.2 442135 441180

The symbols depicted in the table columns corredpd: AEypw, Van der Waals energyjEg g, electrostatic energyAEgg,
electrostatic contribution to the solvation freeeigy calculated by GBAGsa, non-polar contribution to the solvation free eyer
calculated with LCPO metho8AG,o = AEg e + AGgs; ® AGnonpol = AEvow + AGsa; @ AGping = AEg e + AEgs + AEypw + AGsa; TAS,
total entropy contributior,AG(AAG) =AG — TAS. AG(AAG) is the total free energy
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