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ABSTRACT 

 

 The concomitant detection, monitoring and analysis of biomolecules have assumed 

utmost importance in the field of medical diagnostics as well as in different spheres of 

biotechnology research such as drug development, environmental hazard detection and 

biodefense. There is an increased demand for the modulation of the biological response for 

such detection / sensing schemes which will be facilitated by the sensitive and controllable 

transmission of external stimuli. Electrostatic actuation for the controlled release/capture of 

biomolecules through conformational transformations of bioreceptors provides an efficient 

and feasible mechanism to modulate biological response. In addition, electrostatic actuation 

mechanism has the advantage of allowing massively parallel schemes and measurement 

capabilities that could ultimately be essential for biomedical applications. 

         Experiments have previously demonstrated the unbinding of thrombin from its aptamer 

in presence of small positive electrode potential whereas the complex remained associated in 

presence of small negative potentials / zero potential. However, the nanoscale 

physics/chemistry involved in this process is not clearly understood. 

         In this thesis a combination of continuum mechanics based modeling and a variety of 

atomistic simulation techniques have been utilized to corroborate the aforementioned 

experimental observations. It is found that the computational approach can satisfactorily 

predict the dynamics of the electrically excited aptamer-thrombin complex as well as provide 

an analytical model to characterize the forced binding of the complex. 
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CHAPTER 1. GENERAL INTRODUCTION 

 

1.1 Electrically switchable smart biosensors 

             The key component of a biosensor is a biological material, such as an antibody, a 

membrane receptor, a single stranded nucleic acid, an enzyme or even a whole cell, which is 

usually immobilized on the surface of a suitable transducer. In this system, the biological 

material is responsible for a specific recognition of the analyte at the transducer surface and 

the transducer for the conversion of said recognition event into a processable signal. The 

selective and specific recognition of a given analyte is achieved by a biochemical reaction 

between said analyte and said biological material, that results either in the formation of a 

surface-bound affinity complex (affinity biosensors) or in the enzymatic conversion of the 

analyte into a product (catalytic biosensors). Detection and monitoring of biomolecules is 

invaluable not only in the field of medical diagnostics but also in biotechnology research, 

drug development, environmental monitoring, forensic investigations, and biodefense. The 

current state of the art nanoscale devices for the modulation of biological response demand 

sensitive and controllable transmission of external stimuli to biological systems. Electrostatic 

actuation for the controlled release/capture of biomolecules through conformational 

transformations of bioreceptors provides an efficient and feasible mechanism to modulate 

biological response. In addition, electrostatic actuation mechanism has the advantage of 

allowing massively parallel schemes and measurement capabilities that could ultimately be 

essential for biomedical applications. 

The objective of the proposed research is to characterize the influence of external 

force on a surface bound or tethered nucleic acid conjugated with its target ligand protein. In 



2 

 

the research described in this thesis, the fifteen-nucleotide thrombin binding aptamer (TBA) 

has been chosen as the nucleic acid, with human alpha thrombin as the ligand protein. 

Figure 1 The TBA and thrombin complex 

             The central hypothesis of this study is that on application of external force or stimuli 

in the form of an electric field, the bound complex between TBA and thrombin changes and 

this configurational transition is controllable. To verify this hypothesis, experimental 

investigations have been carried out. In the present thesis, the hypothesis has been tested 

through computational approach using a blend of continuum scale and atomistic modeling. 

Following which a theory is developed to connect the experimental as well as simulation 

results from forced unbinding of TBA and thrombin complex. 

1.2 Electric field induced dissociation of thrombin and aptamer complex 

               A stimuli sensitive surface that can bind/release specific biomolecules under 

application of external stimuli may be able to dynamically translate external stimuli into 

biochemical signals and efficiently transmit such signal into the biological systems. Such 

surfaces may be used to facilitate selective delivery of signaling chemicals, locate disease 

sites, repair or reprogram genetic information, and modulate biological system activity1-3. 

Electrostatic stimuli based smart surfaces have many advantages for communicating 
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information in device/biological interfaces. Integrated nanoscale devices governed by 

electrical mechanism are readily scalable, allowing fully reversible control, and massively 

parallel actuation and measurement capabilities3. Furthermore, the extensive infrastructure 

and technique developed for semiconductor processing can be applied for nanoscale 

fabrication and synthesis. However, electrical mechanisms with limited selectivity are 

generally not the natural mode of communication in biological systems. In contrast, 

biomolecules exhibit unparalleled nanoscale functionalities, such as detecting conformation 

changes, chemical modification and specific ligand binding, as well as implementing 

mechanical actuation, membrane signaling, chemical transport and catalysis3, 4. Hence smart 

surfaces that enable electrical field based modulation of biomolecular response can leverage 

these capabilities to influence biological behavior or enhance the functionality of artificial 

devices.   

Self-assembled monolayers (SAM) of polymers that undergo conformational 

transitions due to changes in – thermal, ionic strength, optical or electrical – stimuli have 

been widely investigated to control and modify surface properties. Thermoresponsive 

polymer such as poly-N-isopropylacrylamide (PNIPAm), alters its conformational state on 

change of temperature to modulate protein adsorption and cell adhesion5, 6. Change in ionic 

strength or pH value has also been investigated as a means to regulate ligand binding and 

cellular adhesion on polyelectrolyte polymer covered surfaces (e.g. poly-2-dimethylamino-

ethyl methacrylate (PDMAEMA)) through the shielding effect of surrounding ions7, 8. 

Nevertheless, it should be noted that thermoresponsive surface and polyelectrolyte brushes 

have limited applications in specific ligand recognition and protein absorption due to the 

nonspecific hydrophobic and columbic interaction9, 10. A number of recent studies have 
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investigated optical mechanism that governs responsive surfaces11-13. Photoresponsive 

surfaces with photocleavable 2-nitrobenzyl groups allow specific protein adsorption and cell 

adhesion through cleavage of functional group and succeed in the formation of specific cell 

patterns. However, the application of optical stimuli is supposed to induce a localized 

electron transfer and functional group cleavage14, thus limiting the magnitude of 

conformational change and the ability to achieve reversible control.  

Compared to previously mentioned mechanisms of modulation, application of 

electrostatic fields is a feasible and efficient way to generate substantial conformational 

transition in polar or charged molecules15-17. Formation of ionic double layer near the  

Figure 2 DNA actuation through electric field and effect on hybridization18,19 

electrode surface leads to the generation of strong electrical fields within several nanometers, 

and an exponential decrease of electrical field strength beyond that range. This scenario 

implies that relatively low external voltages may induce considerable conformational 

transition on the polar or charged biomolecules near the electrode surface without any 
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detrimental effects on the system, which is very useful for modulating ligand sensing and 

binding. Rant et al.18, 19demonstrated that the conformation of short DNA oligomers 

immobilized on gold substrate with low grafting densities can be reversibly switched by the 

application of electrical fields.  

Wong et al.20 discovered that electrostatic fields can effectively influence self-

assembly and hybridization of DNA. Positive voltage of 300 mV applied to single-strand 

DNA functionalized gold electrodes shows a three-fold enhancement in complementary 

DNA hybridization, while under negative voltage of -300mV the hybridization level 

decreases by an order of magnitude. Mendes et al. 21 utilized negative electrical potential to 

attract positively charged biotinylated oligolysine peptides (biotin-Lys-Lys-Lys-Lys-Cys,) 

onto gold electrode surface, and dramatically altered the binding activity between the biotin 

functionalized on the end of peptides and its counterpart neutravidin. Huang et.al.22 adopted 

electrical field to generate conformational changes in TBA molecules immobilized on Au 

nanowire for ultrasensitive detection of fluorescent-labeled thrombin, and quantified the 

binding affinity between thrombin and its aptamer to be ~30 nM in the titration assay, which 

is within the previously reported range (25 – 200 nM) 23, and comparable to high binding 

affinity between antigen and antibody which is usually less than 100nM.  

In the 2nd chapter of the thesis, the influence of an external electric field on the TBA-

thrombin complex has been computationally investigated. It is shown that moderate electrical 

fields can be utilized to change the binding behavior between thrombin and aptamer, and thus 

realize the electrostatic actuation based modulation of the stimuli responsive surface. 
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1.3 Analytical model for correlating experimental and computational characterization 

of forced unbinding of TBA-thrombin complex  

                               In the development of an electrically switchable smart surface the 

characterization of the interaction forces between biomolecules becomes a key factor to 

determine molecular binding specificity and stability. Low binding forces between a 

complementary pair of biomolecules may result in an unstable nanostructure or a lack of 

sensitivity in the sensor performance. It is thus important to measure the force of interaction 

between a pair of biomoelcules to thoroughly characterize the binding mechanism of the pair.  

Figure 3 The dissociation of TBA and thrombin complex due to application of an 

energy ΔG 

Dynamic Force Spectroscopy (DFS) has been utilized to measure dissociation forces between 

specific complementary chemical and biological molecules 24-26. Analysis of the unbinding 

forces reveals remarkable insight into energy consumption, binding kinetics and 

thermodynamic parameters for the molecular bonds 27.  These advantages make it a useful 

tool for probing the nature and mechanism of biomolecular interactions and cellular 
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adhesion.  However, DFS experiments are limited to slow loading rates.  Molecular dynamics 

simulations could be used to simulate the unbinding response but constraints in 

computational resources force the simulations to orders of magnitudes faster than 

experimental conditions. Hence as a measure to connect these two extremes, an analytical 

model based on a general framework of stochastic processes and rate theory is utilized 28-30. 

A comparison between experimental and computational DFS-based analysis of the specific 

binding between thrombin and its DNA aptamer in order to characterize the DFS response 

over a significantly larger loading rate than previously reported, is presented. It should be 

noticed that explicit measurement and characterization of the binding force between 

thrombin-aptamer complex and investigation of the kinetics which governs the molecular 

binding could provide in-depth information and insights on the electrostatic actuation based 

modulation of the conformation and binding behavior of biomolecules, which would 

facilitate the functional design of a biotic-abiotic interface. 

1.4 Thesis organization 

            Chapters 2 and 3 correspond to the research goals identified and described above. 

Specifically, chapter 2 details the effect of electrical field on the association/dissociation of 

the TBA and thrombin complex, which forms a basis for the experimental validation. 

Chapter 3 describes the DFS experiments to probe the binding of the complex and provides 

an analytical model to connect the experimental observations with MD simulations. Finally, 

chapter 4 summarizes all of the conclusions drawn from the thesis and outlines a plan for the 

future work on this topic. Appendix A provides a detailed explanation of the modeling 

described in chapter 1, whereas, Appendix B details particular aspects of the simulations 

discussed in chapter 3. 
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CHAPTER 2. ELECTRICAL STIMULUS CONTROLLED 

BINDING/UNBINDING OF HUMAN THROMBIN-APTAMER 

COMPLEX 

Agnivo Gosaia,1, Xiao Ma1, Ganesh Balasubramanian1 and Pranav Shrotriya*,1 

Modified from a paper published in Scientific Reports 

2.1 Abstract 

The binding/unbinding of the human thrombin and its 15-mer single stranded DNA aptamer, 

under the application of external stimulus in the form of electrostatic potential / electric field, 

is investigated by a combination of continuum analysis and atomistic molecular dynamics 

simulation. In agreement with the experiments that demonstrate the influence of electrostatic 

potential on the thrombin/aptamer complex, our computations show that the application of 

positive electric field successfully unbinds the thrombin from the aptamer. Results from 

umbrella sampling simulations reveal that there is a decrease in the free energy of binding 

between the thrombin and aptamer in presence of positive electric fields. Hydrogen bonding 

and non-bonded interaction energies, and hence the free energy of binding, between the 

thrombin and its aptamer reduce as the applied electric field is shifted from negative to 

positive values. Our analyses demonstrate that application of electrical stimulus modifies the 

molecular interactions within the complex and consequently, electrical field can be used to 

modulate the association between the thrombin and its aptamer.  

                                                 
a Primary researcher and author 
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2.2 Introduction 

            Structural and functional biotic-abiotic nanoscale interfaces are very promising for 

applications in highly sensitive, biocompatible and flexible bio-sensors and actuators. Their 

potential use in biomedical and biomechanical sciences include, for instance, modulation of 

biological systems and biomolecular activity, disease detection as well as reprogramming of 

genetic information 1. However, the on-demand actuation of the system components through 

efficient stimulation of the biotic-abiotic interface is a challenge. Amongst the different 

mechanisms employed to transmit stimulus, some of the widely used methods include 

variable electrolyte strength 2, temperature control 3 and electron transfer as a result of redox 

reactions 4. The practice of actuating biomolecules by electric field has been gaining interest 

primarily inspired by earlier findings of the influence of electrostatic field on the self-

assembly and hybridization of DNA 5-7, and the conformational switching of short DNA 

oligomers immobilized at low grafting densities 8, 9. 

            DNA aptamers used in biomedical applications, such as drug design, due to their 

highly specific biological activities, can potentially replace certain antibodies. They are 

particularly advantageous for sensors and biomedical device components because they (1) 

are small in size, (2) demonstrate high specificity for their receptors and (3) can be utilized 

for target species detection and selection of various biomolecules especially for biomedical 

material and drug design 10, 11. Thrombin is a catalytic enzyme that plays a key role during 

blood coagulation by synthesizing fibrin from fibrinogen and has a wide range of health 

effects in the human body 12. The thrombin binding aptamer (TBA), one of the most studied 

synthetic oligonucleotides, shown in Figure 1(a), is a single strand (ss) DNA with the 

sequence GGTTGGTGTGGTTGG 13, 14. TBA shows the G-quadruplex structure consisting 
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of two planar G-quartets connected by two intervening TT and one TGT loop 15-18. The G-

quadruplex is stabilized through cation binding in its central binding site located between the 

two quadruplex planes. In addition to the active site, thrombin is characterized by two 

binding sites, exosite I and exosite II. The exosite I is known as the fibrinogen recognition 

site and the exosite II as the heparin binding site. These exosites are positively charged 

moieties in physiological pH and thus have the propensity of binding to negatively charged 

ligands, like the aptamer 11, 13. The two lateral TT loops of TBA bind with exosite I whereas 

the TGT loop has been associated with exosite II 19. The enzymatic activity of thrombin is 

inhibited when bound to TBA, due to fibrinogen blocking, facilitating its potential role as an 

anticoagulant.  

            The functions of a protein depend directly on its structure, which is susceptible to 

applied external stimuli such as variations in: electromagnetic field, microwave radiation, 

temperature, pressure and pH. The observation of protein configurational change, as verified 

experimentally, through simulations is a challenging task, as such processes span over longer 

time scales of minutes whereas classical molecular dynamics (MD) simulations are in the 

order of much shorter timescales (~ 10-9 s or nanoseconds or ns). Nevertheless, atomistic 

simulations provide a strategy to deterministically explore such molecular phenomena at a 

very high resolution20, 21. MD simulations have been previously employed to investigate the 

fundamental structural conformations of TBA in presence of cations (K+, Na+) 17. Kim et al. 

carried out all atom replica exchange molecular dynamics (REMD) simulation to generate 

the free energy map and the folding mode of TBA 22. Extremely long MD simulations of the 

order of a few microseconds concluded that the TGT loop of TBA stabilizes the entire 

structure of the complex in presence of the K+ ion and the TT loops are directly involved in 
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the binding with the thrombin 17.  Also, Kim et al. computed the potential of mean force 

(PMF) upon pulling the aptamer molecule from the binding mode (exosite I) of the 

TBA/thrombin complex 22. 

We have previously reported the unbinding of TBA from thrombin in presence of an 

applied positive electric field through atomic force microscope (AFM) experiments 23. The 

experimental setup consisted of a gold electrode which was functionalized by the thrombin 

aptamers (Figure 1(b)). The TBA was attached to the gold surface with a linker and was 

subsequently treated with thrombin to form the complex. On application of positive electrode 

potential the thrombin dissociates from the aptamer layer, while in presence of low negative 

electric fields the complex remains in its bound state 23.  In this paper, we investigate the 

effects of externally applied electrostatic potential on a film of TBA in salt solution using the 

Poisson Boltzmann equation (PBE) and calculate the free energy of binding between TBA 

and thrombin by MD simulations in presence of an applied electric field.  
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Figure 4: (a) Crystallographic structure (sourced from PDB entry 1HAO) of TBA/thrombin 

complex is presented by rendering in VMD 48. The thymine residues (T3, T4, T12 and T13) 

of the TT loops of TBA are represented in blue whereas all the other DNA bases are shown 

in cyan. The exosite-I residues of thrombin are shown in red. (b) A cartoon describing the 

dissociation of TBA/thrombin complex on application of external stimulus23, as observed 

experimentally, is shown.  

The PBE equation is utilized to characterize the electric field in the nucleic acid layer, 

upon the application of electrode potential, whereas the MD simulations are used to 

investigate the effect of electric field on the aptamer-thrombin complex; the computational 

domains of these two approaches are marked out in Figure 1(b). We find that for positive 

electric fields the thrombin separates from the aptamer facilitated by a reduced free energy of 

binding.  
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2.3 Methods 

Continuum modeling of the TBA layer             

            Single strand (ss) DNA can be effectively modeled by the polyelectrolyte brush theor  

y for sufficiently high (~ 1012/nm2) electrode grafting densities, wherein, the DNA strands 

are assumed to be stretched forming rod like structures. The charges due to the phosphate 

groups on the DNA bases are spaced in 0.4 nm intervals 7. For the continuum analysis the 

TBA layer is assumed to be in a 0.1 M salt solution and we define a spatial direction z normal 

to the electrode surface (Figure 4(b)). The thrombin molecule is not included in this analysis. 

The DNA used in previous experimental work 23, consisted of the 15-mer TBA along with a 

35 base long tail and a thiol end, forming the linker with the gold electrode (Figure 4(b)). The 

TBA has a G-quadraplex configuration resembling an armchair 29, as shown in Figure 4(a), 

hence, we approximate  the charge distribution in  DNA brushes with  lower charge density 

over the height of 35-mer linker and higher charge density over the TBA layer.  Initial 

calculations are done assuming the linker and TBA layer follow a rod-like structure.  The 

effect of linker DNA condensation or folding is approximated by assuming lower heights for 

linker layers (Appendix A). The charge due to the 15 bases is uniformly distributed along the 

axial length of the TBA molecule (1.6 nm) as calculated from the structure in protein data 

bank (PDB) entry148D 29. We also take into account the renormalization of the backbone 

negative charges of the DNA due to counterion condensation as described by Manning 30.  

The charge density of the TBA is expressed as 

                                                                                                          (1) 

where, e is the electron charge, f the charging fraction calculated using Manning 

condensation theory, N the number of DNA bases, H the DNA layer height and θ is the 
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Heaviside step function. The aptamer sequence used in the experiments has, 35 nucleotides 

in the long tail and 15 nucleotides in the aptamer head. The charging fraction is calculated as 

f = b/lB, where the Bjerrum length  lB = e2/εkBT, where ε is relative permittivity of the 

medium, b the separation per charge, kB the Boltzmann constant and the temperature, T = 

300K. For our system, b = 0.4 nm and lB ~ 0.7 nm, and hence f = 0.57. A 1 nm long charge 

neutral thiol linker molecule is also included in the model to mimic  the thiol modification 

used to immobilize the aptamer with gold/thiol bond 28. 

            The counterion charge density is given by a modified Poisson-Boltzmann equation 

described by  Borukhov et al. considering the finite size of ions 31: 

θ(z-H)                                                                                           (2) 

where, Cbulk is the bulk counterion concentration, kB the Boltzmann constant, ψ the 

electrostatic potential of the system, ν the steric parameter limiting the ion concentration. ν = 

2 Cbulk × (ion radius)3  31
. The ion radius is 1.96 × 10-7 cm 7 . For the analysis counterions are 

excluded from the DNA layer as this provides the best agreement with experiments 7. 

Equations (1) and (2) are used in the Poisson-Boltzmann equation and non-dimensionalized 

to obtain the second order differential equation governing the system: 

  +                                                        (3) 

where ψ* is the nondimensional electrostatic potential and H* the non- dimensional DNA 

layer height. The electrostatic potential, ψ, and the spatial domain z, are non-dimensionalized 

by (kBT/e) and the Debye length 𝜆D = √(8πlBCbulk) respectively; the dimensionless coefficient 

β = Nf𝜎/2HCbulk. The governing equation is solved for boundary conditions of the external 

potential at electrode surface and zero electric field far away from the surface. The 

electrostatic potential distribution is computed for TBA layers with grafting densities varying 
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from 𝜎 = 1011 cm-2 to 𝜎 = 1012 cm-2 consistent with the experimental efforts of our group 23 

and Stachowiak et al. 32 . 

 

Molecular dynamics simulation of thrombin-TBA unbinding  

            The crystallographic structure of TBA/thrombin complex (Figure 1(a)) is obtained 

from the PDB entry 1HAO33. A combination of the force fields AMBER99SB, successfully 

employed to model proteins34, and parmbsc0, which has been shown to improve ss DNA MD 

simulations35, are used for our simulations on TBA/thrombin complexes 17, 22in the 

GROMACS 4.6.7  package 36. Following previously published literature 17, the Asp, Glu and 

His residues of thrombin were protonated according to the discussion by Ahmed et al. 37. The 

TIP3P water model 38 is used to solvate the TBA/thrombin complex placed at the center of a 

rectangular 7.5 (x) nm  7.5 (y)  nm  15  (z) nm) simulation box.; 26010 water molecules 

are added and 62 Na+ and 51 Cl- ions are included in the system to neutralize biomolecular 

charge and build up 0.1 M concentration. 

            The system is energy minimized using the steepest descent algorithm. Position 

restraints are applied to the TBA/thrombin complex and the system is equilibrated at 300 K 

and 1 bar with a time step of 2 fs (femtosecond) under (a) the canonical ensemble (NVT) 

using velocity rescaling thermostat 39 with coupling time constant of 0.1 ps for 1 ns, followed 

by (b) another 1 ns simulation under the isothermal-isobaric ensemble (NPT) using the 

Berendsen barostat 40 with coupling constant of 5.0 ps and the thermostat as before.  The 

initial velocities are generated from a Maxwell distribution at 300 K at the start of the NVT 

equilibration. Subsequently, all position restraints are removed and a MD simulation is 

performed under the NPT ensemble for 50 ns employing the Nose-Hoover thermostat 41, 42 
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with a coupling constant of 0.5 ps and the Parinello-Rahman barostat with coupling constant 

of 1.0 ps. In all the MD simulations the covalent bonds are constrained by the LINCS 

algorithm 43 and periodic boundary conditions are applied in all directions. All non-bonded 

interactions are cut off at 1.4 nm and an FFT grid density of 0.12 nm is used with the particle 

mesh Ewald (PME) method 44. Atomic trajectories and thermodynamic data are recorded 

every 0.1 ps. Average structure of the thrombin-aptamer complex from the trajectory of the 

50 ns production run is used for electric field MD simulations, where a time invariant 

constant magnitude electric field is applied along the (+) z axis. The TBA is position 

restrained to the energy minimized configurations as experimental results have shown that 

binding with thrombin protein stabilizes the G-quadraplex structure of the aptamer.  

Production simulations under the NPT ensemble spanning 5 ns are carried out to investigate 

the configurational changes of thrombin in presence of the different applied electric fields: 

(±) 0.01, (±) 0.05,(±)1.0 Vnm-1 and (±) 3.0 V nm-1.  

            Steered molecular dynamics (SMD) simulations 22, 45 are executed on the average 

complex structure obtained from the 50 ns production simulation for 500 ps using a pull rate 

of 0.01 nm ps-1 and a force constant of 1000 kJ mol-1 nm2. Here, the TBA is position 

restrained, the z axis is chosen as the reaction coordinate and the center of mass (COM) 

pulling technique is implemented, wherein the thrombin is pulled along the reaction co-

ordinate. The free energy of binding (ΔGbinding) between TBA and thrombin molecule is 

calculated using the umbrella sampling (US) technique and the WHAM (Weighted 

Histogram Analysis Method) algorithm45-47. 42 windows are selected for the umbrella 

sampling simulations from a series of configurations extracted from the trajectory of the 

SMD simulation. In each of these windows a short 100 ps NPT equilibration followed by a 
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10 ns umbrella sampling simulation under the NPT ensemble is undertaken for a total of 

424.2 ns of umbrella sampling simulations. The results are incorporated into the WHAM 

framework to compute the potential of mean force (PMF) profile (more details provided in 

Appendix A).  

            SMD simulations for 500 ps are also performed under influence of (±) 1.0 V nm-1and 

(±) 0.5 V nm-1 electric fields along the (+) z axis. Pull rates of 0.006 nm ps-1 and 0.008 nm ps-

1 are respectively used for (+) 1.0 V nm-1 and (+) 0.5 V nm-1 cases to ensure full dissociation 

of the complex, while for all other simulations 0.01 nm ps-1 is sufficient. Each of the 5 ns 

electric field MD and 500 ps SMD simulations were conducted independently for 5 times to 

observe the average behavior of the system. Additional details on the MD simulations are 

included in Appendix A. 
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2.4 Results and discussion 

Electric field inside the DNA layer 

            The electric field variation with distance from the electrode surface as obtained from 

the solutions of the PBE described in equation (3) are plotted in Figures 2(a) and (b) for 

grafting density 𝜎 = 1012 cm-2 and 1011 cm-2 respectively.  

 

Figure 5: The evolution of the electric field from the electrode surface is presented for 

the TBA in salt solution, where the DNA density (a) 𝜎 = 1012 cm-2 and (b) 𝜎 = 1011 cm-2. 

Curves A, B, C, D, E, F and G respectively correspond to the electrode potential of +300 

mV, +200 mV, +100 mV, 0 mV, -100 mV ,-200 mV and -300 mV . 

We observe from Figure 5(a) that initially the field is constant up to 1 nm from the electrode 

surface as this space is occupied by the neutral portion (thiol) of the linker. Further away, the 
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field varies linearly as the DNA charge is constant within the layer. The change in the field is 

more pronounced inside the region occupied by TBA G-quadruplex (between 15 and 16.6 

nm) as evidenced by the steeper slope. Here, the occurrence of stronger charge density 

relative to the rest of the DNA molecule produces a significant change in electric field over a 

shorter distance. Outside the layer the field lines are nonlinear because of the hyperbolic 

charge density of the ions. We find from Figure 5(a) that the field inside the DNA layer 

becomes progressively positive with increasing positive electrode potentials. At an electrode 

potential of (+) 300 mV the field, inside the DNA layer, is predominantly positive relative to 

that for (-) 300 mV. Similar characteristics are observed for the electric field for a reduced 

DNA density in Figure 5(b), but the field is entirely positive over the whole domain for 

positive electrode potentials. Figure 5(a) also reveals that at 𝜎 = 1012 cm-2  and for an 

electrode potential of (+) 300 mV, the electric field inside the DNA layer switches from 

positive to negative across the layer height through a change in magnitude of ~0.06 V nm-1. 

In contrast, from Figure 5(b) it is found that for 𝜎 = 1011 cm-2 , while the electric field 

remains positive inside the layer, there is a slight drop in the field strength across the layer 

thickness even if it is an order of magnitude lower at ~0.002 V nm-1. Expectedly the more 

negative charges on account of the denser DNA layer produce enhanced shielding even when 

the electrode potential is substantially positive, thus explaining the greater drop in field 

strength for the higher grafting density. Hence, our results show that the electric field 

distribution in the negatively charged layer of DNA depends on the grafting density and 

applied surface potentials. For 𝜎 = 1012 cm-2 , the electric field near the surface of the DNA 

layer, where the aptamer head containing the G-quadruplex is located, remains negative for 

the range of potentials investigated in this study.  At the lower grafting density of 𝜎 = 1011 
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cm-2, the electric field across the aptamer head is entirely positive for all three of the positive 

potentials investigated in this study. So under suitable electrode potential and grafting 

density, the field generated by the negatively charged DNA layer can be turned to positive. 

Physiologically, thrombin is positively charged 12 and, hence, would be repelled by the 

positive electric field inside the DNA layer. Therefore, a positively charged molecule situated 

over a TBA layer at an electrode potential of (+) 300 mV will experience a repulsive force 

that is stronger compared to that at (+) 100 mV since the electric field becomes increasingly 

positive with increasing positive electrode potential. For a potential of (-) 300 mV, the 

magnitude of the field at the top of the DNA layer is more negative for 𝜎 = 1012 cm-2 

compared to that for 𝜎 = 1011 cm-2. In both cases, thrombin would be attracted towards the 

layer, as shown in earlier experiments 23. One of the assumptions behind the continuum 

analysis is that the structure of the TBA is maintained on binding with thrombin which is 

based on observations that the G-quadraplex structure of TBA is stabilized on binding with 

thrombin protein24. Also folding of the 35-mer linker as it is condensed upon itself may be 

approximated by decreasing the aptamer layer height. Continuum calculations for grafting 

density of 𝜎 = 1011 cm-2 as well as 𝜎 = 1012 cm-2 show that decreasing the height of linker 

layer results in similar trend in dependence of electrical fields on applied potential as shown 

in Figures 2a and b.  Decreasing the linker layer height makes the electrical field at the top of 

the layer increasingly positive (explained in detail in Appendix A). Hence, the electrical filed 

magnitudes plotted in Figure 5 correspond to lower approximation for the electrical fields. 

Thus we conclude that the strength of this positive field increases with an increase in the 

applied positive electrode potential, increased condensation of the linker portion of the 

aptamer strand and reduction of grafting density. 
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Effect of electric field on TBA/thrombin complex 

           We examine the thrombin structure under different electric fields by employing MD 

simulations. We find that higher electric fields exerted a notable influence on the secondary 

structure of the protein. Root mean square deviation (RMSD) of the atomic positions of a 

protein obtained from simulation trajectories can be utilized to understand the conformational 

changes due to MD simulations of the protein with respect to a reference structure of the 

same protein at an equilibrated state. Analyses of RMSD of the thrombin molecule for 

different electric field strengths is shown in Figure 6. 

Figure 6: The transient evolution of thrombin RMSD for representative cases of electric 

field stimulus are shown as obtained from MD simulations. RMSD prediction is only 

for the time period when the thrombin is inside of the simulation box. 

 The reference structure is chosen from the average structure of the predominant cluster (84% 

occupancy in the 50 ns trajectory) in the 50 ns production run and a backbone least square fit 

is performed for the electric field simulations spanning 5 ns.  The results, in Figure 6, show 

that for electric fields of (+) 0.01 and (+) 0.1 V nm-1 the structure is stable with an average 

RMSD value of around 0.085 nm. The inset shows the last 1 ns of the simulation for 0.01 and 
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0.1 Vnm-1, where no deviations are noted from the average RMSD values. The RMSD curves 

for higher positive electric fields of (+) 0.5 and (+) 1.0 V nm-1 represent the dynamic 

behavior of thrombin structure. The RMSD for (+) 0.5 V nm-1 plateaus at ~0.32 nm after 

~3500 ps (3.5 ns) of the simulation. We also note from Figure 3 that under the electric field 

of (+) 1.0 V nm-1, the RMSD of thrombin increases very rapidly, indicating the stronger 

impact of the higher strength electric field on the protein structure and the thrombin molecule 

exits the simulation box within ~ 1.6 ns of the 5 ns simulation. Further analysis, on the 

thrombin structure under the influence of (+) 0.5 V nm-1, shows that the protein shape is 

conserved well with respect to the structure at the start of simulation (discussed in detail in 

Appendix A). Interestingly, thrombin spontaneously dissociates from TBA at (+) 0.5 V nm-1, 

in agreement with experimental findings that showed that the complex dissociated at an 

electrode potential of (+) 100 mV but remained bound at (-) 100 mV or the neutral condition 

(Figure 4(b)) 23. This dissociation is not achieved under electric fields of (+) 0.01 and (+) 0.1 

V nm-1 (Appendix A). From the continuum analysis discussed previously (Figure 5b), the top 

of the TBA layer is under an electric field of about (+) 0.006 V nm-1 and (+) 0.018 V nm-1 

,when the experimental electrode potential is (+) 100 mV and (+) 300 mV respectively. As in 

figures 18(i) and 18(j) (Appendix A), if we only consider the 15-mer aptamer for the 

continuum modeling of the experiments23, then, at (+) 100 mV of electrode potential, for 

DNA grafting density of 𝜎 = 1011 cm-2 and 𝜎 = 1012 cm-2, the electric field at the end of the 

layer is roughly 0.04 Vnm-1 and 0.03 Vnm-1 respectively. However, in the MD simulations 

dissociation is achieved at around 10 times (0.5 V nm-1 as compared to 0.04 V nm-1) the 

electric field calculated in the continuum analysis. These differences can be attributed to the 

difference in time scales of the experiments, where the electrode potential is applied to the 
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complex over a few minutes to observe the dissociation, and the atomistic simulations run for 

only a few nanoseconds. Earlier reports have shown that the use of larger electric fields in 

MD computations with relatively much shorter simulation times produce results comparable 

to experiments 21, 25.  

          The dissociation of thrombin is again observed on application of (+) 1.0 V nm-1, while 

for the simulations at (-) 0.1, (-) 0.5 and (-) 1.0 V nm-1, there is no unbinding of the complex. 

Strong electric fields can distort the protein and compromise its functions. Thrombin 

structure deteriorates rapidly, wherein the protein is unfolded and stretched, within 1 ns of 

the 5 ns simulation for an electric field of (±) 3.0 V nm-1 (snapshots of the simulation 

available in Appendix A). It is observed that the thrombin remains bound with TBA even 

when the magnitude of the field is very strong and the protein structure is distorted. Earlier 

experiments have shown that application of voltages higher than (+) 300 mV can induce 

Faradaic currents on gold electrodes which in turn can denature DNA because pH changes 

can break gold-thiol bonds 26. Thus, we conclude that successful modulation of the binding 

depends on the nature (positive/negative) as well as the magnitude of the electric field.  

         A hydrogen bond (H-bond) analysis for representative MD simulations is presented in 

Figure 7 The results imply a direct relation between electric field strength and H-bond 

formation. H-bonds cease to exist as the complex gets separated and the rate of decrease is 

directly proportional to the increasing positive electric field.  
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Figure 7: The H-bond population between TBA and thrombin for representative cases 

of electric field stimulus are shown as obtained from MD simulations. A running 

average over 10 data points is used for clarity of presentation 

Under the electric fields of (+) 0.5 and (+) 1.0 V nm-1, thrombin is dissociated from TBA and 

exits the simulation box at ~ 2157 ps and 790 ps, and H-bonds between the two molecules do 

not form beyond ~1220 ps and 390 ps, respectively. We determine the existence of an 

interaction between specific residues of the protein and the aptamer by analyzing the 

hydrophilic interactions, in terms of H-bonds, as well as the hydrophobic contacts between 

the protein amino acid side chains and the DNA bases.  Previous efforts have shown that 

Arg-75 of thrombin forms hydrogen bonds with the T13 and T4 residues of the aptamer and 

Arg-77A interacts with T13 and G14 bases 17, 27. These interactions are also observed in the 

simulations with positive electric fields, but their formations are notably reduced. Instead, the 

T4 base is found to interact with Arg-77A during the dissociation process. It is observed that 

both NH1 and NH2 atoms of Arg-77A donate a hydrogen to one of the carbonyl O atoms of 

the T4 base as thrombin gradually unbinds from TBA. An important interaction not present 

in the simulations with (+) 0.5 and (+) 1.0 V nm-1 is the H-bond between Tyr-76 and T4, as 

detailed in previous literature17, 27, although it is observed for the smaller positive electric 
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field of (+) 0.1 V nm-1. H-bond count at the start of simulation is relatively lower for the 

higher positive electric fields. We also note from Figure 4 that for the last 2000 ps of the 

simulation the average H-bond count is less for the (-) 0.5 V nm-1 field relative to that for the 

(+) 0.1 V nm-1. Visual analysis of the simulation for (-) 0.5 V nm-1 reveals that thrombin is 

still bound to the TBA. Also the globular protein undergoes an overall angular movement 

wherein it is shifted along the y- axis of the simulation box. Further analysis shows that the 

exosite-I residues have limited avenues to interact with the TT loops of the aptamer, due to 

the reorientation of the protein. A new interaction between Lys-110 and T3 is observed; the 

NZ group donates hydrogen to the N3 and later to the O2 group of atoms in the T3 base of 

TBA, during the course of the simulation. As the electric field is increased to (-) 1.0 V nm-1 it 

is observed that the thrombin is pushed backwards (backward drift) along the + z axis 

towards the TBA. This facilitates additional interatomic interactions, which in turn results in 

a considerable increase in H-bond count when compared to that observed for other electric 

field simulations. The T3 base is observed to participate in H-bonding with Met-84, Arg-67, 

Lys-81 and Lys-110 residues of thrombin. Also prominent interactions are observed between 

Arg-73 and G6, Ser-72, Thr-74 and Arg-67 with G5, Arg-77A, Lys-109 and Arg-67 with G2. 

The interactions with the G-bases of the aptamer are enabled by the reorientation of the 

protein due to the backward drift under the negative electric field. Thus we find that under 

the negative electric fields the protein reorients with respect to the aptamer, newer 

interactions are promoted and the complex is still bound (Appendix A). 

Insight from SMD simulations at (-) 1.0 V nm-1 

           The results of the pulling simulation at (-) 1.0 V nm-1 are presented in Figure 8.  

Figures 8(a) and 8(b) show that complete dissociation of thrombin from TBA is not achieved 
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for pull rates of 0.008 and 0.01 nm ps-1 when using a harmonic force constant of 1000 kJ 

mol-1 nm2. Even upon increasing the force constant to 12560.4 kJ mol-1 nm2 (Figure 8(c)), as 

employed in the literature 22, we find that complete unbinding does not occur. Extensive 

discussions on the choice of the restraining potential and its influence on the predicted results 

are provided in the Appendix A. Experiments have demonstrated that at a negative electrode 

potential of (-) 300 mV there exists a pushing force which destroys the nanostructure of the 

complex upon the gold electrode 23. H-bond analysis on the negative field SMD simulations 

prove that there is strong adherence of exosite-I residues to the TT loops as well as the G-

quartet of TBA at (-) 1.0 V nm-1 even if a pull force is applied for breaking the bonds. As 

shown in figure 8(c), for the highest force constant as well as pull rate employed in our 

simulations, at (-) 1.0 V nm-1, there is strong interaction between the TT loops of TBA and 

exosite-I residues of thrombin. While at longer simulation times the bonds will eventually 

break under the effect of the pull force, the protein does experience a pushing force (opposite 

to the pull direction) under negative electric fields.  
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Figure 8: The binding between thrombin and TBA is shown, as observed in different 

SMD simulations, with varying force constants and pull rates, for the electric field of (–) 

1.0 Vnm-1 and (a) pull rate = 0.008 nmps-1, harmonic constant = 1000 kJmol-1nm2, (b) 

pull rate = 0.01 nmps-1, harmonic constant = 1000 kJmol-1nm2, (c) pull rate = 0.01 nmps-

1, harmonic constant = 12560.4 kJmol-1nm2 . 

As a result of this pushing force the thrombin experiences a backward drift i.e. opposite to 

the pull direction, towards the TBA, which in turn promotes the molecular interactions. This 

interpretation is supported by our results from the continuum analysis, as discussed above, 

that describes the electric field generated by the DNA layer at an electrode potential of (-) 

300 mV to be primarily negative and affinity of the thrombin towards the TBA layer.  
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Free energy of binding from SMD and US simulations 

          Next, we calculate the free energy of binding between thrombin and TBA for specific 

electric fields of (+) 1.0 and (±) 0.5 V nm-1. Atomic trajectories are generated from SMD 

computations for use in US simulations. As described above, on pulling the COM of the 

protein, force builds up until a breaking point is reached when the critical interactions are 

disrupted, allowing the thrombin to dissociate from the aptamer. The stretching of the 

imaginary spring attached to the COM of the thrombin, upon the breaking of bonds within 

the TBA/thrombin complex, gives rise to the force.  

Figure 9(a) shows the evolution of this force with respect to the SMD simulation time for the 

(+) 0.5, (-) 0.5 and (+) 1.0 V nm-1 cases relative to that in absence of any electric field. For 

(+) 0.5 and (+) 1.0 V nm-1, the maximum force values are small because the application of 

these electric fields spontaneously dissociates the thrombin. For the neutral case with no 

electric field, the maximum force is ~1080 kJ mol-1 nm1 occurring at 168 ps at a COM 

separation distance of ~1.67 nm. The last hydrogen bond between TBA and thrombin is 

recorded at 238 ps at a COM separation distance of ~2.41 nm. The maximum force for (+) 

0.5 Vnm-1 is ~668 kJ mol-1 nm1 at 210 ps and for (+) 1.0 V nm-1 is 460 kJmol-1nm1 at 117 ps, 

with the COM separation distances being 2.06 nm and 1.42 nm respectively. For (+) 0.5 V 

nm-1, the last hydrogen bond within the TBA/thrombin complex is noted at 210 ps.  At the 

higher electric field of (+) 1.0 V nm-1 the last hydrogen bond breaks at 218 ps when a COM 

separation is 2.01 nm, but a second maximum value of the force (435 kJ mol-1 nm1) occurs at 

289 ps. These results show that hydrogen bonding between thrombin and TBA ceases at 

lesser COM separation for increasing electric field. The reduction in H-bond formation 
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within the TBA/thrombin complex on application of positive electric fields has been 

discussed previously in this article.  

The application of higher positive electric fields distorts the protein, promoting unfolding and  

Figure 9: For representative cases of electric field stimulus in SMD simulations, the 

variation of (a) force (resulting from pulling the COM of thrombin) with time and (b) 

potential of mean force (PMF) evolution with reaction coordinate are presented. 

this exposes the hydrophobic core and facilitates some amount of hydrophobic interactions 

with the ligand. Even when the H-bonding ceased between the TBA and thrombin, at (+) 1.0 

V nm-1 , analysis revealed contacts between the hydrophobic residues Ile-82 and Ile-79 of 

exosite-I of thrombin and the T-3 and T-13 bases of TBA respectively. It may also be noted 

that there is absence of the gradual rise/decline of the force curve for the (+) 1.0 V nm-1 case 
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as compared to the other cases. The hydrophobic interactions stymied the sharp descent 

normally observed in the force curves of SMD simulations. After the second maximum force 

point, further analysis did not reveal any interaction between TBA and thrombin. In the case 

of (-) 0.5 V nm-1 potential, the maximum force value is ~1041 kJ mol-1 nm1 recorded at ~ 204 

ps at a COM separation of 2.10 nm while the last hydrogen bond is observed at 241 ps for a 

COM separation of 2.57 nm. The maximum force value for the negative field is greater than 

that for the positive fields but less than that predicted for the neutral case.  

           Table 1 lists the free energy of binding (ΔGbinding) values calculated from the PMF 

(Figure 9(b)) generated from the US simulations. We find that at (+) 0.5 and (+) 1.0 V nm-1, 

ΔGbinding is significantly reduced. This facilitates the spontaneous dissociation of thrombin 

from TBA on application of positive electric fields. The ΔGbinding for the (-) 0.5 V nm-1 case is 

greater than that for the neutral case even though the maximum force is relatively less. As the 

last H-bond as well as the maximum force occurs later in the dissociation path for the 

negative field compared to the neutral case, we conjecture that increased bonded/non-bonded 

interactions between thrombin and TBA result in a higher binding energy.  

Table 1: The comparison of free energy of binding for TBA/thrombin complex 

Electric field 

(Vnm-1) 

0 (+) 0.5 (+) 1.0 (-) 0.5 

ΔGbinding 

(kcal mol-1) 

12.5 ± 0.9 * 8.5 ± 0.5 7.5± 0.7 17.5 ± 0.5 

* The corresponding predictions for no electric field case from earlier computational 

and experimental investigations are 17 kcal mol-1 22 and 9 kcal mol-1 27 respectively. 
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           In all the COM pulling simulations, the point of maximum force corresponds to that 

instant when most of the bonds between the TT loop of the DNA and the interacting residues 

of exosite-I of thrombin are disrupted. The variations of the force on the COM of the 

thrombin with time derived from the SMD simulations are not sufficient to characterize the 

unbinding of TBA/-thrombin complex as this dissociation depends on the direction of 

pulling, choice of COM and the external applied potential. For a consistent COM definition 

and pulling direction, the dissociation depends on the events leading up to the separation 

between protein and DNA as well as the sign and magnitude of the electric field. If the 

dissociation path is similar, then a quantitative analysis of the unbinding of two molecules 

can be provided based on the transient evolution of the pull force. In all our SMD simulations 

the direction of pulling is always along the +z direction and this constrains the dissociation 

route. We find that for the positive fields the occurrence of maximum force (considering the 

2nd maximum for (+) 1.0 V nm-1 case as the 1st and 2nd maximum are close in value) is 

delayed in time relative to the neutral case. We attribute this to the slower pulling rates 

resulting in a prolonged dissociation event and lesser COM separation distance. This 

prediction is validated from the PMF profile in Figure 9(b), which shows that the reaction 

coordinate sampled is lesser for these electric fields. For the negative electric field, there is a 

backward drift (explained previously in the article) on the thrombin molecule that delays the 

occurrence of the maximum force compared to the neutral case. This backward drift causes 

an increase in the pull force on the thrombin at the end of the simulation after the drop in the 

force between 200 and 300 ps.  

           The electrostatic Coulombic and the Lennard-Jones (LJ) energies between the TBA 

and the thrombin molecules are monitored during the SMD simulations and are shown in 
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Figures 10(a) and 10(b) respectively. The Coulombic energy gives a measure of the extent of 

electrostatic interactions between the TBA and thrombin while the LJ energies quantify the 

dispersion/attractive as well as the repulsive/van der Waals interactions. From Figures 10(a) 

and 10(b) we find that both the Coulombic as well as the LJ interaction energy progressively 

increases for electric fields of (+) 1.0, (+) 0.5, 0 and (-) 0.5 V nm-1.  

Figure 10: The transient evolution of the (a) electrostatic Coulombic and (b) potential 

energies due to non-bonded intermolecular interactions between the TBA and the 

thrombin molecules are shown for representative electric field SMD simulations. 

We conclude that the higher positive electric fields decrease the interaction energy between 

TBA and thrombin resulting in lower ΔGbinding. For the (+) 1.0 V nm-1 case, the increments 
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(from negative to zero) in both the Coulombic and LJ interaction energies are rapid, as noted 

by the steeper curves over a short time interval, relative to the (+) 0.5 Vnm-1 case. 

Consequently, ΔGbinding is smaller for (+) 1.0 than that for (+) 0.5 V nm-1. On the other hand 

the electric field of (-) 0.5 V nm-1, shows enhanced Coulombic interactions accompanied by 

higher LJ interaction energies. For the following representative electrical fields , (+) 1.0, (+) 

0.5, 0 and (-) 0.5 V nm-1, the total electrostatic Coulombic energies are -1.68, -4.82, -5.48 

and -6.02 x 105 kJ mol-1 and the total LJ interaction energies are -1.84 , -4.53 , -4.68 and -

4.97 x 105 kJ mol-1 respectively. Expectedly the negative field case has a higher PMF value 

compared to that of the neutral case.   

2.5 Conclusion 

           We have employed a combination of continuum model and high-performance 

molecular computations to understand the role of external electrical stimulus on the binding 

and dissociation of thrombin-TBA complex. The simple, yet powerful, Poisson-Boltzmann 

theory based on a mean field model of the electrostatic interaction between particles reveals 

that at positive electrode potentials the DNA layer forms a repulsive region for the thrombin 

molecule, thereby acting as a deterrent to the complex formation. Predictions of the free 

energy of binding for the complex for different electric fields obtained from umbrella 

sampling simulations also suggest that for positive electric fields, the ΔGbinding is lesser 

compared to that of the neutral/negative case. The electrical stimulus influences the non-

bonded interaction energies between thrombin and its aptamer as well as the H-bonding 

between the two; positive electric field reduces the non-bonded interaction energy and H-

bonding between the TBA/aptamer complex which results in a reduced ΔGbinding. In 

conjunction with earlier experiments, our molecular dynamics simulations of the 
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TBA/thrombin complex under positive electric fields show that the complex dissociates 

spontaneously and that the binding between protein-ligand complexes can be controlled 

through electrical stimulus. Our results open up an exciting avenue for potential biomedical 

applications involving DNA/protein complexes. The electrical field mediated modulation 

technique can be extended to processes involving targeted or controlled release of drug by 

application of external stimulus. 
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CHAPTER 3. FORCE SPECRTROSCOPY OF THE THROMBIN-

APTAMER INTERACTION: COMPARISON OF ATOMIC FROCE 

MICROSCOPE BASED MEASUREMENTS AND MOELCULAR 

DYNAMICS SIMULATIONS 

Xiao Ma1, Janice Marquardt1, Agnivo Gosai1,a, Marit Nilsen-Hamilton2, Ganesh 

Balasubramanian1 and Pranav Shrotriya*,2 

Modified from a paper to be submitted to Langmuir 

3.1 Abstract 

Force spectroscopy is used to characterize the bond strength and binding energy between 

thrombin and its single-stranded DNA aptamer. Atomic force microscope (AFM) based 

experiments are conducted on the thrombin/aptamer and other non-specific binding systems 

to ensure that the measured binding forces are specific to the dissociation of the 

thrombin/aptamer complex.  A thrombin-coated AFM tip is first brought into contact with the 

receptor-functionalized surface and subsequently retracted from the surface at a controlled 

displacement rate.  The force response associated with probe retraction is analyzed to 

determine the force and loading rate associated with dissociation of the protein/receptor 

complex. Experimental results show that force curves have the characteristic sequential 

unbinding response and larger dissociation forces only for the combination of thrombin and 

the specific binding receptor (thrombin aptamer). The distribution of forces measured for 

different loading rates on the thrombin aptamer coated surface are analyzed to provide 
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estimates of the dissociation force as a function of loading rate associated with 

thrombin/aptamer complex, and show that the dissociation force increased from 20 pN to 40 

pN as the loading rate is increased from 100 pN/s to 40000 pN/s.  The measured dissociation 

force magnitudes for the thrombin/aptamer unbinding are lower than forces associated with 

G-quadruplex unbinding and comparable to forces associated with DNA unfolding Steered 

molecular dynamics simulations are utilized to model the thrombin and aptamer unbinding to 

estimate the dissociation forces over loading rates ranging from 0.001 N/s to 10 N/s. 

Availability of computational resources limits simulations only to loading rates significantly 

faster than experimental observations but comparison of the measured and predicted response 

shows that both dissociation force show similar dependence on loading rates. 

3.2 Introduction 

Dynamic Force Spectroscopy (DFS) has been utilized to measure dissociation forces between 

specific complementary chemical and biological molecules 1-3. Analysis of the unbinding 

forces reveals remarkable insight into energy consumption, binding kinetics and 

thermodynamic parameters for the molecular bonds 4.  These advantages make it a useful 

tool for probing the nature and mechanism of biomolecular interactions and cellular 

adhesion.  However, DFS experiments are limited to slow loading rates.  Molecular dynamics 

simulations may be used to simulate the unbinding response but constraints in computational 

resources limit the simulations to orders of magnitudes faster than experimental conditions.  

We report comparison between experimental and computational DFS-based analysis of the 

specific binding between thrombin and its DNA aptamer in order to characterize the DFS 

response over a significantly larger loading rate than previously reported. 
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Aptamers are engineered nucleic acids that are selected from a random pool using the 

“systematic evolution of ligands by exponential enrichment” (SELEX) procedure 5-7, to have 

a high specific binding affinity towards a target biomolecule 8-13. Aptamers display similar 

specific affinity for their target analyte as antibodies and have the following additional 

advantages over antibodies for application to analytical platforms:  stable over a larger range 

of temperatures and conditions; easily regenerated and reused; and easily modified or 

functionalized for different applications.  Thrombin catalyzes the synthesis of fibrin from 

fibrinogen so as to facilitate coagulation during blood clotting. Two DNA aptamers have 

been selected for binding specifically with thrombin at different binding sites – Aptamer 1 

(15apt – GCCTTAACTGTAGTACTGGTGAAATTGCTGCCATTGGTTGGTGTGGTTGG 14-18 ) 

and Aptamer 2 (27apt – CTTTGGAGACAGTCCGTGGTAGGGCAGGTTGGGGTGAC 

TTCGTGGAAGAAGCGAGACGGT 16, 18)  The aptamer (15apt) used in this study was selected 

by Bock et al. 15 and contains the 15 nucleotide consensus sequence 

d(GGTTGGTGTGGTTGG) that forms a G-quadruplex 15, 18-20 and binds to thrombin’s 

fibrinogen binding site 18, 21.  This aptamer has been shown in chemical assays to have high 

binding specificity to thrombin with a dissociation constant (Kd) of 1 to 6 nM 20, 22.  The 

strength of the interaction between thrombin and its aptamer makes it relevant for the study 

of binding forces and suitable for a force spectroscopy study. 

Previous reports on DFS based measurements of the dissociation forces between this aptamer 

(15 apt) and thrombin have shown little agreement 14, 23, 24.  Basnar et al. 14 utilized atomic 

force microscope to study the disruption of the binding complex at a loading rate of 

3000pN/s. The force quantum associated with dissociation of the complex was calculated to 

be 4.45 pN by taking the peaks from the force distribution histogram and performing linear 
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regression. The magnitude of the reported force quantum is surprisingly close to the thermal 

force level and is significantly lower than the force magnitude of stable bond strengths 

reported for a G-quadruplex interacting with specific binding partners.  Yu et al. 23 reported 

dissociation force varying in range of 60-100 pN over an apparent loading rate varying from 

12000 pN/s to 2 × 105 pN/s and in the range of 90 – 250 pN over a loading range of  

2 × 105 pN/s to 1.7 × 106 pN/s. Neundlinger et al. 24  immobilized single biotinylated 

stabilized thrombin aptamer molecule on the AFM tip and measured dissociation forces of  

50 pN to 150 pN over a loading range of 500 pN/s to 20,000 pN/s.  

Miyachi et al. 25 developed an AFM-SELEX cycle to select stronger affinitive DNA aptamer 

to thrombin under a very high loading rate level (~ 105 pN/s), and acquired much higher 

affinity force between a different aptamer sequence and thrombin. Ge, et al. 16 investigated 

the binding interaction via dynamic force spectroscopy between thrombin and a bivalent 

DNA aptamer which contains thrombin’s two aptamers (15apt and 27apt) linked by eight 

spacer phosphoramidites, and showed that the dissociation force ranged from 60 to 150 pN 

under loading rates from 2000 pN/s to 5 × 105 pN/s.   

Lynch et al. 26 used AFM to investigate the dissociation behavior of G-quadruplex DNA 

composed of 3 and 4 G tetrads, and found the most likely unbinding forces for disruption of 

both the 3G and 4G quadruplex structure to be from 40 to 70 pN, corresponding to loading 

rates from 1000 pN/s to 50000 pN/s.  Pope et al. 27 used AFM to study the melting of double 

strand DNA and obtained the most likely unbinding forces for unzipping a 12-mer double 

helical DNA to be from 23 to 40 pN, which correspond to loading rates from 100 pN/s to 

6000 pN/s.  Using a biomembrane force probe, Erdmann et al. 28 measured the force 
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magnitude associated with dissociation of biotin-streptavidin bonds to be from 50 to 80 pN, 

corresponding to loading rates from 100 pN/s to 10000 pN/s.   

The significant difference between force magnitudes reported for thrombin/aptamer binding 

(4.45 pN to 200 pN) and other other binding complexes (23 - 80 pN) indicates a need for 

closer evaluation of the thrombin/aptamer binding interactions. Here we utilize experiments 

and computational approaches to report the dissociation force for the thrombin/aptamer 

complex over a significantly larger range of loading rates. The measured unbinding forces 

are compared to other binding complexes to suggest a mechanism underlying the dissociation 

process. The dissociation forces are also analyzed using a single energy barrier model to 

estimate the magnitude of spontaneous dissociation time and energy barrier width for the 

thrombin/aptamer interaction. 

3.3 Experimental Characterization 

Binding forces were measured between a thrombin-coated AFM tip and three different 

surfaces that were functionalized with either thiolated poly(ethylene)glycol (PEG, 2 kDa) or 

5’ thiolated single stranded poly(dA) (pHS-A30), or 5’ thiolated 50nt-thrombin aptamers (HS-

alkane- 

GCCTTAACTGTAGTACTGGTGAAATTGCTGCCATTGGTTGGTGTGGTTGG) 14, 15, 

17, 18. The force interaction with PEG surface was used to verify that the surface of tip was 

functionalized with proteins.  Binding forces between thrombin aptamer and single stranded 

DNA (poly(dA)) were used to determine the magnitude of non-specific interactions. The 

interactions between thrombin and thrombin aptamer were investigated to determine the 

forces associated with specific binding.  
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All chemicals required for the experiments except PEG were purchased from Sigma Aldrich 

(www.sigma.com), and all oligonucelotides were purchased from Integrated DNA 

Technologies (www.idtdna.com). Poly(ethylene)glycol was purchased from Creative 

PEGworks (www.creativepegworks.com). All solutions were prepared with double distilled 

water (ddH2O). 

Atomic force microscope tips were coated with thrombin to measure the protein surface 

interactions. To functionalize the AFM tip, gold-coated silicon nitride tips were purchased 

from Novascan Technologies Inc. (www.novascan.com). The spring constant of each AFM 

tip was determined using Sader’s method prior to functionalization 29. Thrombin was 

immobilized on the gold coated AFM tip as follows: The probe was incubated first in 2 mM 

mercaptohexadecanoic acid (MHA) for 1 h to form a carboxyl-terminated self-assembled 

monolayer (SAM) on the gold surface, then in freshly prepared 10 mg/ml carbodiimide 

(EDAC) in ddH2O for 30 min to activate the carboxylic acid groups for protein attachment to 

the AFM probe. The probe was then immersed in 1 mg/ml human thrombin in buffered saline 

solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 5 mM KH2PO4 in ddH2O at pH 7.4 

as adjusted with HCl) for 90 min to immobilize the protein on the activated carboxylic acid-

terminated SAM surface. Last, the probe was washed 3 times for 5 min each in buffered 

saline solution and 3 times for 5 min each in ddH2O. The probe was either used immediately 

or stored for less than 24 h in ddH2O before use.  A single AFM tip was used to collect at the 

most 200 force curves and a total of 25 different AFM tips were used for the experiments 

reported here.  

The three functionalized surfaces - PEG, poly(dA) and thrombin aptamer- were prepared by 

attaching the molecules to a gold-coated silicon wafer through gold/thiol bond.  A template 

http://www.sigma.com/
http://www.idtdna.com/
http://www.creativepegworks.com/
http://www.novascan.com/
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transfer technique was used to form a smooth gold film on the polished silicon wafers. To 

form the PEG functionalized surface, the gold-coated silicon wafers were incubated in 

thiolated PEG (1 mg/mL in ethanol) for 1 min.  The poly(dA)-functionalized surfaces were 

prepared by immersion of the gold-coated wafer in 1 mg/ml thiolated poly(dA) in binding 

buffer (20 mM Tris-HCl, 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 5 mM MgCl2, and 5% 

glycerol (v/v) in ddH2O at pH 7.4) for 1 min 14.   Finally, the thrombin-functionalized 

surfaces were prepared by immersion of the gold coated silicon wafers in 1 mg/ml thiolated 

aptamer in binding buffer.  All functionalized surfaces were rinsed several times with ddH2O 

and grounded with copper tape before being used for the unbinding experiments.  

Force curve experiments for all coated substrates were performed in binding buffer using a 

Dimension 3100 atomic force microscope. During the experiments, the AFM tip was moved 

towards the sample to establish contact with surface and then retracted back to its starting 

location at a fixed displacement rate.  The force applied to the AFM tip during surface 

contact and retraction was measured to obtain the force curves.  The experimental study was 

conducted in two steps:  

1) Force curves were acquired for the following functionalized surface/probe pairings - 

Polyethylene glycol coated surface/ thrombin coated probe (minimal binding); 

Poly(dA) coated surface/thrombin coated probe (non-specific binding); Aptamer 

coated surface/ mercaptohexadecanoic acid (MHA) coated probe (non-specific 

binding); and Aptamer coated surface/ thrombin coated probe (specific binding) – in 

order to compare unbinding force responses for specific and non-specific interactions.   
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2) Force curves were acquired to investigate the loading rate dependence of the force 

interaction associated with a specific binding event. In the initial step, force curves 

were obtained at a nominal displacement rate of 200 nm/s.   

For each pairing, force curves were measured ten times per location, at 5 locations on 5 

different samples, resulting in a total of 250 force curves.  In the second stage, force 

curves were collected only on thrombin aptamer functionalized surface/thrombin coated 

tips at two different nominal displacement rates:  200 nm/s and 2000 nm/s.  A total of two 

thousand force curves (10 samples X 20 locations/samples X 10 force curve/locations) 

were acquired for each displacement rate.  

3.4 Computational Simulations 

The crystallographic structure of TBA/thrombin complex (PDB entry 1HAO)] 30 was 

parameterized using the AMBER99SB force field 31 with parmbsc0 parameters 32 and the 

TIP3P water model 33 following previously published literature 34, 35 for molecular dynamics 

(MD) simulations using GROMACS 4.6.7 36. The biomolecular complex was solvated in a 

rectangular simulation box of dimensions 7.5 nm x 7.5 nm x 15  nm (x x y x z) with 26010 

water molecules. 11 Na+ atoms are added to the solution to neutralize the system. 

Additionally, 51 Na+ atoms and 51 Cl- atoms were randomly added to the system to build up 

a concentration of 0.1 M. Energy minimization was performed using the steepest descent 

algorithm, and the system attained a minimum energy configuration for a maximum force 

tolerance value of 500 kJmol-1nm-1. Next, the thrombin and aptamer atoms were position 

restrained and the system was equilibrated at 300 K and 1 bar with a time step of 2 fs 

(femtosecond) under (I) the canonical ensemble (NVT) using velocity rescaling thermostat 37 

with coupling time constant of 0.1 ps (picosecond) for 1 ns (nanosecond), followed by (II) 
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another 1 ns simulation under the isothermal-isobaric ensemble (NPT) using the Berendsen 

barostat 38 with coupling constant of 5.0 ps and the previously mentioned thermostat.  Initial 

atomic velocities were generated from a Maxwell distribution at 300 K before the 

equilibration process. On attaining target temperature and pressure, all position restraints 

were removed and MD simulations were performed under the NPT ensemble for 50 ns 

employing the Nose-Hoover thermostat 39, 40 with a coupling constant of 0.5 ps and the 

Parinello-Rahman 41 barostat with coupling constant of 1.0 ps.  

The dynamical pulling simulations were performed on the complex structure obtained at the 

end of the 50 ns run which showed very low backbone Cα RMSD of 0.085 nm with respect to 

the crystallographic structure. The TBA was position restrained by applying a harmonic 

restraint of 1000 kJmol-1nm-2 to each of its atoms while the thrombin was pulled away from 

the binding mode of the complex by applying a harmonic force to the center of mass (COM) 

of the protein. This computational experiment, popularly referred to as Steered Molecular 

Dynamics (SMD) simulation 42, is fundamentally similar to the AFM method. We vary the 

pull rates between 0.0001 nmps-1 to 0.0150 nmps-1 maintaining the harmonic constant fixed 

at 1000 kJmol-1nm2 to understand the contribution of a range of forces on the structural 

evolution and unbinding of thrombin. The pulling direction is along the length of the box and 

chosen to be the +z axis. Alternately, the force constants can be varied by keeping the pull 

rate fixed, but earlier reports have shown that both the strategies reproduce qualitatively 

similar results 43. The choice of the force constant is based on a different computational 

investigation by the authors for the same complex. 
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3.5 Experimental Results and Analysis 

Representative force curves corresponding to interactions between the thrombin coated AFM 

tip and PEG and poly(dA) functionalized surfaces, and are shown in figures 1(a) and (b), 

respectively.  Representative force curves corresponding to interaction between MHA coated 

AFM probe and thrombin aptamer functionalized surface are shown in figure 1 (c).  

Representative force curves corresponding to interactions between thrombin coated probe 

and aptamer functionalized surface representing sequential unbinding and single unbinding 

are shown in figures 1(d) and (e), respectively.   
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Figure 11 Representative force curves for functionalized AFM probe interacting with 

the different functionalized surfaces: (a) Thrombin coated probe vs PEG coated 

substrate; (b) Thrombin coated probe vs poly(dA) coated substrate); (c) MHA  

coated probe vs aptamer coated substrate; (d) Thrombin coated probe vs 

aptamer coated substrate(sequential unbinding) (e) Thrombin coated probe vs 

aptamer coated substrate(single unbinding). 

For each functionalized surface, the force curves were collected on five different samples, 

and five locations per samples.  The spring constant of each AFM tip was determined using 

Sader’s method prior to functionalization and found to be within 0.06 ± 0.005 N/m for all the 

tips used in this study.  The spring constants for the tips were used to determine the force 

displacement response plotted in figures 11(a), (b), (c), (d) and (e).  We did not observe a 

systematic influence of these parameters on the measured force curves.   

The force curves of the thrombin coated AFM tip against the PEG functionalized surface 

(shown in figure 1(a)) did not show any difference between the extension and retraction of 

the tip.  This indicates that the AFM tip did not form any bonds with PEG functionalized 

surface, which is consistent with the generally observed lack of interaction between PEG and 

proteins 44-46.  Force curves in both thrombin coated probe/poly(dA) surface and MHA coated 

probe/ aptamer coated surface showed binding interactions. However, the retraction curves 

did not show obvious discrete drops in forces but rather an elongated displacement that ended 

with a small magnitude of force drop (labeled as non-specific binding events in figures 1b 

and c).  The force curves of thrombin coated probe on the thrombin aptamer functionalized 

surfaces included either multiple discrete stepwise drops (labeled as specific binding events 

in figure 1d) or a single large drop (shown in figure 11e) of force in the retraction curve. 
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Discrete drops in forces have been suggested to be associated with sequential unbinding 

interactions between multiple bonds loaded in parallel 27, 28.  A comparison of these 

experimental observations indicates the following: 1) The difference in interactions of the 

thrombin-coated AFM tip with the PEG and aptamer functionalized surfaces shows that the 

tip was functionalized with protein molecules; (2) Binding between the protein and poly(dA) 

as well as MHA and thrombin aptamer requires low magnitude forces for dissociation; (3) 

Binding between the protein and aptamer requires a larger magnitude of forces and the 

retraction curve shows characteristics that are associated with dissociation of specific binding 

27.  

In order to determine the dependence of the unbinding forces on the loading rates, the 

force curves on the aptamer-functionalized surfaces were collected at two different 

displacement rates of the AFM cantilever (200 nm/s and 2000 nm/s).  A total of over 4000 

force curves (~2000 corresponding to each displacement rate) were collected and could be 

divided into three groups – no binding event was observed in approximately 15% of the force 

curves (601 out of 4031), single binding event (as shown in figure 11e) was observed in 

approximately 74% of the force curves (2978 out of 4031) and multiple binding events (as 

shown in figure 1d) were observed for approximately 11% of the force curves (452 out of 

4031). Both thrombin on the probe surface and thrombin aptamer on the functionalized 

surface do not form a closely packed films, consequently some of the force curves do not 

show any binding, but at the same location other replication of the curves show either single 

or multiple binding events. The distributions of non-binding, single binding and multiple 

binding in the force curves agrees well with previously reported observations in other force 

spectroscopy experiments 27. 
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The dissociation forces and corresponding loading rates were determined from the 

retraction portion of force curves with multiple binding events as shown schematically in 

Figure 12, in order to determine the loading rate dependence of the dissociation force 

associated with specific binding.  During the dissociation experiment, thrombin and aptamer 

were pulled apart at a constant displacement rate using the flexible atomic force cantilever.  It 

is difficult to a-priori impose a desired loading rate during tip retraction.  Instead, 

deformation of the AFM cantilever was used to determine the forces on the tip, and the 

loading rate can be determined as a product of applied displacement rate and the AFM 

cantilever stiffness only when the tip interacts with a rigid surface as indicated by the 

nominal loading rate in figure 12. Prior to the final unbinding, the imposed displacement is 

distributed between the AFM cantilever bending and deformation of protein/aptamer 

complexes. Hence the loading rate corresponding to the final dissociation is determined from 

the slope of the force curve just prior to the last unbinding event as indicated by the loading 

rate for unbinding in figure 12.   
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Figure 12 Representative force curve to demonstrate the computation of real loading 

rate using the loading information prior to final unbinding.  The nominal and 

real loading rate are also indicated to highlight the difference between the two 

loading rates. 

 

The dissociation force corresponding to the final dissociation event was determined 

from the load drop as shown in figure 2.  The loading rate and dissociation force pairs were 

computed for each force curve that showed multiple binding events during the retraction. 

Only the last unbinding event of the multiple discrete force steps was used for analysis, as 

this last event is likely to have the fewest number of interacting bonds.    

The dissociation forces determined from the force curves were found to be clustered into four 

groups based on the measured loading rate for the last unbinding event – lowest loading rate 
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(mean 90 pN/s and range 50 -140 pN/s); lower median loading rate (mean 750 pN/s and 

range 450 - 1200 pN/s); higher median loading rates (mean 7000 pN/s and range 4700 - 9500 

pN/s) and highest loading rate (45000 pN/s and range 25700  - 63900 pN/s).  The two lower 

loading rates were found primarily in the lower nominal displacement rate while the two 

higher loading rate clusters corresponded to higher displacement loading rate. 

 

Figure 13 Experimentally measured distribution and comparison with predicted 

distribution of rupture forces for the thrombin-aptamer complex at different 

loading rates imposed prior to final unbinding event: (a) Lowest real loading 

rate (Average loading rate 90 pN/s); (b) Lower median real loading rate 

(Average loading rate 750 pN/s); (c) Higher median real loading rate (Average 

loading rate 7000 pN/s); and (d) Highest real loading rate (Average loading rate 

45000 pN/s). 
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Distributions of the measured dissociation forces corresponding to specific binding at 

different loading rate levels – lowest, lower median, higher median and highest - are shown 

in figures 13(a), (b), (c) and (d), respectively.  As the loading rates were increased, the range 

of the dissociation forces increased and the peaks in the probability distribution, which 

identify the most frequent force magnitudes, shifted towards higher magnitudes.  A 

histogram of final load drop levels measured for a non-specific binding complex (poly(dA) 

and thrombin) is also plotted in figure 14 to compare the distributions corresponding to 

specific and non-specific binding.  The comparison of the two distributions show the 

differences in magnitude of the measured forces for specific binding (thrombin-aptamer) and 

nonspecific binding (thrombin-poly(dA)). For the thrombin-aptamer complex, the 

distribution of rupture forces shows periodic peaks, which may indicate the existence of an 

elementary binding force corresponding to dissociation of a single protein/aptamer complex. 

In the case of thrombin-poly(dA) interaction, there are no obvious periodic peaks in the 

histogram of rupture forces.   
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Figure 14 Rupture force distribution for the thrombin-poly(dA) complex at the lowest 

real loading rates (Avergae  loading rate 90pN/s). 

Autocorrelation of the force distributions were used to find the presence of a periodic 

pattern in the distributions 1, 47, 48 and to estimate the magnitude of the elementary binding 

force as a function of the loading rates 49:  The autocorrelation of the force distribution was 

computed according to:   

 ( ) ( ) ( )R p F p F dF 



                                                                                         (1)  

Where R(τ) is the autocorrelation as a function of the force shift τ, p(.) is the value of the 

force distribution.   
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Figure 15: Computed autocorrelation of rupture force distribution at the lowest loading 

rate (Average loading rate 90pN/s) to highlight the observed periodicity in the 

histogram: (a) Autocorrelation for the histogram of rupture force distribution 

for Thrombin-aptamer complex; and (b) Autocorrelation for the histogram of 

rupture force distribution for Thrombin-poly(dA) complex. 

For the sake of brevity, only the auto correlation functions for the force distribution 

corresponding to specific interaction at lowest loading rate (figure 13(a)) and non-specific 

interaction (figure 4) are plotted in figures 15(a) and (b), respectively.  Periodically spaced 

peaks in auto correlation curve for the specific interaction (figure 15a) confirm the existence 

of the elementary binding force or the force quantum for specific binding. Similar 

periodically spaced peaks were observed in the autocorrelation function for other loading rate 

levels (See supplementary information).  However, the auto correlation function did not show 

periodic patterns for nonspecific binding (figure 15b), indicating no characteristic force 

quantum involved in the force interaction between thrombin and poly(dA). The period of the 

repeating peaks in the autocorrelation curve shown in figure 15(a) was measured to estimate 

the force quantum for lowest real loading level. Similar analysis was utilized to estimate the 
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force quanta for other loading rates and the computed values are plotted as a function of the 

logarithm of the average loading rates in Figure 6.   

 

Figure 16 Plot of the force quantum determined from the experimentally measured 

rupture force histogram (SD: 29 pN/s for lowest loading rate; 165 pN/s for lower 

median loading rate; 1279 pN/s for higher median loading rate; 10322 pN/s for 

highest loading rate. n: 113 for each loading rate)  

3.6 Results of Computational Simulation 

 Force displacement response were also computed form the simulation results of 

thrombin and aptamer unbinding under different displacement rates and a typical force 

displacement curve is provided in Appendix B..   

It is complicated to determine the actual pulling velocities due to the bias in the dynamics, 

especially for a bimolecular system. To estimate the accelerated time, we fit our SMD data 

together with experimental data to a model introduced by Heymann and Grubmüller50, 51, 

which approximates the dependence of the unfolding force Funbind on the pulling velocity v of 

the cantilever by 
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(2) 

Here, the friction of the water environment with friction coefficient γ dominates for fast 

pulling velocities (v > 1 m/s), whereas a logarithmic dependence of the unfolding force on 

the velocity applies for slow pulling velocities driven by the thermal energy kBT. ΔL is the 

scatter width of the unfolding lengths L, and k0 denotes the temperature-dependent rate of 

spontaneous dissociation in the absence of external forces.  

                    Figure 17 shows the fitted curve to the equation 2 with the simulation vis a vis 

the experimental data with a 95% confidence interval and R2 = 0.95. The parameters used in 

the fit are L = 2.5 Å and γ = 26.1 pN s/m; these values are in the range of typical SMD 

simulations.  

Figure 17 Plot of the fitted curve for the simulated as well as experimentally observed 

unbinding forces 

For ΔL, the fit requires the relatively large value of ΔL = 1.12 × 10−5 computed force 

displacement curve showed similar characteristics as the experimental curves with monotonic 



60 

 

increase in loads with increased separation till the peak load.  Computed peak loads are also 

plotted as a function of loading rates in Figure 6 in order to facilitate comparison between 

experimentally measured and computational predicted response.  Although the pulling rates 

in the simulations are much faster (~ 1010 times) than those in experiments, they 

nevertheless follow a similar dependence on the loading rates indicating that simulations as 

well as experiments are able to capture the molecular mechanisms underlying the 

thrombin/aptamer unbinding. 

  The dissociation response of protein-aptamer binding with external load may be 

modeled using a single energy barrier model as proposed by Evans and co-workers 52-57.  

When the thrombin-aptamer complex is not subjected to external loads, this energy barrier is 

quite high and results in a low probability for the complex to dissociate.  When the bound 

complex is pulled apart under an external force, the work done by the force decreases the 

height of the energy barrier, and consequently increases the probability of dissociation. The 

probability of dissociation, p, may be expressed as a function of applied force, F as 52-57: 
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rf is the loading rate; toff is the spontaneous dissociation time; Fβ is the thermal force that 

dominates the spread of the distribution; and xβ is the width of the transition state barrier.  

According to equation (2), a peak in the probability distribution occurs when the exponential 

increase in failure rate due to applied force crosses over to the precipitous decline in bond 

survival with increasing force 55. The rupture force, Fpeak, corresponding to the peak of the 

probability distribution with respect to loading rate is determined to be: 



61 

 

ln
f off

peak

r t
F F

F




 
   

 

                                                                                 (4) 

 The characteristic forces computed in auto-correlation analysis of the force histograms 

corresponds to Fpeak's at the different loading rates.  The line obtained by fitting equation (4) 

to the measured peak forces is also plotted in Figure 6. The good agreement between the 

curve fit and both experimentally measured and computationally predicted data shows that 

equation (4) describes the observed response and that single energy barrier model described 

in equations (3) may be used to describe the protein-aptamer interaction.  The slope and 

intercept of the fitted line were used to determine the values of the width of transition state 

barrier, xβ, to be approximately 0.8 nm and spontaneous dissociation time, toff, to be 

approximately 700 seconds.  The estimated magnitude of the transition state barrier is 

comparable to the barrier width of 0.58 nm that characterizes 12 base DNA melting 27. The 

magnitude for the dissociation time is also within the previously reported range of 500 to 

10,000 seconds measured using electrochemical impedence assays for thrombin-aptamer 

dissociation 58.  These two results suggest that a single energy barrier model may be used to 

describe the thrombin-aptamer dissociation over the range of loading rates applied in these 

experiments and computational modelling. 

The probability distribution in equation (4) corresponds to force expected from unbinding of 

a single bond and cannot be directly compared to the experimental data plotted in Figure 3 as 

the last unbinding force may be due to simultaneous rupture of more than one bond.  In order 

to describe the experimentally measured force data, we make the following assumptions: 

rupture of individual bonds are independent; and the number of bonds in the last unbinding 

event follow a Poisson’s distribution as  the unbinding process occurred at a constant rate 
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over a given time interval 28.  Following the above assumptions, the probability distribution 

for multiple unbinding may be expressed as:    

  max

1

( ) ( ) ( )
N

N

N

P F p N P F




                                                                                            (5) 

Where P(.) is the probability density for rupture forces allowing unbinding of single as well 

as multiple bonds, F is the rupture force, pλ is the weighting coefficient computed from 

Poisson distribution, N is the number of bond involved in the unbinding event, PN is the 

probability density function for rupture force distribution with N number of dissociation 

bonds, which is the convolution of the single bond rupture force distribution expressed by 

equation (4).  The parameter, λ, that describes the Poisson’s distribution was estimated by 

fitting the equation (5) to experimental data corresponding to lowest loading rate as shown in 

figure 4(a) and was determined to be 2.5.  The parameter value was used to predict the force 

distributions for other loading rates and the predicted probability distributions for other 

loading rates are compared to experimental data in Figure 13(b), (c) and (d).  The predictions 

for multiple rupture force distribution based on equation (5) have a good agreement with the 

experimental histogram results. However, we should also point out that the Poisson 

distribution is a good estimate for the number of bonds when small number of bonds is 

involved in unbinding. 

The characteristic rupture force of the thrombin-aptamer complex varies from 20 to 

40 pN under mean loading rate variations from 90 to 45000 pN/s, which is larger than the 

earlier reported force value 4.45pN by Basnar et al 14 but smaller than 50 pN to 150 pN over 

a loading range of 500 pN/s to 20,000 pN/s reported by Neundlinger et al. 24.  Basnar et al.’s 

experiments 14 may have been influenced by steric hindrances in aptamer/protein complex 
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formation due to large surface density of protein and immobilized aptamers  24.  In order to 

eliminate the influence of steric hindrances, Neundlinger et al 24 utilized thrombin aptamer 

sequences that include a hybridized DNA linker part that enhances the binding between 

protein and the aptamer molecules and may have consequently measured larger dissociation 

forces.  The force magnitudes presented in Figure 16 are comparable to the reported 

dissociation force for the unmodified aptamer sequence in range of 60-100 pN over faster 

loading rates varying from 12000 pN/s to 2 × 105 pN/s by Yu et al. 23.   However, It is 

difficult to make direct comparison of dissociation forces and loading rates becaues Yu et al. 

23 have reported their results only as a function of the apparent loading rate (product of 

cantilever stiffness and displacement rate). 

The magnitude of the characteristic forces in our experiment is similar to the forces of 

23 to 40 pN corresponding to melting of a 12 base DNA duplex observed at loading rate 

ranging from 100 to 3000 pN/s 27, 59. Lynch et al. 26 found the most likely unbinding force for 

disruption of G-quadruplex structure formed between two DNA strands to vary from 40 to 70 

pN over similar loading rates as the current experiments.  Yu et al. 60 found that a 

characteristic force of 23 – 29 pN is required to melt a G-quadruplex at loading with rates of 

5 pN/s that are significantly lower than loading rates used in the current experiments.  It 

should also be noticed that the thrombin aptamer used in this study forms a two G-tetrad 

quadruplex both in solution and in binding with thrombin.  For the loading rates investigated 

in the current study, the magnitudes of characteristic forces associated with unbinding of the 

thrombin-aptamer complex are closer in magnitude to forces required for DNA melting than 

to those reported previously for disrupting G-quadruplex structures.  In addition, the 

computational simulations that model the unbinding of aptamer and thrombin molecules 
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predict a similar dependence of rupture loads on loading rate as measured in the experiments.  

Hence, unbinding of the thrombin-aptamer complex may result from the breaking of bonds 

between aptamer and thrombin rather than disruption of the G-quadruplex structure of the 

aptamer.     

3.7 Conclusions 

AFM experiments were conducted to determine the characteristic force associated with 

specific binding between thrombin and its DNA aptamer. The measured rupture force 

distributions extend over a large magnitude of forces and demonstrate characteristics of force 

quanta for specific binding (thrombin-aptamer) in comparison to non-specific binding 

(thrombin-DNA). We find that the characteristic force for disruption of thrombin-aptamer 

complexes increases from 20 to 40 pN as the loading rate level increase from 100 to 40000 

pN/s. Steered molecular dynamics simulation of the thrombin and apatamer unbinding also 

predicts similar dependence of the dissociation force on the loading rate as measured in 

experiments.  The magnitude of characteristic forces is smaller than the previously reported 

force magnitudes associated with metling of the G-quadruplex structure. This difference 

suggests that, with the application of external force on the thrombin-aptamer complex, the G-

quadruplex structure of the aptamer is not disrupted and the measured characteristic forces 

may be associated with dissociation of bonds between thrombin and the aptamer. The 

characteristic rupture forces were fitted to a single energy barrier model to extract the bond 

energy parameters associated with thrombin-aptamer binding, which is comparable to 

previously reported values obtained from different assays.   



65 

 

References 

1. Florin, E.L., Moy, V.T. & Gaub, H.E. Adhesion Forces between Individual Ligand-

Receptor Pairs. Science 264, 415-417 (1994). 

2. Oncins, G., Vericat, C. & Sanz, F. Mechanical properties of alkanethiol monolayers 

studied by force spectroscopy. J Chem Phys 128 (2008). 

3. Strunz, T., Oroszlan, K., Schafer, R. & Guntherodt, H.J. Dynamic force spectroscopy 

of single DNA molecules. P Natl Acad Sci USA 96, 11277-11282 (1999). 

4. Flyvbjerg, H. Physics of bio-molecules and cells = Physique des biomolécules et des 
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CHAPTER 4. GENERAL CONCLUSION 

            The present work utilizes a multiscale computation framework to analyze the 

interaction between thrombin and TBA-15 coated surface under the application of 

electrostatic potential. A continuum model for the monomolecular film aptamers 

immobilized on the electrode surface has been prepared based on the Poisson-Boltzmann 

equation and the polymer brush theory. The nature and magnitude of the electric field inside 

the aptamer layer is determined for different electrode potentials. The electrostatic force 

acting on a single aptamer strand is calculated for different electrode voltages for 

understanding the variation of the force with respect to aptamer length and grafting density. 

The computed electric fields are utilized in all atom molecular dynamics (MD) simulations 

(using GROMACS 4.6.7) involving the thrombin-aptamer complex for calculating the free 

energy of binding between the thrombin and TBA-15 in presence of different electric fields 

vis-à-vis the simple case of no electric field.  

          From the continuum modelling we could understand the nature of the electric field 

generated in the aptamer and the calculated force on a single aptamer corroborated the 

experimental observations. The MD study found that the free energy of binding decreases for 

applied positive electric fields, whereas it increases in presence of negative electric fields 

which lends support to the experimental observations.  

         Also, an analytical model connecting the simulation as well as AFM experiments for 

the forced unbinding of TBA/thrombin complex is utilized to understand the contribution of 

various parameters on the dissociation of the complex. It is found that the analytical model is 

able to predict the force response for very slow pulling rates within a 95% confidence 

Figure A 
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interval. It is to be noted that the entire DFS is presented to fall into two regimes, (i) activated 

and (ii) friction. Activated processes appear to dominate for pulling velocities smaller than 1 

m/s. For very large pulling velocities in the range of 20 m/s, the friction forces contribute 

mostly with a vanishing role played by the activated regime. The analytical model is able to 

capture and thus predict the dynamics of the complex in the millisecond timescale of AFM 

experiments whereas the simulations are carried out in nanosecond timescale. 

Future work 

(i) To mimic the covalently attached TBA, the entire atomic structure has been 

restrained in the electric field MD simulations and pulling i.e. SMD simulations. 

The effect of electric field or pulling on the G-quadruplex structure of the TBA 

and thrombin could be investigated by only restraining the rest of the molecular 

structure. 

(ii) The analytical function utilized the fit the AFM experiments described in Chapter 3, 

is able to predict the experimental forces with an error of 5%. This could be 

reduced by utilizing advanced SMD techniques like accelerated MD and/or newer 

potentials. 
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APPENDIX A.  EFFECT OF ELECTRICAL STIMULUS ON THROMBIN 

APTAMER COMPLEX 

 

A1: Effect of DNA layer condensation on the electrical field near the gold surface. 

 

We approximated the effect of the condensation or folding of DNA layer using two 

assumptions: (1) the 15-mer TBA retain their G-quadraplex structure since the aptamer 

structure is stabilized on binding with thrombin protein; and (2) The charge distribution of 

the 35-mer linker layer is distributed over shorter distance as the linker chains fold near the 

surface. The calculations are performed for the different densities of DNA layers namely, = 

1011 and 1012 cm-2. These results show that for all the surface densities, the trends of 

electrical field dependence on the surface potential remain the same but the magnitudes of 

electrical fields increase with chain folding or condensations. Thus the results with rod-like 

fully stretched chains provide us with lowest estimate for the field magnitude. 
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                                     Figure 18 (a)                                                       Figure 18 (b) 

 

                                   Figure 18 (c)                                                                   Figure 18 (d) 

 

We consider the case where the nucleic acid grafting density is 𝜎 = 1011 cm-2. In chapter 2, 

Figure 5b corresponds to a fully stretched nucleic acid. As the structure of TBA (15-mer 

aptamer) is maintained upon thrombin binding as well as in salt solution12, we may look at 

cases where the 35-mer linker molecule (Figure 1(b)) is condensed upon itself, thus reducing 

the effective length of the structure. Figure 18 (a), 18 (b), 18 (c) and 18 (d) corresponds to the 

uncondensed/folded length and 1/2, 1/4th and 1/8th of the original linker length. It is 

observed that for increasing positive electrode potentials the electric field at the top of the 

nucleic acid layer becomes more positive thus corroborating our experimental observations. 

Curves A, B, C, D, E, F and G respectively correspond to the electrode potential of +300 
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mV, +200 mV, +100 mV, 0 mV, -100 mV ,-200 mV and -300 mV .The domain occupied by 

the 15-mer TBA is marked in the figure. Curves for the positive, neutral and negative 

electrode potentials are colored red, black and blue respectively. 

 

 

                                     Figure 18 (e)                                                       Figure 18 (f) 

                               Figure 18 (g)                                                          Figure 18 (h) 

We consider the case where the nucleic acid grafting density is 𝜎 = 1012 cm-2. Similar 

observations are observed as in the case discussed for 𝜎 = 1011 cm-2 . It is to be noted that on 

account of greater surface density of nucleic acid the positive nature of the electric field is 

more expressed for greater condensation of linker for the corresponding electrode potentials. 

Figure 18 (e), 18 (f), 18 (g) and 18 (h) corresponds to the uncondensed/folded length and 1/2, 

1/4th and 1/8th of the original linker length. It is observed that for increasing positive 

electrode potentials the electric field at the top of the nucleic acid layer becomes more 
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positive thus corroborating our experimental observations. Curves A, B, C, D, E, F and G 

respectively correspond to the electrode potential of +300 mV, +200 mV, +100 mV, 0 mV, -

100 mV, -200 mV and -300 mV. The domain occupied by the 15-mer TBA is marked in the 

figure. Curves for the positive, neutral and negative electrode potentials are colored red, 

black and blue respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 (i) 

 

 

 

 

 

 

 

 

 

 

 

 

                                  

Figure 18 (j) 

If we only consider, the 15-mer aptamer for the continuum modeling, we find that at (+) 100 

mV for 𝜎 = 1011 cm-2, the field at the top of the layer is ~ 0.04 Vnm-1 (Figure 18 (i)) and that 

for 𝜎 = 1012 cm-2 is ~ 0.03 Vnm-1(Figure 18 (j)). This is thus an order of magnitude higher 

than the cases with the 35-mer linker molecule as discussed previously. In the MD 

simulations, only the 15-mer aptamer is included, and, the positive field at which dissociation 

is observed is about 10 times i.e. one order of magnitude higher than the electric field 

calculated from the continuum modeling. This difference is attributed to the large disparity in 
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the time scale of the experiments and the atomistic simulations, as discussed in the main 

article. 

In Figures 18(i) and 18(j), curves A, B, C, D, E, F and G respectively correspond to the 

electrode potential of +300 mV, +200 mV, +100 mV, 0 mV, -100 mV, -200 mV and -300 

mV. The domain occupied by the 15-mer TBA is marked in the figure. Curves for the 

positive, neutral and negative electrode potentials are colored red, black and blue 

respectively. 

 

A4: Choice of pulling velocities in electric field SMD simulations 

Evidence in the literature suggest that the application of slower/faster pull rates result in 

almost identical trajectories and qualitatively similar force-time curves 1. In practice, a 

convenient pulling rate is used to expedite data collection while maintaining the reliability of 

the procedure and ensuring that no artifacts are introduced in the results. We find that at high 

((+) 1.0 and (+) 0.5 V nm-1) positive electric fields using a pulling rate of 0.01 nm ps-1 

resulted in the COM separation distance between the TBA and the thrombin to be greater 

than half of the box dimension along the z axis. This violates the convention for the periodic 

boundary condition of a rectangular simulation box. Hence, a relatively slower pull rate is 

employed. Table 2 lists the details of the umbrella sampling simulations on the SMD 

trajectories for (±) 0.5 V nm-1 and (+) 1.0 V nm-1 cases. 

Table 2: Comparison of different US simulations 

Electric field 

(Vnm-1) 

Umbrella 

sampling 

windows 

Total simulation 

time (ns) 

Pull rate 

(nm ps-1) 

COM separation 

(nm) 

0 42 424.2 0.010 5.50 

(+) 0.5 38 383.8 0.008 4.90 

(+) 1.0 34 343.4 0.006 4.01 

(-) 0.5 41 414.1 0.010 5.36 
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A5: Choice of restraining potential for umbrella sampling: 

Pagano et.al studied the thermodynamics of the interaction of TBA with thrombin through 

isothermal titration calorimetry (ITC) experiments2. They assumed a single set of equivalent 

binding sites to determine the binding constant from which the binding Gibbs energy change 

was calculated. At 25 oC , the  ΔGbinding  calculated by them was about 9 kcalmol-1. The  

ΔGbinding calculated by Yang et al., from MD simulations, puts the value at 17 kcalmol-13. The 

ITC experiments did not permit a distinction between the two binding sites of thrombin as 

the titration data do not have distinct energy profiles and the value was measured based on 

the relative populations of the complex and non-complex forms. The Yang group argues that 

the ΔGbinding predicted by the MD simulations is larger than the experimental one because the 

simulation value is the free energy cost for a full separation of TBA from thrombin 3. They 

also used a very high force constant of 12560.4 kJmol-1nm2 and in their study the pulling 

coordinate is taken as the bond distance of the COM of TBA and the other end is the COM of 

the protein residues (Glu77-Lys81) enclosed by the TT loops of TBA. In the present study 

we instead take a much lower force constant of 1000 kJmol-1nm2 and our pulling coordinate 

is also different as described previously in the methodology section. We find that using a 

reduced force constant does not affect the convergence of the PMF. AFM pulling techniques 

have been utilized to unfold biomolecules like DNA hairpins to map the folding energy 

landscape by conducting equilibrium constant-force reversible folding-unfolding 

measurements. However AFM pulling experiments and data for TBA/thrombin complex, 

providing the ΔGbinding , is still not available. From the theory of the umbrella sampling 

method it is understood that the ideal restraining potential would be the negative of the exact 

PMF, which is unknown for the present problem. When the negative of the exact PMF is 
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used as the biasing potential it flattens the energy landscape and thus avoids the problem of 

getting trapped by large energy barriers. In absence of experimental data, researchers have 

used adaptive umbrella sampling method, multicanonical sampling method and the entropy 

sampling method, which unfortunately entail a lot of computational cost4, 5. 

All points along the reaction coordinate are to be sufficiently sampled for the WHAM 

method to produce a converged PMF. A necessary check for the convergence is the overlap 

and smoothness of the histograms generated from sampling of the reaction coordinate6, 7. The 

stipulation of this check ensures that all points along the reaction coordinate are thoroughly 

sampled in multiple simulation windows. These considerations determine the positioning of 

the umbrella sampling windows and the strength of the biasing potential i.e. the force 

constant. Proper sampling and thus the smoothness of the generated histograms also depends 

on the simulation time which is again constrained by computational costs. We have used an 

umbrella sampling simulation time of 10 ns per window against the 20 ns mentioned in the 

work by the Yang group3. We find that this does not greatly influence the smoothness of the 

umbrella sampling histograms. The histograms generated for the US simulations in the 

present study are shown in Fig. 29. An optimum simulation framework that can minimize 

simulation cost and still preserve the accuracy of the generated results will greatly depend on 

the nature of the system on which the MD simulations are performed. 
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A6: Average over MD simulations 

 

Each of the 5 ns electric field MD simulations and the 500 ps SMD simualtions were carried 

out 5 times to check the average behavior of the system under the different cases of electric 

field. The observations are represented in a tabular form as below:  

Table 3: Comparison of H-bond count for different electric field MD simulations 

 

It is observed that with increasing positive electric field the H-bond count per simulation 

frame decreases whereas for the high negative field of (-) 1.0 Vnm-1 because of reorientation 

of protein and promotion of newer interactions the H-bond count increases. At (-) 0.5 Vnm-1, 

the protein drifts away from the TBA and thus lesser H-bonds are formed towards the last 

part of the simulation. 

Electric field 

(Vnm-1) 

Average H-bond count per frame of a 5 ns electric field MD simulation 

#1 #2 #3 #4 #5 Average 

(+) 0.1 5.54 5.31 5.78 5.82 5.45 5.58 

(+) 0.5 1.48 1.37 1.68 0.98 1.52 1.41 

(+) 1.0 0.48 0.91 1.29 0.68 0.72 0.82 

(-) 0.5 3.26 2.53 3.35 3.49 3.16 3.16 

(-) 1.0 7.65 7.16 7.70 7.78 7.71 7.60 
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Figure 19 

The above figure shows the pull force experienced by the COM of thrombin under the 

electric field of (-) 0.5 Vnm-1. The 5 curves are from 5 different SMD simulations. The 

maximum force obtained from each of these 5 simulations are mentioned in Table 3. 

 

Table 4: Comparison of peak forces obtained from different electric field SMD 

simulations 

Electric field 

(Vnm-1) 

Peak force obtained from a 500 ps SMD simulation (kJmol-1nm-1) 

#1 #2 #3 #4 #5 Average 

0 1079.46 914.62 1120.32 1127.31 1053.71 1059.08 

(+) 0.5 668.09 807.48 752.66 769.45 768.81 753.30 

(+) 1.0 460.29 322.48 512.68 482.96 581.39 471.96 

(-) 0.5 1041.32 996.95 1047.54 1154.89 1129.01 1073.94 
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We find that from the average values of the 5 simulations that the peak force experienced by 

the COM of the thrombin during the SMD simulations are progressively lesser in magnitude 

with increasing positive electric field. It is also noted that the peak force for the electric field 

of (-) 0.5 Vnm-1, is somewhat higher than that observed in the neutral case. 

 

Exclusion of ligand OG6 from initial topology of MD simulations 

The ligand OG6 was excluded from the coordinate of the PDB file 1HAO while preparing 

the topology of the MD simulation. The small molecule OG6 is an inhibitor called D-Phe-

Pro-Arg-chloromethylketone (PPACK)8. It has got nonstandard residues which do not 

conform to the force field parameters used in the present study. OG6 is not associated with 

exosite-I of thrombin and the TBA/thrombin complex is found to be stable (without OG6) for 

long MD simualtions as described in figure S3. More details about OG6 are provided in the 

paper by Maitz et al. 8. 
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Figure 20 

The time evolution of backbone RMSD of thrombin, calculated with respect to the 

crystal structure, over the 50 ns unrestrained MD simulation is represented. The low 

average RMSD value of ~ 0.13 nm shows that the thrombin is stable over long simulation 

time. The ligand OG6 (used as an inhibitor for thrombin in laboratory applications) is 

excluded at the beginning of solvation as it does not interfere with the exosite-I of thrombin 

and the parameterization of non-standard residues could be avoided. However, it is 

imperative to check the stability of thrombin-aptamer complex on removal of a certain ligand 

molecule and hence the 50 ns simulation provided conclusive evidence for the same.  
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Figure 21 

 

The time evolution of the COM separation between TBA and thrombin is shown for a 

50 ns MD simulation where the system was put under an electric field of (+) 0.1 Vnm-1. 

The TBA is position restrained while the thrombin is free to move. However, it is observed 

that the COM separation (including the x, y and z components) is constant indicating that the 

TBA/thrombin complex did not dissociate. Same could be observed from the visualization of 

the simulation. 
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Figure 22 

The effect of (+) 3.0 Vnm-1 electric field on the structure of thrombin, as observed from 

the visualization of the corresponding MD simulation is shown. All images are rendered 

in VMD10 . The protein structure deteriorates rapidly with increase in simulation time in 

presence of the strong electric field.  
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Figure 23 

 

The comparative images obtained from the visualization of the positive electric field 

simulation on the thrombin-aptamer complex is shown. The snapshots are produced from 

the end of the 5 ns simulation. The designation is as follows: A: 0 Vnm-1, B: (+) 0.1 Vnm-1, 

C: (+) 0.5 Vnm-1, D: (+) 1.0 Vnm-1. It is observed that at higher fields there is gradual 

unfolding of thrombin due to distortion in protein secondary structure. The alpha helices and 

the beta sheets are found to be distorted to a greater extent with increasing electric field 

magnitude. The unfolding of the protein results in higher RMSD values as observed in Fig. 6. 
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Figure 24 

The time evolution of radius of gyration (Rg) of the thrombin protein under (+) 0.5 

Vnm-1 electric field, calculated for 4 ns of the 5 ns simulation, is shown. The thrombin 

exited the simulation box and hence the last 1 ns is excluded. The radius of gyration may be 

described as the mass weighted scalar length of each atom from the center-of-mass (COM). 

From the above figure it can be seen that the Rgremains fairly constant throughout the 

simulation time and this confirms that the globular protein structure did not experience 

unfolding and retained its shape under the effect of the electric field. 
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Figure 25 

The time evolution of RMSF (Root Mean Square Fluctuation) of thrombin residues 

under (+) 0.5 Vnm-1 electric field calculated for the last 1 ns of MD simulation time 

(while thrombin was inside the simulation box) is shown. RMSF is the time-average of 

RMSD (Figure 6) for each residue and shows the dynamic behavior of each residue. The plot 

shows that the thrombin residues, particularly those at the start of the backbone chain are 

fluctuating more indicating the effect of the stress induced by the electric field. 
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Figure 26 

The secondary structure evolution of thrombin, in presence of (+) 0.5 Vnm-1electric 

field is shown for the different residues till 4 ns of the 5 ns simulation. The thrombin 

exited the simulation box and hence the last 1 ns is excluded. It is noticed that even if the 

RMSD (Figure 6) and RMSF (Figure 25) show higher values due to the application of a 

moderately high positive electric field, the secondary structure does not change much. 

Secondary structure analysis is executed with the DSSP (Define Secondary Structure of 

Proteins) algorithm11. 
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Figure 27 

The SASA (Solvent Accessible Surface Area) calculation is shown for thrombin under 

(+) 0.5 Vnm-1 electric field. The thrombin exited the simulation box, upon unbinding from 

the TBA, and hence the last 1 ns is excluded. It is observed that the magnitude of the total 

protein surface area is almost conserved indicating that there is no ingress of solvent due to 

protein unfolding and the globular structure is maintained. As expected the ΔGsolvation for 

thrombin with respect to the water (solvent) is also conserved throughout the simulation. 
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Figure 28 

 

The association between the exosite-I residues of thrombin and the TT loops as well as 

the G2,G5 and G6 bases is observed in the MD simulation with an electric field of (-) 1.0 

Vnm-1. Normally the TBA interacts with the exosite-I residues through its TT loops. In the 

simulation the TBA was position restrained and the protein was allowed to move freely. As 

the simulation progressed the protein reoriented itself such that many new interactions were 

promoted because of the close proximity of the G2, G5 and G6 bases to the reoriented 

protein. All images are rendered in VMD10. The thrombin is represented in the New Cartoon 

format whereas the T12, T13 (yellow), T3, T4 (purple), G2 (red), G5 (blue) and G6 (orange) 

bases are represented in the licorice format. All other TBA bases are represented in the CPK 

format. For clarity of visualization, water molecules and ions are removed. 
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Figure 29 (a) 

 

29 (a): Umbrella sampling histograms for the different SMD simulations discussed in 

Chapter 2 are given. The designation is as follows: A: 0 Vnm-1, B: (+) 0.5 Vnm-1, C: (+) 1.0 

Vnm-1, D: (-) 0.5 Vnm-1. 

B A 

C D 
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Figure 29 (b) 

 

29 (b): Umbrella sampling bootstrap results with 100 bins for the different SMD 

simulations discussed in the text are given. The designation is as follows: A: 0 Vnm-1, B: 

(+) 0.5 Vnm-1, C: (+) 1.0 Vnm-1, D: (-) 0.5 Vnm-1. The length of the error bars is expected to 

decrease in length with longer sampling times. 
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Figure 30 

 

 

The PMF profile from two separate US simulations of the same SMD simulation 

trajectory is shown. 

Our results for two different US simulations with the same parameters conducted on two 

different SMD simulation trajectories with identical starting system are repeatable and 

reproducible. 

 

 

 

 

 

TBA 
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APPENDIX B.  STEERED MOELCULAR DYNAMICS SIMULATIONS OF 

THROMBIN-APTAMER COMPLEX 

 

Figure 31 

A typical SMD simulation showing the time evolution of force on the thrombin 

molecule, in MD simulation units. The information from this plot is utilized to calculate the 

loading rate associated with the corresponding simulation. 
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Figure 32 

A typical SMD simulation showing the force on the thrombin molecule with increasing 

center of mass (COM) distance from the TBA, in MD simulation units 
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