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ABSTRACT 

 

 

INVESTIGATION OF DYNAMIC ALLOSTERY IN MOTOR PROTEINS 

 

 

Allostery is a key concept in regulation of protein function. The communication 

pathways which are equivalent of the allosteric signaling or energy propagation pathways 

are the most significant aspect of allosteric mechanism. A Brownian dynamics simulation 

approach with force distribution analysis is proposed to determine key residues that have a 

role in allosteric signal transmission. Along, another stochastic approach -Monte Carlo 

path generation- is also implemented to define likely allosteric pathways through 

generating an ensemble of maximum probability paths. The force distribution analysis is 

tested on methionine repressor and purine repressor. The Monte Carlo path generation 

method is applied on various proteins such as PDZ domain, bovine rhodopsin and three 

different structures of myosin. The predicted residues that have a significant effect on the 

allosteric signaling are in agreement with the previous studies. As a case study, the main 

focus is Kinesin motor protein, which is a key element of cargo transport in intracellular 

environment. The ATP binding and the motility are directly related and communicated 

based on allosteric signaling in this molecule. The analyses based on both methodologies 

are aimed to define allosteric pathways and key sites in signaling. The predicted regions by 

both methods are successful in determination of the residues that plays a key role in 

signaling previously determined by other studies. Based on the graph centrality parameters 

and force distribution analysis, a novel allosteric site proposed (Cys 176). For the 

validation of algorithms as well as the specific allosteric sites therein, pulling experiments 

with atomic force microscopy are considered and performed experiments are simulated 

with some design plans proposed. The change in the rupture force by application of 

external force from different sites may provide information about the validity of the 

computational approaches and validate importance of the predicted sites. As a further 

study, three predicted sites will be tested via different functionalization methods. Overall, 

the proposed methodologies have potential to identify residues of importance in signaling 

event.  
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ÖZET 

 

 

MOTOR PROTEİNLERİN DİNAMİK ALLOSTERİSİNİN İNCELENMESİ 

 

 

Allosteri protein fonksiyonunun düzenlenmesinde anahtar bir kavramdır. İletişim 

yolları, allosterik sinyal veya enerji yayılma yollarının eşdeğeri olan, allosterik 

mekanizmasının en önemli yönüdür. Monte Carlo patika üretimi ve kuvvet dağılımı analizi 

allosterik sinyal iletiminde önemli rolü olan rezidüleri belirlemek için yeni yöntemler 

olarak önerilmiştir. Metodoloji genellikle hücre içi ortamda kargo taşımacılığı temel 

unsuru olan motor proteinlere uygulanmıştır. Kinesin proteini, ATP bağlanması ve 

hareketliliği arasındaki doğrudan ilgi ve allosterik sinyal geçişine dayalı iletişime bağlı 

olduğu için burada bir vaka çalışması olarak kullanılır. Analizlerin amacı bilinen önemli 

allosterik bölgeler dışında başka bir anahtar bölge bulmak olup, kullanılan iki metodun 

sonucunda yeni bir bölge grafik merkezi parametreleri ve kuvvet dağılım analizleri 

sonucunda önerilmiştir. Monte Carlo yolu oluşturma yöntemi için PDZ proteinleri, sığır 

rodopsin proteini ve kuvvet dağılımı için metionin represörü ve pürin represörü üzerinde 

test çalışmaları yapılmıştır. Tahmin edilen allosterik rezidüler önceki çalışmalar ile bir 

uyum göstermektedir. Algoritmaların doğrulanması için, atomik kuvvet mikroskobu ile 

çekme deneyleri yapılmaktadır. Farklı bölgelerden kuvvet uygulaması ile kopma kuvveti 

değişim hesaplanması, yaklaşımların geçerliliği hakkında bilgi verecektir. Önerilen çalışma 

olarak, yeni bulunan bölgeler farklı işlevlenme yöntemleriyle test edilecektir. Genel olarak, 

önerilen yöntemler sinyal olaylarının önemi olan rezidüleri tanımlamak için potansiyele 

sahiptir. 
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1.  INTRODUCTION 

 

 

1.1.  Allostery 

 

Allostery is a vital concept for protein activity especially in regulation. Many 

significant processes in cellular cycle such as enzymatic activity and binding are tuned by 

perturbation of the structure from a distal site such as ligand binding or chemical 

modification sites. In classical view of allostery, the signaling requires conformational 

changes [1-3]. Yet, the new view of allostery focuses on the presence of different 

conformational states and dynamics in allostery [4]. Therefore, the new view changes the 

perspective on allostery directly to multiple pathways instead of single common route [5]. 

An elusive and very significant concept is the propagation of a signal from binding sites to 

allosteric sites through non-covalent interactions via multiple pathways.  

 

The previous efforts to elucidate this phenomenon are generally based on 

experimental evidences. For instance, Nuclear magnetic resonance (NMR) is a commonly 

used instrumentation for investigation of the allosteric pathways [6-9]. Apart from NMR, 

the dynamics of allosteric events are key elements for determination of signaling pathways 

[7]. Another common study for resolving this problem is site-directed mutagenesis which 

involves in checking the activity of proteins in different conditions involving different 

mutations on the probable residues that plays a key role in allosteric signaling [10, 11]. As 

complementary to experimental studies, there are various computational efforts struggled 

for thoroughly investigation of allosteric signaling [5]. Those approaches involve in 

energetic connectivity from evolutionary data [12], anisotropic thermal diffusion [13], 

optimal path generation on residue networks [14], perturbation response scanning [15], 

Markov processes for information propagation [16], dynamics of proteins from modeled 

energy landscape [17] , geometrical interpretation of protein structure [18], interaction 

energy networks [19] and information theory [20].  

 

Along the same line of the latter studies, a new approach based on the Monte Carlo 

(MC) path generation was  recently proposed [21, 22] and implemented as a web server 
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called  MCPath [23]. It aims to characterize all possible allosteric communication pathways 

using an ensemble of highly probable pathways and also predict functional residues 

through the graph centrality parameters.  As demonstrated with the case studies on PDZ 

domain representative proteins, bovine rhodopsin and various structures of myosin proteins 

[23], this provides an ensemble of populated pathways different than generic single 

allosteric pathway defining algorithms. Here, MCPath has been used to predict plausible 

allosteric pathways.   

 

1.2. Force Distribution Analysis 

 

The question is how the perturbation that causes allosteric events is transmitted 

throughout the protein structure and what mechanism is involved in the propagation of 

signal. The mechanical responses of a protein as a result of force applied by the binding of 

a ligand may result in unfolding, activation and another binding [3]. It is known that the 

forces applied by binding events propagate through sites that are not directly related with 

those events. [24]. Yet, those sites may be related with the different cellular functions such 

as catalytic activity [25]. However, there is not any strict assumption for the propagation of 

perturbation that makes specific changes in the protein dynamics as to answer the first 

question. Therefore, the signaling will not necessarily cause a conformational change [26].  

The phenomenon allostery is stated as the transition between states called allosteric states 

which are pre-existing conformations that are more populated upon allosteric perturbation 

[27]. It is a known fact that allosteric perturbation at the regulatory site is very similar to 

the application of natural force such as a ligand force to that site. The perturbation 

dissipates in the structure as an internal strain and may result in physical events such as 

conformation changes and mechanical vibrations, yet the effect of perturbation dissipation 

on the signaling is more effective than the physical events [28]. The signal propagation is 

effective for cellular function and the efficacy of the protein is enhanced or reduced with 

this force application [29]. On the other hand, The allosteric effect does not always result in 

conformational changes as in the case of enzyme-receptor complexes [30]. In this case, the 

dissipation of the ligand force plays far more fundamental role to resolve allosteric 

phenomenon. The method called force distribution analysis allows to detect the internal 

stress propagation [24, 31, 32]. This is a very strong tool to predict the dissipation of forces 

such as ligand forces that will not lead to conformational changes. Therefore, the force 
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distribution analysis may be a very significant tool to decipher underlying mechanism 

beneath allosteric signal propagation. The conformational changes also plays a significant 

role in allosteric mechanisms however, it is known that the intrinsic dynamics of the 

structures are robust. Hence, the force distribution analysis may also be useful for systems 

with conformational changes.  

  

Force distribution analysis needs to be performed to determine the stress 

propagation computationally. The mechanism of force propagation on a protein structure 

still remains elusive. Modified molecular dynamics is a significant tool to investigate force 

dissipation [32]. The signal propagation may result in a change in the conformation, but 

there are still many cases that avoid conformational changes and triggers another allosteric 

event at a distal site [33, 34]. Some phenomenon namely mechanism of the robust 

immunoglobulin domains, stiff allosteric proteins, the von Willebrand factors in blood 

vessels and silk fibers are resolved with force distribution analysis [32].  

 

1.3. Motor Proteins (Kinesin) 

 

A synthesized molecule in a cell needs to be actively transported through directional 

cytoskeletal units to their appropriate destinations by molecular motors. Proteins are 

carried by various membranous organelles and protein complexes [35, 36]. The polarized 

cells such as neurons are very good case studies to investigate intracellular transport 

phenomena, since the transportation of proteins from nerve terminal to axons are vital for 

both survival and function [37].  

 

Three large protein super families have been identified among molecular motor 

proteins such as kinesins, dyneins and myosins [38]. Kinesins use microtubules as a path to 

transport cargo along and they use ATP driven chemical energy to perform conformational 

changes that provides motility [37]. Dyneins use microtubules as kinesins,  yet the motion 

is minus-end directed unlike kinesins which is backward motion of the motor proteins 

generally to the cell center. Myosins move along actin filaments to perform muscle 

contraction and short-range transports around plasma membrane. In this study, main focus 

will be on kinesin super family also known as KIFs.  
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Kinesin molecule is a homodimer with two identical cores (head) that binds 

microtubules and ATP. The identical heads are connected with a neck-linker which is a 

mechanical element that undergoes conformational changes in the presence of different 

nucleotide that enables movement of kinesin [39]. The neck-linker is connected to coiled 

coil that leads to binding to cargo protein. To avoid dissociation while making consecutive 

steps on microtubules, the two head domains needs to operate in coordination [40]. There 

are two different hypothesis to define motility of kinesin molecules one of which is hand-

over-hand walking [41] and the other one is inch-worm model [27]. The inch-worm model 

states that one head always the trailing head and the other one is leading head. On the other 

hand, hand-over-hand walking model states the presence of alternating heads as the lead 

head. In this study, the focus is hand-over-hand walking.  

 

The kinesin molecules move with hydrolyzed ATP. The rear head domain moves 

around 15 nm, whereas the other head does not translate due to strong binding to 

microtubule affected by the ATP binding event. This argument was corroborated by 

fluorescence imaging techniques [42]. In this model, the motion of kinesin molecule is 

from one monomer to consecutive monomer of microtubule molecule, namely α-tubulin 

and β-tubulin, similar to the movement of a person on a row of steeping stones [43]. The 

mechanism that lies under motility of kinesin molecule is elucidated [44] and the binding 

of ATP affects that motion [45]. The binding of ATP induce a conformational change on 

the structure of kinesin thus, the motion of heads are performed via energy and the 

allosteric signaling produced by binding of ATP [45]. 

 

In the absence of ATP, bounded ADP to kinesin molecule and the head domains are 

bound to the two tubulin binding sites. The neck-linker points forward trailing head and 

rearward on the leading head. The binding of ATP on the trailing head will initiate and 

complete the docking of neck-linker  to the leading head and it will rotate the trailing head 

to 160   forward toward to next tubulin site [46]. After this point, the trailing head moves 

forward and start to perform a diffusional search, new leading head tightly docks into next 

tubulin binding site which will complete 80   motion of the attached cargo. At this time, 

new trailing head completes hydrolysis of ATP and ADP-Pi complex remains. Then, 

another ATP molecule binds to new leading head and neck-linker begins to knot onto the 
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core [38]. The trailing head detaches its neck-linker after phosphorus release and it will 

complete its motion around leading head [39].  

 

The allosteric mechanism is a key for motility of kinesin molecule due to signaling 

event that is created by ATP binding and propagated through functional sites such as 

tubulin binding sites and neck-linker. In this work, it has  mainly investigated  by two 

computational approaches: force propagation analysis and MC path generation. The 

binding and unbinding events and their effects on the conformational changes are 

investigated for both monomer and dimer kinesin molecules.  

 

1.4. Atomic Force Microscopy (AFM) 

 

The atomic force microscope is a very well-respected device to study physical and 

biological structures and provides an exclusive window to the micro and nano scale 

environment of cells, organelles and biomolecules [47]. In a physiological environment, 

AFM has strengths compared to SEM and TEM since it does not require any additional 

requirements such as vacuum or metal coating.  [48]. In AFM the imaging is done by the 

interaction of probe with surface [49].  

 

One of the main advantages of AFM is that it provides imaging of the non-

conducting surfaces. Therefore, it could be easily extended to the biological systems as in 

the case of organic monolayers or amino acid crystals [50]. The analysis involved in 

studies related to nucleic acid analysis, protein complexes, membranes and peptides. The 

analysis are held on a coated glass or mica and in a buffer solution [51].  

 

Another useful area that the application of AFM provided significant advantage is 

the biomolecular interaction studies. The AFM can investigate force measurements for 

both specific and non-specific interactions such as DNA replication, protein synthesis, 

protein-protein, antigen-antibody interactions generally governed by intermolecular forces 

[52]. Also, AFM has an ability to measure the forces that are involved in binding in the 

order of pico-Newton range. This makes it possible to in biological systems in a large 

variety such as ligand-receptor interactions [53]. There is one other key aspect of AFM 
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studies that it can measure micromechanical properties in a living cell and membranes such 

as elasticity and viscosity [54].  

 

The allostery may be assumed as conformational and dynamics changes  due to the 

ligand binding. The ligand binding event that changes the stress profile of the structure 

may be mimicked by an external force from the  allosteric site. The recent studies 

investigated the application of force at the ligand binding region by AFM [55]. Therefore, 

the dissipation of mechanical stress over allosteric sites may result in the change in the 

inter-residue interactions that leads to the conformational and dynamics changes. Here, we 

aimed to determine the stress propagation profile on a kinesin structure with the 

computational method developed in this thesis, based on the force distribution analysis that 

would help to provide the molecular understanding of the events observed by the AFM 

experiments as well as validate the computational prediction.    
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2.  METHODS 

 

 

2.1.  Experimental Methods 

 

2.1.1.  Atomic Force Microscopy 

 

2.1.1.1. Fundamental elements of the atomic force microscope. In the simplest way, AFM 

performs scanning with a very small tip stick to the end of a flexible cantilever. The 

cantilever is controlled over a surface using a piezoelectric actuator. The cantilever deflects 

when it start to interact with sample molecules on the surface. Therefore, the tip-sample 

interaction can be monitored by optical means. The beam is reflected to a split photo 

detector which controls an optical lever which amplifies the deflected beam. This sensor is 

connected to a feedback circuit and it provides a control on tip-sample distance. This 

feedback signal is used for reconstruction of 3D sample topography and interactions which 

generally observed as an image in SEM and TEM. The relevant parts of an AFM device is 

in Figure 2.1.  

 

Figure 2.1.    Sample afm device.  

 

The common cantilevers are made of silicon materials or silicon nitride. There is a 

tiny pyramid called as tip at the end of cantilever. Yet, the selection of tips and cantilevers 

are dependent on the mode of AFM used. In static contact modes, the cantilever needs to 

have lowest stiffness value possible. 
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2.1.1.2. Force Spectroscopy. AFM provides measurements of forces in pico-Newton range 

under physiological conditions. The quantification of forces that are involved in cellular 

processes is a very interesting topic for many researchers. In single-molecule force 

spectroscopy, individual molecules are stretched and the force between surface and 

molecules are measured with respect to change in the loading rate. Generally, the elasticity 

of the molecules is larger than the binding forces hence the measurement is the binding 

force.  These properties are generally used for identification of mechanical properties of 

molecules such as elastic modulus, binding landscape or elongation profile. 

 

Various types of experiments such as pulling and rupture force measurements can be 

performed to determine the forces that involved in molecular recognition and binding. To 

this end, a functionalized cantilever with a protein and a sample consists of partner 

molecules are used for such experiments. The functionalized cantilever-protein or 

cantilever ligand complex by a linker is approached to surface of the sample which has 

receptors or other proteins that are attached to surface by a linker with a slow rate in micro 

scale and after surface contact occurred, the sample gently started to pull back surface with 

a known loading rate until the rupture event between protein and sample occurred. The 

deflection signal obtained by AFM is a way to determine the amount of force that is 

exerted for that rupture event. In this experiment, biotin functionalized cantilever is used. 

Avidin, a strong pair constructing molecule with biotin, is made a complex and approached 

to surface. The cantilever is slowly pulled off from surface and the deflection signal 

obtained by diode is transformed to force measurement.  A sample force spectroscopy 

equipment is shown in Figure 2.2.  
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Figure 2.2.    Sample force spectroscopy equipment [56]. 

 

2.1.2. Materials 

 

2.1.2.1. Kinesin and Microtubules. Kinesin that is used in experiment is expressed for 

human and extracted from fruit fly (Drosophila Malingaster) and purified in the Center for 

International Research on Micro Mechatronics (CIRMM) at the Institute of Industrial 

Science, The University of Tokyo. The kinesin molecules are truncated after 410 amino 

acids and functionalized with biotin at the tail section.(kin410-BCCP). The motor domain 

of kinesin that is used in this experiment is in protein family of KIF5. Microtubules are 

used as sample molecules on surface that kinesin molecules interact with. For this 

experiment, due to high affinity with silica, microtubules are sticked to surface. Therefore, 

polymerized microtubules molecules are prepared and used. The microtubule solution has 

concentration of 20 µM.  These molecules are obtained from the Center for International 

Research on Micro Mechatronics (CIRMM) at the Institute of Industrial Science, The 

University of Tokyo. 

 

2.1.2.2. Reagent Molecules. Buffer solution that is used in experiment is also known as 

BRB80. BRB80 means 80mM PIPES buffer at 6.8 pH containing 1mM EGTA and 1mM 

MGCl2. In the experiment, BRB80 solution is generally used for dilution. Taxol, GTP and 

MgSO4 are reagents that are used for stabilization of polymerized microtubules. The 

concentrations of stabilizing agents are 4 mM for taxol, 0.1 M for MgSO4 and 0.1 M for 

GTP.  This solution is obtained from the Center for International Research on Micro 

Mechatronics (CIRMM) at the Institute of Industrial Science, The University of Tokyo. 
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Apart from these, streptavidin molecules are purified and obtained from Sanyal Group, 

Bogazici University.  

 

2.1.3.Experimental Procedures 

 

2.1.3.1. Functionalization of Cantilever Tip. It is possible to purify kinesin molecules with 

biotin addition on the outer region and for the functionalization of biotin coated cantilever 

tips streptavidin is used. Biotin coated cantilever and streptavidin mixed in a solution and 

due to high affinity between biotin and streptavidin, streptavidin molecules are bonded 

with biotins. The biotinylated kinesins are added to solution and after 30 minutes of 

incubation biotin coated cantilevers formed a complex of biotin coated cantilever, 

streptavidin and biotinylated kinesin.  

 

2.1.3.2. Polymerization. For kinesin studies, monomer forms, α/β tubulin molecules, are 

polymerized. For this purpose, tubulin solution is concentrated to 1mM and GTP-MgSO4 

solution is added. The solution is incubated at 37   for 30 minutes. Finally, taxol solution 

is added until the taxol concentration level reduce around 20-40 µM after incubation. 

 

2.1.3.3. AFM Experiment. In the experiment, cantilever functionalized with kinesin is 

approached slowly to surface covered with polymerized microtubule molecules and buffer 

solution. The cantilever is approached to surface with a velocity of 1, 3 and 10 µm/s. After 

contacting with surface the cantilever is moved back in same direction with a small 

velocity. The result of elongation is the rupture of bonds between microtubules and kinesin 

molecules. To determine the unbinding events, the deflection signal coming from 

cantilever to diode is used. Deflection data is processed and the force exerted on unbinding 

are determined. The experimental setup is displayed in Figure 2.3 below.  
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Figure 2.3.    Experimental setup. 

 

2.2. Computational Methods 

 

2.2.1. Structures 

 

2.2.1.1. Kinesin. Kinesin is a motor protein that is mainly operated as cargo transporters in 

cellular environment. In this study, two representatives of kinesin molecules, Drosophila 

Malingester Dimer Kinesin (PDB ID: 3KIN)  and Human monomer kinesin molecule 

(PDB ID: 1BG2) [57] are investigated.  

 

The X-ray crystal structure of Drosophila Malingester (3KIN) [58] at 3.1 A 

resolution is shown in Figure 2.4. It is a large dimeric protein with 710 residues. It has two 

head domains (1-331) and a neck linker (332-337) between two heads (orange). There is 

also a tail section at C terminus which is consists of two alpha-helices.. In Figure 2.4a, the 

functional regions for motility are colored: The tubulin binding sites (143-168,234-

293)(red and magenta), the ATP binding site (88-93)(blue spheres), the neck (332-

337)(orange). The chains A and B are colored in red with green, respectively. 
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Figure 2.4.    Structure of dimer kinesin molecules. 

 

The other kinesin structure investigated in this work is a human kinesin (PDB ID: 

1BG2); X-ray crystal structure at 1.9 A resolution. The structure has 340 residues. 

However, as the dimeric form is not available, the neck-linker and the other domain are 

modeled using the monomer and another human kinesin structure (PDB ID: 1MKJ). In 

Figure 2.4b, the functional regions for motion of kinesin structure are colored: The tubulin 

binding sites (red, magenta), the ATP binding site (blue), the neck linker (orange). 

Residues in each of these functional sites are as in Drosophila Malingester kinesin 

structure. Also, the chain A (green) and the chain C(cyan) are marked.   

 

3.2.1.2. Methionine Repressor. Methionine repressor is a very common protein that is 

investigated for the long-range allosteric communications [59]. Methionine receptor is a 

transcription factor in E. coli and a controller that regulates genes for methionine 

biosynthesis. The activation-deactivation scheme of repressor protein is a result of 

allosteric communication upon binding to operator protein. The protein structures (PDB 

ID: 1CMA, 1CMB, 1CMC) [60, 61] are investigated here.  

 

The structure of methionine repressor in various states. DNA bound (1CMA, 2.8 Å) 

[60] , ligand bound (1CMC, 1.8 Å) [61] and  unbound (1CMB, 1.8 Å) [61] are shown in 

Figure 2.5. The structure is a dimer with 208 residues of each monomer. This structure is 

mainly used as a test case to determine the pathway of the force distributes from the know 

ligand binding site to the allosteric site namely DNA-binding site. The results of force 

distribution analysis by Brownian Dynamics simulations in the present work will be 

compared with those of MD simulations performed for force dissipation [24].  
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Figure 2.5.    Structures of methionine repressor.  

 

In Figure 2.5, three structures of methionine repressor are given. The DNA-bound, 

unbound and ligand bound structures of methionine repressor are given in a,b,c, 

respectively. In all figures, the chain A is colored with green and the chain B is colored 

with cyan. The ligand binding sites are marked as blue and the DNA binding sites are in 

red. The DNA-binding residues are K17, K22, K23, I24, T25, R40, T52, N53, S54 and the 

ligand binding residues are E39, R42, R42, L56, E59, H63, A64, F65, L70, P71. The 

ligand is S-Adenosylmethionine (SAM) molecule.  

 

3.2.1.3. Purine Repressor. The purine repressor is one of the most common protein 

structures that are used to elucidate long range allosteric signaling phenomena. In this 

study, the monomer structure of purine repressor is studied. (PDB ID: 1WET) [62]. This 

transcription factor binds to repressor protein and affects the DNA binding. This structure 

is used as a test case for long-range allosteric signaling.  

 

Figure 2.6.    Structure of purine repressor. 

 

In Figure 2.6, the monomer structure of purine repressor is visualized as green. The 

DNA-binding regions are colored as red and the ligand binding site is colored as blue. The 
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DNA- binding residues are V13, S14, T16, T17, L54 and K55 and, the ligand binding 

residues are A71, Y73, F74, R190, T192, R196, F221, D275.     

 

2.2.2. Force Distribution Analysis 

 

The motion of the protein is represented by Brownian motion. For each i
th 

interaction 

center, the Brownian motion is given by Langevin equation.  
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where m is the mass of interaction center, r is the position vector, ξ is the friction 

coefficient, V is the potential energy function and A is the Gaussianly distributed 

stochastic force. This is a second order ordinary differential equation and in high friction 

limit this equation reduces to first order Langevin equation.  
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where β is defined as the ratio    . For the Gaussianly stochastic force the mean is zero 

and the covariance matrix is defined as  
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where kB is the Boltzmann constant, T is the absolute temperature and I is the identity 

matrix of order 3 and δij is the Dirac delta function and u is unit step function.  

The potential energy function used in simulations is GNM potential [63] defined as  
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where γ is the bond constant, Δri is the change in the position vector of i
th 

interaction 

center, u is unit step function, rcut is cutoff distance and rij is the distance between residues i 

and j.  The force is calculated by taking derivative of this potential with respect to position 

and the bond constant γ is determined arbitrarily based on the fluctuation profile of the 

protein. Therefore, the relative values of gamma are more significant for simulations.  

 

In simulations, the mass of interaction centers are taken as 0.14 kg/mol, bond 

constant is 0.5 kmol/A
2 

, β is 1.0 x 10
5 

/ ns for 400 K. The Brownian dynamics simulations 

are performed by numerical integration of N differential equation of motions given by (2.2. 

The second order Runge-Kutta method is adopted for the integration of the differential 

equation. The details are described in Appendix A. The time step is selected as 10 fs. The 

process is discrete and Markovian, therefore, the trajectory is generated at the integer 

multipliers of the time step and the further step is generated from latter step of integration. 

The interaction centers are selected as the C
α atoms and the coordinates are obtained from 

Protein Data Bank files. The average simulation time for simulations is 10 min/ns.  

Two analyses are performed based on the generated trajectories. The first one is the 

temperature factor analysis based on the mean-square fluctuation of the residues in 

structure. The beta-factors are directly proportional to mean square fluctuation values.  
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Those obtained temperature factor values are normalized and compared with the 

experimentally determined ones.  

 

Second analysis is the propagation of energy in the perturbed structure. For this 

purpose, a force is applied to the system from the ligand binding site and the potential 

energy contribution of each interaction is calculated as 
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The residue energy profile is related to the distribution of force on the structure. The 

results of the ligated and unligated simulations are compared and the distribution of force 

is suggested.  

 

2.2.3. Monte Carlo Pathway Generation 

 

3.2.3.1. Interresidue Interactions. The generation of pathways and calculation of network 

parameters such as closeness and betweenness are based on the Interresidue interactions. 

The interactions between amino acids are determined in atomistic scale and the 

consolidation of attraction and repulsion are defined by Lennard-Jones 12-6 potential.  
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In the formula above, the σ and ε are corresponded to the collusion diameter between 

two atoms and the minimum energy that is viable between two atoms, respectively. The 

term r is the distance between two atoms. The σ and ε are specific for residue and atom 

type and obtained experimentally. To simplify calculations, the energy value for distances 

less than defined minimum radius are assumed to be on the same energy with the minimum 

radius. The minimum radius is calculated with following equation:  

 

 6
min 2r  (2.8) 

 

Due to the presence of this simplification in energy function, the repulsion term in 

Lennard-Jones potential is disregarded. Another simplification is applied to energy 

function for distances greater than a certain cut-off value. It is assumed that the energies of 

residues that have a distance greater than the cutoff value are equal to zero. For a protein 

structure with M atoms and N residues, the interatomic energies are calculated and stored 

in a matrix with size MxM. The modified Lennard-Jones potential is plotted in Figure 2.7.  

 

After generation of interatomic energy matrix, all energy values are added up to 

obtain a single value for each residue. Therefore, an energy matrix with NxN dimension is 
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obtained. Each element on this matrix denotes an interaction energy between i
th 

and j
th

  

residues.   

 

 

Figure 2.7.    Comparison of Lennard-Jones and modified Lennard-Jones potential. 

 

3.2.3.2. Path Generation. From inter-residue energy matrix, by using Boltzmann weight, a 

statistical weight matrix is obtained with following equation:  
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After normalization of the rows of statistical weight matrix, the square probability 

matrix with dimension NxN is obtained. However, a second normalization is performed to 

assign zero value to minimum probable ones. Then, the normalization is conducted again 

and the final version of the probability matrix is obtained with following equation:  
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The path generation is performed based on the probability matrix. For generation of 

pathway from residue i, a uniformly distributed random number between 0 and 1 is 

generated. By adding each non-zero element, a group of ranges are generated on i
th

 row. 
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Depending on the range that the random number stands, the path is generated through that 

residue. After each step, the probability matrix is regenerated by nullifying the columns of 

the visited residues to prevent pathways to revisit previous residues. 

 

This path generation method is implemented in three different schemes. The first 

scheme is to generate an ensemble of pathways between initial and final residues. The 

second scheme is to generate an ensemble of pathways with known initial residue and step 

length. The final scheme is to generate infinitely long pathways to build up a network of 

pathways and calculate the centrality parameters for pathway network.  

 

3.2.3.3. Analysis of Pathways. In the first two schemes of implementation of path 

generation, the frequency of a pathway in the ensemble of pathways is the only key 

parameter. The pathways are ranked in the order of frequency of a pathway in the 

ensemble and named as populated pathways. However, it is very hard to find a repeating 

pathway for pathways with large number of elements. To this end, the probabilities of 

selected steps are added and the pathways are ranked with their total probability values in 

case there is not any populated pathway. These pathways are named as probable pathways. 

Apart from these, Feng-Doolittle algorithm, a multiple alignment algorithm, is 

consolidated with a single linkage clustering and pathways are clustered and the best 

representatives of three clusters are selected as most probable or popular pathways. The 

detail of this algorithm is described in Appendix B. 

 

For the final scheme, an infinitely long path is generated at least in the order of 10
5
. 

These pathways are starting from a random residue and generated until number of steps are 

reached by passing through residues more than once. A network consists of those pathways 

are generated and graph centrality calculations are performed. The closeness and 

betweenness centrality values are used for identification of functional residues.  

 

The closeness of residue i, Oi, is the inverse of the average of the all shortest paths 

from residue i to all other residues and defined as follows: 
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where N is number of residues and lij is the shortest path between residue i and j.   

 

The betweenness of residue k, bk, is the ratio of times that the node k stands on any 

shortest path pair in all network to number of all shortest path pairs and defined as follows:  
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where gikj is a binary value and 1 if the node k is on shortest path between i and j, 0 

otherwise. gij is another binary value and 1 if the i and j are not equal, 0 otherwise.     
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3.  RESULTS AND DISCUSSION 

 

 

3.1.  Monte Carlo Path Generation 

 

3.1.1. Analysis of Pathways 

 

The dimer kinesin structure is analyzed with graph centrality parameters and the 

various pathways generated between different functional sites. The motility of kinesin 

structure is provided by the ATP binding. Hence, the interaction between tubulin 

molecules is directly related with the ATP binding. Therefore, there has to be a signaling 

pathway between ATP binding site and tubulin binding sites. There are two known tubulin 

binding sites (144-165, 234-293) and one ATP binding site (88-93) and pathways are 

generated between the ATP binding site and these two tubulin binding site which belongs 

to same chain for human dimer kinesin structure (PDB ID: 1MKJ) [64]. Also, the analyses 

are performed for Drosophila Malingester kinesin structure yet not included in the thesis 

and available at MCPath server.  

  

For human kinesin structure (PDB ID: 1MKJ), three most probable pathways are 

identified based on sequence clustering of top one hundred most probable pathways and 

the best members of these three clusters are plotted in Figure 3.1 and Figure 3.2 and 

tabulated in Table 3.1 and Table 3.2 .  

 

Table 3.1.    Best members of the probable pathway clusters between ATP binding site and 

first tubulin binding site. 

 

Cluster 1 90A 91A 231A 206A 190A 148A 150A 

Cluster 2 90A 92A 96A 134A 146A 147A 150A 

Cluster 3 
90A 92A 231A 206A 145A 189A 148A 

149A 147A 150A     
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Figure 3.1.    Populated pathways between ATP binding site (90) and first tubulin binding 

site (150). 

 

The tubulin binding sites are marked with red (144-165) and magenta (234-293) and, 

the ATP binding site (88-93) is colored as blue. The residues belong to the most, second 

most and third most populated clusters are presented in cartoon in Figure 3.1a,b,c; 

respectively, in gray spheres. The ensemble of most probable a hundred pathways are 

clustered into three groups and these residues are generally in the same region of structure 

(S206) since it is a central position on structure that lies between those two sites. The 

clustering method works fine because the best members obtained always lies in the top ten 

pathway means that the other probable pathways are rooted based on the top ten pathways. 

The ATP binding site lies in the core of protein structure and the tubulin binding site 

periphery is close to this site in terms of most populated pathways. From these pathways, 
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the residue S206 is found to be a key in allosteric signaling network which is a residue that 

does not lie in tubulin binding region unlike all the other residues in populated pathways. 

Also, the conservation score of this residue is 9 that is a highly conserved residue which 

may have a functional importance [65].  

 

Table 3.2.    Best members of the probable pathway clusters between ATP binding site and 

second tubulin binding site.   

 

Cluster 1 90A 91A 232A 282A 280A  

Cluster 2 90A 87A 232A 234A 282A 280A 

Cluster 3 90A 91A 230A 232A 282A  

 

 

 

Figure 3.2.   Populated pathways between ATP binding site and second tubulin binding 

site(280). 

 

In Figure 3.2, the best members of the clusters of the most probable hundred 

pathways between ATP binding site (90) and second tubulin binding site (280), which are 

selected based on the central position in sites, are visualized in a,b,c with descending 

probability. The color code is as in Figure 3.3. This tubulin binding site covers a large area. 
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It starts from G234 and ends at N293. It is seen that in the best members of the most 

probable clusters, the residue L232 is on the allosteric signaling pathway. The distance 

between the signaling starting point (90) and the end point (280) is 24   however, the 

signaling pathway is passing through residue L232 and reach the second tubulin binding 

site. Also, the conservation score of this residue is 9 [65] and a catalytic residue lies at 

S235 [66]. Hence, the catalytic residue affects the signaling when the ATP binds and the 

structure display conformational changes.   

 

The motility of the kinesin protein is dependent on the motion of the neck linker 

between two head parts of dimeric kinesin structure. Therefore, pathways are generated 

between the two tubulin binding sites (143-168, 234-293) and the neck linker region (332-

337) [64]. The best members of the most popular two clusters are shown below. The third 

cluster is very similar to the first cluster obtained from agglomerative clustering. 

Therefore, only two clusters are visualized.   

 

 

Figure 3.3.    Pathways between neck linker region (335) and first tubulin binding site 

(150). 

 

In Figure 3.3, the human kinesin structure and the populated pathways between neck-

linker and first tubulin binding site are visualized. The color code is the same as Figure 3.2. 

The arrows guide the pathway that allosteric signal propagates. The simulations are 

performed as taking the tubulin binding site as starting point and the neck linker region as 

end point. It is seen that the signal leaves from tubulin binding site and propagates through 

opposite peripheral region of the protein via two parallel pathway. I142 is the common 

residue in the most popular pathways which has a moderate conservation score. The pre-

existence of the parallel pathways is a new notion in explanation of allosteric phenomena 

[5]. The old view still states that the signaling passes through single path and definitely 

result in conformational changes.  
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Figure 3.4.   Pathways between neck linker region (335) and second tubulin binding site 

(280). 

 

In Figure 3.4, the best members of the most probable pathways between the neck linker 

region and the second tubulin binding site are visualized on kinesin structure. The color 

code is the same as in the previous figures. Interestingly, both of the most popular 

pathways are passing through the first tubulin binding site unlike the pathway generated 

for first tubulin binding site. It has been known that in the binding and unbinding events of 

kinesin molecule, both binding sites work cooperatively and the allosteric mechanism 

induces the events with the signal coming from the motion of neck-linker [67]. Thus, this 

common route is a sign of cooperativity between two binding sites. Also, the allosteric 

signal coming from first tubulin binding site may propagate through two distinct paths one 

of which is on the N-terminal region (1-10) of the protein and the other one passes through 

the anti-parallel β-sheets in the core of protein structure (210-230).    

 

3.1.2. Graph Centrality Analysis 

 

The centrality parameters of graphs produced from the kinesin structure is also 

analyzed for prediction of functional sites. The closeness and betweenness centrality values 

of each residue are calculated and regions that might play a key role in cellular processes 

or allosteric signaling are determined.  

 

In Figure 3.5, the closeness values (b) and the local maxima of closeness values are 

shown (a) and tabulated. The functional regions are tubulin binding sites (red and magenta) 

and ATP binding site (blue) are represented as cartoon. The closeness value of a specific 

residue is the inverse of the average of the length of shortest paths between a specific 

residue and all the other residues and calculated from Equation 2.11. In general, the 
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residues with high closeness values are around neck-linker region since there is a strong 

signal transmission between two heads for the motility of kinesin structure that is provided 

by the cooperative motion of the heads of kinesin molecule.  Apart from those residues in 

neck linker region, there are also some other functional residues that are scattered around 

the tubulin binding sites (164, 285) and ATP binding site (77).  

 

 

 

Figure 3.5.    Closeness values and representation of local maxima values. 

 

In Figure 3.6, the betweenness values (b) and the cartoon representation of local 

maxima of betweenness values (a) are visualized. The functional elements are marked on 

the structure such as ATP binding site (blue) and tubulin binding site (red and magenta). 
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Figure 3.6.    Betweenness values and representation of local maxima values. 

 

The betweenness value is a reflection of the likelihood of a residue being in the each 

shortest path pairs. Due to the characteristics of protein, the local maxima values of 

betweenness plot are generally around the neck-linker area. All the shortest paths between 

residues on different heads have to pass through neck linker region, therefore these values 
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are greater than the other residues. However, there are also some other residues that are 

involved in strong signal propagation in other words allosteric signaling which are not in 

the neck-linker region. Those residues are close to tubulin binding sites 

(142,156,158,162,164) and ATP binding site (77).  

 

To identify a different site that plays a key role in allosteric signaling, the local 

maxima values of the closeness values are used. It is suggested that C176 is a plausible 

allosteric signaling site even if it is on outer surface of the protein structure. This residue 

differs from other residues in terms of conservation score, high closeness value, close 

distance to hinge residues. This residue could be a plausible site that could be studied by 

the AFM experiments. It has ten times larger solvent accessible surface area compared to 

other cystine residues on the structure. The presence of sulfhydryl group in cystine residues 

allow the functionalization of the kinesin with maleimide group from this region and 

provide an alternative way to determine some mechanical properties other than the 

functionalization of coiled coil region with biotin-streptavidin functionalization.  

 

3.2. Force Distribution Analysis 

 

3.2.1. Methionine Repressor Results 

 

Methionine repressor protein is a transcription factor that plays a key role in cellular 

process transcription. Main function of this protein is the binding of S-Adenosylmethionine 

(SAM) and following an increase in the affinity of DNA binding. For these two processes 

inducing each other, there should be allosteric signal propagation between the ligand and 

DNA binding sites.  

 

In order to investigate the fidelity of the Brownian dynamics (BD) simulations 

without the application of force, the BD simulations is applied to methionine repressor 

structure (PDB ID: 1CMA) [60]. The normalized version of the experimental temperature 

factors and the normalized temperature factors that are obtained from BD simulations for 4 

ns are plotted in Figure 3.7. 
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Figure 3.7.    Temperature factors for methionine repressor. 

 

The temperature factors that are obtained from the BD simulations without the 

application of ligand force are similar to the experimental results. For further analysis, the 

linear correlation coefficient calculated between experimental and simulation results are 

0.77. This difference may result in due to the presence of ligand in the real structure. The 

difference between experimental and simulation results are scattered around the ligand 

binding sites (39,42-43,56,59,63-65,70-71) and the DNA binding sites (17,22-25, 52-54). 

This result implies that a fast algorithm with a simple potential provides realistic results.    

 

Following, the ligand force applied to the system and the distribution of the force is 

investigated with the BD simulations. The residues close to the ligand center are affected 

by the force. The amount of the force is scaled with the variance of the random force and 

inversely proportional to the distance to the ligand center. The direction of the force is 

from center of ligand to the ligand binding residue. The difference between the energy of 

the unligated and ligated simulations could be considered as an indicator of the force 



29 

 

 

propagation In Figure 3.8, the energy difference between with and without ligand 

simulations are plotted.  

 

 

 

Figure 3.8.    The difference in the energy for perturbed and unperturbed methionine 

repressor. 

  

The force applied from residue scattered around two ligand binding sites 

(38,41,42,55,58,59,66,69,70) on both chains. The energy is generally transferred to regions 

with functional importance. The Arg40 is known as the residue that plays a key role in the 

propagation of the energy. The region lies between residues 52 and 54 is a DNA-binding 

region and it has an energy gain in the application of the ligand force even though it is 

lower than the ligand binding residues need to be decreased for ligated state. However, the 

energy increase in a residue is an implication of the force dissipation through that point. 

Also, there is not any force application on the N-terminal region of the protein (5-15) yet, 

there is an energy increase in those parts of protein which are at a moderate distance from 

the ligand binding site. Hence, the force is propagated through these regions via the 

changes in the dynamics of the ligand binding regions. The distribution of the force on the 
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structure is displayed on the Figure 3.9. The peaks on the energy values are marked with 

wheat spheres. Those residues are on the path from ligand binding site to the DNA-binding 

site.    

 

 

Figure 3.9.    The force propagation on the structure of methionine repressor.  

 

There is another force distribution software is available as a patch in molecular 

dynamics program Gromacs [68]. The results obtained from force distribution algorithm 

for methionine repressor are very similar with the results from Gromacs.   

 

The change in force with respect to time is displayed in A. It is seen that  there is a strict 

increase in the energy of beta sheet near the DNA-binding region (27-29) in the first cycles 

of simulations yet, the energy drop downs in the equilibrated structure. This is an 

indication of fast force propagation through this region. The energy values are higher 

compared to unligated simulations. The reason is simple that the perturbation applied to 

system generally increases the motility of the protein. Therefore, the energy values are 
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higher unless there is an energy barrier or force exertion due to the functional events such 

as DNA-binding. 

 

3.2.2. Purine Repressor Results 

 

Purine repressor is a very well-known protein in the lac repressor family. It is a 

transcription factor that involves in coding of genes in the synthesis of proteins that are 

significantly useful in lactose metabolism. The main function of the purine repressor is the 

binding of guanine (GUN) and the induction of DNA-binding via allosteric signaling. 

 

 

 

Figure 3.10.    Temperature factors for purine repressor. 

 

 Figure 3.10 shows the normalized residue mean-square fluctuations by the BD 

simulations and by the x-ray crystallographic temperature factors. The temperature factors 

are similar for the regulatory domain (56-338), however due to the absence of DNA in 

simulations, the DNA-binding region has high fluctuation values compared to the 
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experimental ones. The addition of the DNA-molecule into the simulations may result in 

better temperature factors.    

 

The distribution of forces applied from the binding site passes through the linker 

region to the DNA-binding region. The ligand force is applied as in the case of methionine 

repressor to ligand binding sites (65-66, 69-72, 122, 184-185, 188-191, 218-219, 229, 244-

246, 248, 272-273). In Figure 3.11, the change in the energy of each residue with the 

application of ligand force after 30 ns.  

 

 

Figure 3.11.     The difference in the energy for perturbed and unperturbed methionine 

repressor. 

  

The linker region between DNA binding domain (1-56) and regulatory domain (60-

338) is mobile/flexible and has a high energy (57-59). T59 is on the linker region and has a 

high energy. Also, S48 is close to DNA-binding regions and may play a key role on the 

allosteric signaling. The residue A71 is the ligand binding site. Due to the external force on 

this region, it has a high energy value. The residues between residues with following id 

numbers: 118-121, 142-144 and 156-159 are the internal β-sheets that are involved in 
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signal propagation between linker region and the ligand binding sites. All the other high 

energy values are in the ligand binding domain and mostly affected by the close distance to 

the ligand binding region unlike the linker region. The regions that have high energy gain 

are shown in Figure 3.12.  

 

 

Figure 3.12.    Energetically affected regions on purine repressor.  

 

In Figure 3.12, the DNA binding site (red), linker region (cyan), parallel β-sheets 

(magenta) and ligand binding region (orange) are colored. It is seen that applied force from 

the ligand binding site only propagates in the direction to DNA binding domain. The 

consolidation of these ligand binding regions, internal parallel β-sheets and linker region 

construct the pathway between ligand and the DNA. Therefore, the induction of 

transcription event is triggered with the binding of ligand to the ligand binding region. 
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Figure 3.13.    Purine repressor force change with respect to time. 

 

 

In Figure 3.13, the energy values for each residue at different times of simulation are 

plotted. It is seen that the ligand binding regions directly start with high energy compared 

to other residues. However, after a certain time, there are some residues, especially in the 

linker region and DNA-binding region, start to gain some energy after internal strain 

propagation to these sites.  

 

3.2.2. Kinesin Results 

 

Kinesin protein is one of the motor proteins which has a lot of functionalities in 

cellular transport. This protein has a walking motion on the microtubules via different 

conformation changes. This motion is induced by the binding of ATP and allosteric 

signaling to the neck linker and tubulin binding sites. Also, the AFM experiment is 

mimicked with the force distribution analysis method.  

 

Firstly, the unperturbed kinesin simulations are performed and the normalized 

temperature factors are compared with the experimental results in Figure 3.14. The values 
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are generally correlated and the calculated linear correlation coefficient is 0.78. Only some 

regions that are affected by the ATP binding or tubulin binding are mostly differing from 

the experimental results.  

 

 

Figure 3.14.    Temperature factors for kinesin molecule. 

 

An AFM experiment is performed by applying force from the coiled coil region 

(A338-A345). Therefore, the same effect is simulated and the distribution of the force is 

investigated.  
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Figure 3.15.     The difference in the energy for perturbed and unperturbed kinesin 

molecules. 

 

The Figure 3.15 shows the distribution of the force applied from coiled-coil region to 

both monomers on the kinesin structure. It is seen that the force applied from the coiled-

coil region (A338-A345) affects the functional sites in general. Two of the peaks show the 

ATP binding site (A91, A436). The ATP binding site is one of the significant sites for the 

motility of the kinesin structure.  The peaks at the core of protein (A224,A232) are in the 

agreement with the predictions by the Monte Carlo path generation. Also, the suggested 

residue for experiment, Cys 176, has an interesting response to the ligand binding. This 

residue decreased its energy upon ligand binding which may be another ligand binding 

region or force application point for the structure. Also, the sites are displayed in cartoon 

representation in Figure 3.16 . The color code is same as in previous kinesin figures. Also, 

the orange residues are the allosteric residues that are evaluated with both methodologies 

and the gray residues are the proposed allosteric site and also a tubulin binding site (C162) 

is evaluated on the other monomer.  
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Figure 3.16.    Structural representation of force distribution for kinesin. 

 

The time dependency of the force is also investigated. The energy distribution at different 

points of simulations is plotted in Figure 3.17. The initial impact of the perturbation affects 

mostly ligand binding sites and interestingly tubulin binding sites (A144,C162). However, 

the perturbation stabilizes in the end of a certain period. The proposed region lost energy 

rapidly and after a certain while the energy lost decays. Yet, the ligand binding sites and 

affected regions such as neck linker have still energy gain.  
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Figure 3.17.    Kinesin molecule force change with respect to time. 

 

To understand the force propagation through ATP binding, an external force is 

applied from the ATP binding sites on one of the monomers since in reality the two ATP 

molecules bind to kinesin at distinct times  (A91). The results are shown in Figure 3.18. 

The ATP binding effects firstly the ATP binding site and the sites around the tubulin 

binding sites (A230,A232).  Also, the energy of tubulin binding site residues are  generally 

close to the energy of the unperturbed structure except the tubulin binding site on the 

second monomer.  Therefore, the signaling is propagated through distribution of forces 

until reaching the allosteric site. The distribution of the forces on the structure is visualized 

in Figure 3.19. The figure is not symmetric since the force is applied from only one of the 

ATP binding sites. 
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Figure 3.18.    The difference in the energy for perturbed and unperturbed kinesin 

molecules via ATP binding. 

 

 

Figure 3.19.    Distribution of forces by ATP binding. 

 

The time dependence of the energy is also plotted in Figure 3.20. It is seen that 

generally tubulin binding regions (A145,A 238,A264,A283) are affected by the application 

of force at the start of simulation in the monomer that force is applied. However, those 

residues will come to equilibration and the other regions especially neighboring residues of 

the starting and the end points of the tubulin binding sites (A230,A232, A302,A306) are 

mostly affected. Also, it is seen that the ATP binding site is affected most at all instances.  
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Figure 3.20.    Kinesin molecule force change with respect to time upon ATP 

binding. 

 

Monte Carlo simulations and the results obtained from various other tools e.g GNM, 

evolutionary conservation [65], suggested an allosteric residue to test in AFM experiments. 

Therefore, the force distribution algorithm is applied from this residue. The energy values 

are shown in Figure 3.21.  
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Figure 3.21.    The difference in the energy for perturbed and unperturbed kinesin 

molecules via the proposed site. 

 

 

Figure 3.22.    Distribution of forces by proposed allosteric site. 

 

The force applied from proposed site on the first monomer propagates to an allosteric 

site which is the starting point of the tubulin binding site (A232), the ATP binding site 

(A91) and to the neck-linker region (A334). It also affects the tubulin binding site on the 

other monomer even though the force is applied from the other monomers proposed 

allosteric region. The distance between proposed site and the tubulin binding site of the 

other monomer is nearly 45   which is a very long range. Therefore, it can be stated that 

the application of the force will propagate through the other monomer’s tubulin binding 
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site. As a result, pulling experiments may result in the induce the motility of the protein 

due to the lack of the signal. The representation of effected regions on the structure is 

shown in Figure 3.22.  

 

 

Figure 3.23.    Kinesin molecule force change with respect to time upon force application 

on proposed site. 

 

The  change in the forces with respect to time is plotted in Figure 3.23. The initial 

impact of the application of the force on this region affects the ATP binding site (A88-

A93) on the monomer that the force is applied and some unstable regions that are on the 

tubulin binding site (A255,A292). However, the propagation of force will complete at least 

in one ns. Hence, the initial energy profile changes during simulations and tubulin binding 

regions on this monomer stabilizes. The neck linker region (A335), other monomers 

tubulin binding site (C162) and the allosteric region (A176) on this monomer are gained 

energy at 10 ns unlike at 0.1 ns. The energy of the ATP binding site is stabilized after a 

certain while. For the rest of structure, the residues did not get affected.  
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3.3. Atomic Force Microscopy Results 

 

The force exerted due to the interaction between kinesin and microtubule molecules 

are investigated. Firstly, the functionalized tip is approached to a hard surface which 

cannot deform at contact and calibrated. The tip of cantilever retracted with piezo and the 

voltage that is measured by photo detector. These voltage values are synchronized with 

displacement-force values. These forces are resulting from the defflection of cantilever. 

The spring constant of cantilever is measured with thermal noise method.  

 

Pulling experiments are performed with calibrated and functionalized AFM 

cantilevers by approaching polymerized microtubules molecules on the Petri dish. In the 

experiment, the kinesin molecule on functionalized cantilever is approached to microtubule 

coated surface until the binding between kinesin and microtubule molecules occur. After 

contact, cantilever is retracted from surface and the bond between kinesin and microtubule 

ruptured. The rupture forces are investigated with different retraction velocities such as 

1µm/s , 5 µm/s and 10 µm/s. In Figure 3.24, an example displacement-force curves is 

plotted. The y-axis shows the force between kinesin and microtubule molecule and x-axis 

shows the displacement that the piezo retracted. The zero point on x-axis indicates the 

contact point of the cantilever tip to the surface. The blue region is the approach part and 

the red region is the retract part of cantilever. The Figure 3.24a, the cantilever approaches 

to surface from 1 µm and after contact point, cantilever retracted from surface without an 

unbinding or rupture event. On the other hand, Figure 3.24b shows a rupture event that 

happens at 0.5 µm. The difference between on top and the bottom of rupture part is the 

indication of the rupture event and in this experiment, a force around 250 pN is measured 

as rupture force.  
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Figure 3.24.    Sample approach-retract curve in AFM experiment. 

 

Due to high viscosity in the media, the viscous forces affecting the cantilever may 

mislead most of the results. Also, the lateral Young’s modulus of the polymerized 

microtubule molecules result in indentation and the many of the retract curves are obtained 

without a rupture event. Apart from these two problems, the polymerized microtubule 

molecules are scattered in media as bundles. Therefore, more than one unbinding events 

with very different magnitudes are observed which is an implication of the rupture between 

microtubule-microtubule molecules or microtubule-surface.  

 

 To overcome these issues, another experiment is designed. To this end, the 

cantilever tip is again functionalized with biotinylated kinesin molecules with streptavidin 

yet, the surface is coated with monomer form of microtubules namely tubulin with a dilute 

concentration and the experiment is repeated.  

 

Based on the results of computer simulations, there is a new site suggested on the 

outer surface of the molecule. Cys 176 is a residue with high solvent accessible surface 

area, high closeness value in Monte Carlo pathway generations and close to a hinge region. 

Due to the presence of sulfhydryl group, as explained in previous section, enables the 

functionalization with  maleimide. Therefore, the mechanical properties, binding events, 

energy landscape of the kinesin microtubule interactions could be further investigated, 

through this site.  
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4.  CONCLUSIONS AND RECOMMENDATIONS 

 

 

4.1. Conclusions   

 

To mimic atomic force microscopy experiments and the ligand binding events, force 

distribution analysis method with Brownian dynamics simulations is proposed here. As 

demonstrated with methionine and purine repressor proteins, the force applied from the 

ligand binding sites is able to distribute through the structure to the DNA binding site. For 

kinesin structure, the proposed and performed experiments are simulated with application 

of pulling force and the results of the analysis imply that the internal strain propagates to 

the functional regions in the structure. The propagation path is determined to be directly 

passing through tubulin binding sites (A159,A163,A280) and ATP binding sites which are 

the main key residues for the motility and the main cargo transport function of the kinesin 

molecule. 

 

The Monte Carlo Path generation method has shown to be a useful tool to investigate 

the allosteric signaling mechanism on protein structure. The generated pathways for 

kinesin structure suggest novel sites that play a key role in the allosteric signaling. There 

are parallel pathways in signaling between neck linker and tubulin binding sites as moving 

through core of protein or the N-terminal region. The centrality parameters of residues 

indicate that there are still some residues that are far from neck linker region and has still 

high closeness and betweenness values even if those values are not as high as linker region, 

implying that the function of this protein may rely on some other regions (CYS176) as well 

as the neck-linker region.  

 

Allostery is an interesting phenomenon yet remains evanescent. The induction of 

different function by a catalytic or a binding event is intriguing, yet, there has to be a 

connection via a form of signal between the functional sites. The simulations performed for 

the thesis to investigate the regions that are highly correlated with the signal propagation 

mechanism display that the force distribution analysis and the Monte Carlo path generation 
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are promising, fast and reliable.  Further, the present analysis provides preliminary efforts 

to combine simulations and the atomic force microscopy experiments.   

 

4.2.  Recommendations for Future Studies 

 

The force distribution analysis method with Brownian dynamics is a new 

methodology. In dynamics simulations, the potential used is the GNM potential, yet a 

comprehensive potential which takes other interactions into account such as non-bonded 

interactions, bond angles, torsion angles; more accurate simulations with extended CPU 

times may be obtained. The algorithm is strict and software for force distribution analysis 

will be produced in future. The FDA algorithm shows the first order Langevin equation, 

however, it is also integrate the second order Langevin equation which may result in better 

energy distribution. Due to stochastic nature of the Langevin equation, parallel runs needs 

to be performed to reduce the effect of probability. Apart from these issues, the numerical 

integration is held with second order Runge-Kutta method and a higher order integration 

method such as fourth order Runge-Kutta is better in terms of accuracy and precision yet 

this method is slower compared to second order. Also, the simulations may be performed 

at different temperatures.   

 

The number of AFM experiments is very few and since the experiment is stochastic, 

the experiments need to be repeated. Also, new sites on the periphery which may play a 

key role in the allosteric signaling needs to be determined and experiments rerun with 

different functionalization. Also, if the predicted key residue for signaling is in the core 

region of protein, it may be better to mutate those residues and check the difference in the 

rupture force.  
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APPENDIX A.  RUNGE-KUTTA METHOD 

 

 

Langevin equation which is the dynamics model of the low-resolution protein 

structure is a stochastic differential equation. A stochastic differential equation does not 

have an exact solution. Therefore, it is required to integrate the differential equation 

numerically. The statistically correct results are obtained from Runge-Kutta method with 

order k and time step s.  

 

General form of a stochastic differential equation in Brownian dynamics simulations 

is as follows:  

 
)t(A)x(f

dt

dx
  (A.1) 

In this equation, A(t) are the normally distributed random variables with zero mean 

and covariance 

 

 )'tt()'t(A)t(A   (A.2) 

 

The Eq. (A.1 can be integrated in a time step as following:  

 

 

 

s

0

00 )s(w)x(fxx  (A.3) 

 

Here, f(x) can be extended as  

 

 p

0

)p(

00

'

00 )xx(f
!p

1
...)xx(ff)x(f   (A.4) 

   

for all the points of x0 accessible to trajectory. To calculate the trajectories the second 

order Runge-Kutta method which is an approximation of  Eq. (A.4 is used in following 

form.  
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The solution set of parameters are the following:  

 

 2/1AA 21    

 121   (A. 6) 

 1,0,1 210    

 

The first and second order perturbations of f which is the derivative of the potential 

energy function calculated in the program. Z is a single random variable from uniformly 

distributed variables between 0 and 1 and; ξ is equal to the covariance of the Gaussianly 

distributed force in Eq. (2.1. 
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APPENDIX B. FENG-DOOLITTLE ALGORITHM 

 

 

The most probable pathways are differing very little from each other. Therefore, it is 

required to cluster that sequences. However, the length of the sequences are not exactly 

equal so the pathways needs to be aligned and clustering needs to be performed after 

alignment. For this purpose, a very well-established multiple alignment algorithm Feng-

Doolittle algorithm is used.  

 

The algorithm divided into three different steps such as pair-wise alignment, 

clustering and construction of multiple alignment. For the first step, all the sequences are 

aligned with a global pair-wise alignment method such as Needleman-Wunsch algorithm. 

The calculated alignment score is normalized and a pair-wise distance matrix has been 

built.  

 

In the second step, based on the distance matrix evaluated an agglomerative 

clustering such as single linkage clustering is applied. A guide tree is produced to 

determine the order of the sequences in the construction of multiple alignment.  

 

The third step involves in the construction of the multiple alignment. From the deep 

leaves of the guide tree, sequences with strong similarities are aligned and appended in the 

multiple alignment sequence in traverse order. The third step is repeated for each child 

node on the guide tree.  
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