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Abstract 

 

Understanding mechanical properties of biological elements such as cells, proteins, and 

deoxyribonucleic acid (DNA) is very important in order to understand their function. Various 

techniques such as nanoindentation, Optical Tweezers (OT), Magnetic Tweezers (MT) and Atomic 

Force Microscope (AFM) are widely used for studying the mechanical properties of biomaterials. 

AFM has been used previously for imaging of cells, bacteria and proteins as well as for protein-

protein interaction, antigen-antibody interaction, ligand-receptor interaction and protein-drug 

interaction. Protein-drug interaction is very well studied using fluorescence, Ultraviolet-Visible 

(UV-Vis) absorption, and circular dichroism techniques. We have studied interaction of 

Chloramphenicol with titin I27 protein using Fluorescence and AFM. It has been found out from 

the fluorescence study that the drug binds to the protein resulting in the formation of protein-drug 

complex. Alteration in mechanical properties of proteins at different drug concentrations is studied 

using AFM. AFM data shows that the drug binds to the protein at 40 µM of drug concentration 

thereby resulting in an increment of unfolding force (by 25 pN) and decrease in persistence length. 

Therefore, the drug is mechanically stabilizing the protein. However, chemical stability of the 

protein is checked by equilibrium denaturation experiment. The denaturation experiment shows 

the increase in free energy of stabilization for the protein-drug complex with respect to protein 

only. Therefore, the drug stabilizes the protein mechanically and chemically. 

 

In another study, mechanical properties of mouse embryonic stem cells (mESCs) is also studied. 

Previously, it was shown that loss of clathrin heavy chain results in loss of clathrin mediated 

endocytosis (CME) and thereby shows loss of pluripotency. However, the mechanical properties 

on loss of clathrin heavy chain was not known. The results shows that the mESCs lacking clathrin 

shows greater cellular stiffness in comparison to wild type cells. Also, treatment of mESCs with 

actin depolymerizing agents shows similar values of cellular stiffness as that of wild type cells. 
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Chapter 1 

 

Introduction 

 

Biological components which are involved in various physiological processes in living organisms 

are known as biomaterials such as proteins, cells, and deoxyribonucleic acid (DNA). Mechanical 

properties such as elasticity, force resistance, tensile strength etc. of these materials play crucial 

role in their functions [1–3]. So, the study of mechanics of biomaterials are essential to understand 

their functions and hence relevant physiological processes. Various techniques have been 

developed to study mechanical properties of biomaterials from nanometer (nm) to micrometer 

(µm) length scale. Atomic Force Microscope (AFM), Optical tweezer (OT), Magnetic tweezer 

(MT), and Nanoindentation are the popular techniques. Among them, AFM has been recognized 

to be one of the powerful techniques for such studies. The discussion will be focused on AFM 

based investigations as I have extensively used it for my studies. 

In the present thesis, I have studied the interaction of chloramphenicol (CLM) with titin I27 

protein and the mechanical properties of mouse embryonic stem cells (mESCs). I have mainly 

used AFM for my experiments. Fluorescence study has been done for studying the binding 

mechanism of CLM and I27 protein and for checking the chemical stability on protein-drug 

binding. The experiments are discussed in detail in upcoming chapters. 

 

1.1 Mechanics of Biomaterials 

Biomaterials are biological elements which are essential for performing various functions in living 

organisms. It can be cells, proteins, DNA, vesicles etc. My discussion will be focused on proteins 
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and cells. It is important to understand the mechanical properties of biomaterials in order to 

understand their function [4, 5].  

 

1.1.1 Mechanical properties of proteins 

Mechanical properties of proteins play crucial role in their functions such as passive elasticity 

generated by giant muscle protein titin [6]. Mechanics of proteins helps in understanding the 

folding/unfolding behavior, viscoelasticity, various biomolecular interactions such as protein-

protein interaction, protein-ligand interaction and protein-drug interaction.  

Proteins are essential part of our life. These are one of the essential building blocks which perform 

various biological functions in our body such as building tissues, muscles, act as enzymes, 

hormones,  catalyst that are involved in transport of some molecules like oxygen. Each protein has 

a unique 3D shape in order to perform its function. If anything binds to a protein, its function and 

3D structure changes. So, the study of interaction of proteins with small molecules such as drugs 

and dyes is crucial to understand various biological processes [7]. It is known that binding of 

calcium molecule with I27 protein alters the mechanical strength of I27 protein [8]. 

Since the 3D structure of protein is held together by various interactions such as hydrogen bonds, 

disulfide bonds and ionic interactions. So, the force required to break these bonds determines the 

mechanical strength of a protein. Mechanical strength of the protein tells about the flexibility of 

the protein.  Dong et al. (2009) have studied the structural flexibility of bacteriorhodopsin protein. 

Measurements were done on the two sides of the purple membrane. The effective force constants 

for the extracellular matrix was found to be three fold greater than the cytoplasmic ones. This 

difference is attributed to the flexibility in conformational changes in the cytoplasmic side [9]. 

Rico et al. have studied the flexibility of bacteriorhodopsin protein and correlated with the crystal 

structure. They have found that the α-helices provides the molecular stability whereas interhelical 

loops shows structural flexibility [10]. Martinez-Martin et al. (2011) have measured the structural 

flexibility of pentameric IgM antibody using dynamic force microscopy. In order to do that, they 

have combined bimodal excitation with frequency modulation AFM. The combination of both 

provides the topography as well as elastic modulus of proteins. The elastic modulus was found to 
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be in the range of 8.2-19.0 ± 0.1 MPa and a correlation between structure and elasticity has been 

found out [11]. Cecconi et al. have studied the mechanical unfolding of E. Coli Ribonuclease H 

protein and the energy landscape was determined. It has been found that it unfolds in a two state 

manner and refolding of the protein occurs through an intermediate [12]. Ashlee Jollymore et al. 

have studied the folding-unfolding behavior of full length Tenascin-X (TNX) as well as its 

fibronectin III (FnIII) domains. They have found the mechanical properties of TNXFnIII exhibits 

similarity with the FnIII domains and Tenascin is an elastic protein and undergoes reversible 

folding-unfolding transition [13, 14]. Miklos et al. have studied the folding-unfolding behavior of titin 

and found out that unfolding occurs at 20-30 pN force regime whereas folding occurs at 2.5 pN force regime 

[15]. Wang et al. have studied the folding-unfolding of slipknotted protein pyruvoyl-dependent 

arginine decarboxylase (PADC). It has been found that unfolding occurs in a two state manner and 

unfolded and untied PADC refolded back into its native state. Folding occurs thereby showing 

complex behavior and misfolding [16]. Vazquez et al. have studied mechanical and chemical 

unfolding pathways of titin I27 protein and found out that the unfolding rates obtained by both the 

methods are same [17]. However, it was not clear that both of these follow the same pathway. To 

study that, free energy was calculated for different mutants of I27 protein and it has been found 

out that both the techniques follow different unfolding pathways as the rate constant obtained from 

the chemical denaturation method was five-fold faster [2].  Matthias Rief et al. have studied 

unfolding of titin I27 at different pulling speeds and found that protein was getting refolded on 

relaxation [18]. The effect of temperature on the mechanical unfolding of titin I27 on its native as 

well as intermediate state has been studied by Yukinori Taniguchi et al. and they found out that 

the force for which native state unfolds into an intermediate state does not depend on temperature 

whereas unfolding force from the intermediate depends on temperature [19]. Unfolding pathways 

of T4 Lysozyme protein was studied by Qing Peng et al. and it has been found out that multiple 

pathways are obtained on stretching either from its N-terminus or C-terminus end [20] whereas 

Guoliang Yang et al. have studied unfolding and refolding of T4 lysozyme polymers and found 

out that the unfolding force is 64 ± 16 pN and relaxation occurred within 1 sec of relaxation [21]. 

Various measurement techniques such as dynamic light scattering (DLS), nano-rheology and AFM 

has been used to measure the viscoelastic properties of proteins [22–25]. Previously, 

viscoelasticity of bacteriorhodopsin protein has been studied using AM-AFM measurements in 

dynamic mode of AFM [26]. Izhar D. Medalsy et al. have studied viscoelasticity of 
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bacteriorhodopsin at different loading rates (0.0005 - 0.1 mN/s). It has been found that the 

mechanical stiffness of the protein as well as membrane increases [27]. In another study, 

viscoelastic response of single (I27)5 protein has been studied using dynamic force spectroscopy 

and decrease in peak unfolding force was found [22]. In another study, small amplitude and low 

frequency has been used to study viscoelastic nature of I27 protein [28]. Viscoelasticity of single 

molecule such as dextran has been determined at millisecond timescale using AFM [29]. Power 

spectral density has been used to study the viscoelastic behavior of (I27)8 protein [30]. Further, the 

quantification of viscoelasticity of polyprotein has been studied using two methods- deflection 

detection and displacement detection (interferometer based) and found that the dissipation in single 

molecule is below the AFM detection limit. However, the stiffness was accurately determined  

[31]. 

Chunbo Yuan et al. (2000) have studied unfolding dynamics of streptavidin-biotin complex. In 

this study, that Biotin was immobilized on the cantilever tip and streptavidin was immobilized on 

the substrate. Experiments were performed with various loading rates between 100 and 5000 

pN/sec. It has been found that with the increase in the loading rate, unfolding force increased [32]. 

Jurgen Fritz et al. have studied the kinetics of P-selectin ligand complexes. P-selectin was 

immobilized on glass coverslip whereas P-selectin glycoprotein ligand-1 was immobilized on the 

tip. It has been found that the complex was able to withstand at 165 pN of rupture  force [33]. 

Interaction between three structurally different proteins (α-synuclein, amyloid β-peptide, and 

lysozyme) has been studied as a function of pH. It has been found that the interaction between 

homologous pairs is minimal at physiological pH and it increases towards acidic pH [34].   

 

1.1.2 Mechanical properties of cells 

Mechanics of cells determine its functions such as migration, adhesion, differentiation and cell-

cell interaction. Mechanical properties of cells are regulated by actin cytoskeleton and actin 

cytoskeleton regulates cell function [35–37]. Actin cytoskeleton is a network of actin and actin 

binding proteins. It combines with other cytoskeleton parts and mediates various cellular 

processes. Mechanics of cells helps in understanding the stiffness and cell-cell adhesion.  
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Emad A-Hassan et al. (1998) have studied the elasticity of living Madine-Darby canine kidney 

cells. For that, an experimental approach, force integration to equal limits mapping has been used. 

Force-distance curves were collected at time scales where contribution from viscous components 

are negligible and only elastic contribution is there [38]. Interaction between fibronectin and 

Staphylococcus epidermis has been studied by Yasser Bustanji. This interaction was compared 

with the biotin/avidin and L-selectin/P-selectin glycoprotein ligand-1 interactions.  They found 

that the fibronectin case shows the high energy binding mode and sustain large deformations for 

longer times than the selectin case [39]. Ahmed Touhami et al. (2003) have measured the elasticity 

of yeast cells. Here, regions of different elasticity were distinguished on a single yeast cell using 

AFM and nanoindentation technique [40]. Measurements were done on the bud scar region and 

surrounding cell surface. Hertz model was used to measure the cellular stiffness of cells. It has 

been found out that bud scar region was 10 times stiffer than the surrounding surface. Viscoelastic 

properties of agarose gel as well as living A549 alveolar epithelial cells was measured by Félix 

Rico et al. (2005). For that spherical and blunted pyramidal tips were used. It has been found that 

agarose gel shows the elastic behavior. The Young’s modulus varied by a factor of 2 in the linear 

regime by the two tips. The cell shows the viscoelastic behavior [41]. Michael J. Rosenbluth et al. 

(2008) have studied the deformability of non-adherent cells (human myeloid and lymphoid 

leukemia cells and neutrophils). The cells were adhered on the microfabricated wells and hertz 

model was used to study the cellular stiffness of these cells. The cellular stiffness was found to be 

855 ± 670 Pa for myeloid cells, 48 ± 35 Pa for lymphoid leukemia cells, 156 ± 87 Pa for neutrophils 

[42]. M. Lekka et al. have measured the elastic properties of normal (Hu609) and cancerous cells 

(T24). It has been found that normal cells are stiffer than the cancerous cells. The young’s modulus 

was found to be in the range of 1-10 kPa. Elsa Correia Faria et al. have studied the elastic properties 

of prostate cancer cells using pyramidal tip and three different cell lines named as 52 LNCaP, 53 

PC-3 and 47 BPH cells were used. Young’s modulus was found to be 287 ± 52 N m−2, 1401 ± 162 

N m−2 and 2797 ± 491 N m−2 for LNCaP, PC-3 and BPH cells, respectively [43]. Kyle E. 

Hammerick et al. have determined the elastic properties of induced pluripotent stem cells (iPSC). 

They have used two cell lines- fibroblast iPSC and human adipose-derived stromal cells (hASCs). 

For measuring the difference between the two, cell stiffness was measured. Young’s modulus was 

found to be of the order of hASC-iPSC < human embryonic stem cell (hESC) < fibroblast-iPSC < 

fibrobalsts < hASC [44]. Anand Pillarisetti et al. have measured the elastic properties of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hammerick%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=20807017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hammerick%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=20807017
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undifferentiated and differentiated mouse embryonic stem cells. Elastic properties were measured 

for live and fixed cells using pyramidal tip as well as spherical tip. It has been found that the 

differentiated cells are more stiffer as compared to the undifferentiated cells [45]. Audrey 

Beaussart et al. have studied the cell-cell adhesion between Lactobacillus plantarum and biotic 

(lectin monolayer) and abiotic surfaces (hydrophobic monolayer). Lactobacillus plantarum was 

adhered on the cantilever with colloidal probe and biotic-abiotic surfaces were cured on the 

substrate. A strong adhesion was shown by Lactobacillus plantarum cells towards both biotic and 

abiotic surfaces [46]. 

There are various techniques such as AFM, OT, nanoindentation etc. that can be used to study the 

mechanical properties of biomaterials such as proteins and cells. These techniques characterize the 

mechanical properties of materials from atomic to macro level. AFM meets these essential criteria 

and it has been extensively used for such studies. It is capable of imaging and quantifying the 

material properties at the sub nanometers to several micrometers spatial resolution. It can measure 

forces ranging from  ̴ 10 pN to several nanonewtons (nN) and elastic modulus from kPa to GPa 

[47–51].  

 

1.1.3 Techniques used 

1.1.3.1 Nanoindentation 

It is a good tool for probing cellular and molecular mechanics. For harder materials the 

deformation is too small. Since applying higher forces can result in deformation of the biological 

samples e.g. hard bones. Nanoindentation can measure force in the range of µN to mN and 

displacements from nm to µm. 

The loading cycle usually consists of elastoplastic deformation whereas elastic portion is 

conserved during unloading. Elastic modulus and hardness is usually calculated by load-

displacement curve. Analysis of initial unloading curve can give information about elastic 

modulus whereas reduced modulus is given by the equation: 

                                                                              𝐸𝑟 =
1

2

√𝜋

√𝐴
𝑆                                                                (1.1)   
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where S is the stiffness and A is the contact area at maximum load. 

Then elastic modulus is calculated by the following equation: 

                                            
1

𝐸𝑟
=

(1 − 𝛾𝑚 
2 )

𝐸𝑚
+

(1 − 𝛾𝑖
2)

𝐸𝑖
                                                                        (1.2) 

where 𝐸𝑖  and 𝛾𝑖are the elastic modulus and poisson’s ratio of the indenter tip, Em and 𝛾𝑚 are the 

elastic modulus and poisson’s ratio of the material which is to be indented.  

Usually elastic modulus and poisson’s ratio of the indenter tip is known. So, for the material 

elastic modulus and poisson’s ratio can be calculated. Hardness is usually calculated by dividing 

maximum load with the contact area. 

Nanoindentation technique is used to measure mechanical properties of cells, tissues, organs etc. 

For measuring mechanical properties of individual cell, indentation tip with small radius is used 

while for tissues and organs, indentation tip with large radius (micron sized) is to be used. Sharp 

pyramidal tips are generally used for higher resolution types whereas three sided pyramidal tip is 

used to measure mechanical properties at precise locations whereas pyramidal tips can damage 

the biological sample since these tips penetrates into the sample. In order to avoid this problem, 

spherical glass beads and flat punch are generally used. 

Mechanical properties of biological samples depend on the hydration level. In their natural state 

cells, tissues and organs are hydrated. So, nanoindentation samples are prepared by using epoxy 

followed by surface dehydration. Soft biological samples are challenging samples for 

nanoindentation technique [52]. This technique is useful for studying the nanomechanics of 

polymers, gelatin, bone etc. [53].  

 

1.1.3.2 Traction Force Microscopy (TFM) 

This technique measures traction forces generated by objects on which they are adhered. Here, 

the object of interest is attached to an elastic substrate and the deformation is calculated. This 

technique is widely accessible over a large length and force scale [54]. TFM has been widely 

used for the traction of single cell [55, 56]. Xavier Trepat et al has used TFM to measure 

intercellular forces to detect how cells move at the edge of epithelial cell sheets and they have 
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found out that collective motion is not from the leader cells but from the cells which are 

distributed on the sheet [57]. 

 

1.1.3.3 Biomembrane Force probe 

This technique is used for quantification of single molecular bonds. This technique was invented 

by E. Evans et al. [58]. This is used for single molecule force spectroscopy and experiments to 

probe molecular adhesion and structures of biological interfaces. This works in a wide range of 

forces (0.1 pN to 1 nN). It can be used for measuring the interaction between ligand-receptor 

pairs. C. Gourier et al. has determined the energy landscape of streptavidin-biotin pair and cell-

cell interactions are measured for mammalian gammet interactions [59]. 

 

1.1.3.4 Optical Tweezers (OT)  

Optical tweezers is a single molecule manipulation technique used for the application of 

calibrated forces and measurement of displacement of the particles. 

It consists of high numerical aperture microscope which focuses the laser to trap the particles. 

For biological applications, Nd-Yag laser with a wavelength of 1064 nm is generally used. 

Micrometer sized polystyrene beads are attached to the molecules of interest and then trapped by 

optical tweezer. These polystyrene beads acts as spherical indentor and the young’s modulus (E) 

can be calculated by the following equation: 

                                               𝐸 =
3

4

(1−𝛾2)

𝛿√𝑟.𝛿
𝐹                                                                                             (1.3)   

Where F is the indentation load, δ is the displacement load, 𝛾 is the poisson ratio and r is the 

bead radius. 

Optical tweezers have been used to study virus-cell adhesion, unfold single RNA molecules, to 

obtain binding strength of fibrinogen-integrin pairs [60]. It has been used previously to study 

folding unfolding behavior of titin molecules and hysteresis curve was generated [15]. 

Thalhammer and co-workers developed macrotweezers capable of trapping active swimming 

organisms upto 70 µm length [61]. Macrotweezers has broadened the use of this technique for 

taxonomic identification, collection and tagging of micro-organisms. 
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1.1.3.5 Hybrid nanomechanical investigation technique 

Magnetic tweezers is a technique for nanomechanical investigation of biological sample. 

Micronanoelectromechanical systems (MNEMS) are also used for nanomechanical 

manipulation.  

Nanomechanical cantilevers have been used for the detection of complex diseases. This is 

basically based on the concept of beam deflection due to interaction with biological molecules. 

This deflection of beam is due to adsorption induced deflection, change in resonant frequency 

due to mass loading. Huber et al. investigated the binding of two proteins, transcription factors 

SP1 and NF_B with DNA oligonucleotides [62]. Since mutation of binding sites leads to 

diseases, therefore the analysis of transcription factor at early stage is possible. The diagnosis of 

prostate cancer was also done where two forms of prostate specific antigen are detected using 

microcantilever system. Nanomechanics of cells was also determined using nanopatterns. 

Nanomechanical differences between normal and cancer cells can also be determined using 

nanopatterns with varying spread areas [63] [52]. 

 

The below attached table (Table 1) contains the resolution, application and limitation of force 

spectroscopy techniques. 

 

Table 1 showing the spatial, temporal resolution, applications as well as limitations of the force 

spectroscopy techniques. 

 

Technique Optical 

tweezer 

AFM Nanoindentation Traction 

Force 

Microscopy 

Biomembrane 

force probe 

Spatial 

resolution 

(nm) 

0.1-2 0.5-1 1-104 103 5 
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Temporal 

resolution 

(s) 

10-4 10-3 1 Depends on the 

field of view 

10-3 

Applications 3D 

manipulation, 

tethered assay, 

interaction 

Nanoscale 

imaging, 

force pulling 

and 

interaction 

(inter- and 

intra- 

molecular) 

Mechanical 

properties of 

cells, tissues, 

organs, scaffolds 

and implants 

 

Traction of 

individual cell, 

collective 

behavior of 

multicellular 

system 

Single 

molecular 

bonds, Ligand-

receptor 

interaction 

Limitations Photodamage, 

sample heating, 

non-specific 

interactions 

Large high- 

stiffness of 

cantilever, 

non-specific 

interactions 

[64] 

Modulation of 

elasticity is 

limited to linear 

and isotropic 

materials [53] 

Fine variations 

in local cellular 

traction [65] 

Resolution not 

good as AFM 

 

Since most of my research work is related to AFM, so I will discuss about AFM in detail. 

 

1.2 Protein-drug interaction 

1.2.1 Proteins 

Proteins are one of the essential building blocks which are made up of amino acids. They perform 

various functions in our body such as building muscles, energy production, involved in 

metabolism, immune system, energy buffer, maintaining pH etc. Our body needs proteins in larger 

amount. There are 20 amino acids among which there are nine essential amino acids which the 

human body does not synthesize so they actually come from the diet. Proteins can be of two types-

complete or incomplete. Complete proteins contain all the essential amino acids whereas 
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incomplete proteins do not contain all the essential amino acids. It is necessary to understand the 

structure of proteins. Sequence of amino acids is described by the primary structure. Secondary 

structure is described by α-helix and β- sheets. Tertiary structure refers to the three dimensional 

structure of protein. Secondary structure folds into compact globular structure as a result of 

hydrogen bond. Quaternary structure is a three dimensional structure formed as a result of 

aggregation of polypeptide chains. When proteins fold, it undergoes a variety of conformational 

changes before it reaches the final form. It does not randomly go into any conformation. In a unique 

3D shape it performs its function. Each protein is in the form of a random coil first, then it is 

translated by messenger ribonucleic acid to a linear chain of amino acids. When the polypeptide 

chain is being synthesized by ribosome, then the linear chain of amino acids folds into a three 

dimensional structure. When the protein does not fold into a particular 3D shape, then the protein 

can be misfolded. Misfolded protein can lead to several diseases such as neurodegenerative 

diseases, alzheimer’s disease, allergy etc. The folded form of the protein is the energetically 

favorable one i.e. functional and operative [66].  

 

1.2.2 Drug 

A drug is any substance that causes a change in physiology when it is consumed. Drugs can be 

consumed in the body via injection, smoking, inhalation etc. They can be pharmacological or 

pharmaceutical. A pharmacological drug produces biological effects when they are consumed in 

the body whereas pharmaceutical drug is used to cure, diagnose or prevent the body from diseases. 

Pharmacology means the study of body’s reaction to drugs whereas pharmaceutical drug relates to 

medicinal drugs. 

Since a major part of this thesis is focused on the study of protein-drug interaction, I will discuss 

it in detail. 

 

1.2.3 Methods to study protein-drug interaction 
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The binding of a drug to a protein can be reversible and equilibrium process. If we assume that 

there is only one binding site on a protein per drug molecule, then the equilibrium process can be 

defined as 

                                                       [D] + [P]   ⇆   [DP]    

Where [D] is the concentration of free drug, [P] is the concentration of free protein and [DP] is the 

drug protein-complex concentration. 𝑘𝑜𝑛 and 𝑘𝑜𝑓𝑓 are the associated and dissociated rate 

constants. At equilibrium, the rate of association is equal to the rate of dissociation and is given by 

                                                          𝑘𝑒𝑞 =
𝑘𝑜𝑛

𝑘𝑜𝑓𝑓
                                                                                          (1.4) 

The dissociation constant is the reciprocal of the association constant. 

Also the total number of drugs bound per protein can be calculated by the following equation 

                                                𝑟 =
[𝐷𝑃]

[𝑃]+[𝐷𝑃]
=

𝑛.  𝑘𝑎.  [𝐷]

1+ 𝑘𝑎.  [𝐷]
                                                                               (1.5) 

where n is the number of binding sites on protein. 

Protein-drug interaction can be studied by direct or non-separation methods and indirect 

techniques or separation method. Separation method involves separation of free ligand from the 

bound species whereas non-separation method involves the changes in the physicochemical 

properties of the ligand or protein when drug molecules bound to them [67]. 

 

Separative methods       

Various methods such as equilibrium dialysis, ultrafilteration, ultracentrifugation etc. have been 

characterized under separative methods. A brief discussion about these methods is given below. 

Equilibrium dialysis method depends on the difference in molecular size of the drug and protein. 

It consists of two compartments that are basically separated by a semipermeable membrane. The 

semi permeable membrane will only allow smaller molecules to pass through it. Basically it will 

𝑘𝑜𝑓𝑓 

𝑘𝑜𝑛 
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allow only drug molecules to pass through it and will not allow the protein molecules and drug-

protein complex to pass through it. In one compartment, there will be protein and the other contains 

the drug. After few hours, equilibrium will be reached and the concentration of free drug can be 

found. However, this method has some limitations. Since it takes longer time to reach the 

equilibrium, first thing is to determine the equilibration time for any protein-drug complex 

formation. Second thing is that volume shift occurs because of semi permeable membrane and the 

presence of proteins. Non-specific adsorption also occurs on the cell walls and on the permeable 

membrane. 

Ultrafilteration is very much similar to previous one except here high pressure is applied to force 

the solution to pass through the membrane. In this case also, non-specific binding and protein 

leakage can occur.  

In case of ultracentrifugation, a solution of drug and protein is mixed together and is allowed to 

pass through centrifugal field. Since the sedimentation coefficient of drug is very small, so it will 

remain in supernatant, protein and the protein-drug complex will settle down at the bottom. This 

method has the advantage of eliminating problems associated with the membrane effects. 

However, this equipment is quite expensive in comparison to ultrafiltration and electrodialysis. 

Lazaro et al. have used Poly methyl methacrylate technique to measure the kinetics of permeation 

through hexadecane or 1-octanol membrane in presence or absence of protein in the donor 

compartment [68]. The free drug concentration in the acceptor compartment can be measured at 

different times and the difference can be used to estimate the binding constant. This method has 

several advantage that the absence of equilibration time, non-specific adsorption is also occurred 

and there is no volume change due to oncotic pressure. 

Liquid chromatographic method used to access drug-protein binding can be divided in two 

categories- whether both interacting species are free in solution or one component generally the 

protein. In size exclusion chromatography, molecules are basically separated on the basis of their 

size. Here, protein and the mixture of protein-drug complex elute first since they are large in size 

and hence does not penetrate. However, drug molecules elute later on, because they are small in 

size. This method has some disadvantages because of poor protein recovery and low column 

efficiency. High performance affinity chromatography (HPAC) is based on the immobilization of 
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a protein on the support while drug is injected into the column. High affinity drugs will interact 

with the protein and elute later while low affinity one will come first. 

Capillary electrophoretic technique has several advantages such as high efficiency, separation 

selectivity, low sample and reagent consumption, high speed of analysis and the ability to work 

under physiological conditions. It has several disadvantages because of non-specific adsorption on 

the capillary walls, low detection limits of commonly used ultraviolet (UV) High performance 

affinity chromatography (HPAC) detectors. 

 

Non-separative methods     

There are various spectroscopic methods that can be used in order to study protein-drug binding 

such as fluorescence, circular dichroism (CD), UV-Visible (UV-Vis), nuclear magnetic resonance 

(NMR) etc.  

Fluorescence spectroscopy is used for studying protein-drug interaction, number of binding sites, 

the mechanism of binding and the binding distance between the protein and the drug. 

Changes in UV- Vis absorption spectra may be interpreted in terms of change in the polarity. CD 

spectroscopy also tells the change in three dimensional structure of protein when the drug binds to 

it. Infrared (IR) spectroscopy is an excellent tool to study the secondary structure of protein 

whereas NMR tells the groups which are involved in the binding process. Molecular docking is 

also done in order to determine the binding of protein and drug. 

Isothermal calorimetry (ITC) and differential scanning calorimetry (DSC) are also used to study 

the protein-drug interaction. ITC is basically used to study the biomolecular interaction. In this 

technique, successive amount of drug is added to the protein solution. Each addition of drug will 

result in some specific amount of protein-drug complex formation which is dictated by heat 

release. Sometimes large amount of protein sample is needed and very high and low affinity 

processes cannot be studied by this process. The sample should be highly purified. For DSC, 

reaction cell basically contains the protein and drug. The sample is heated and the transition mid-

point where 50 % of the protein is in native state and 50 % is in denatured state whereas in absence 
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of ligand the transition mid-point occurs at higher value. DSC is basically used to measure the 

large binding constants (upto 1015 mol-1L) which cannot be measured by other techniques. The 

main disadvantage is low throughput and large sample consumption. Using calorimetric methods, 

it is possible to calculate enthalpy change (∆H), gibbs free energy change (∆G) and entropy change 

(∆S).  

Surface plasmon resonance based assays has the capability to characterize the binding reactions in 

real time, small amount of sample is required etc. This technique involves immobilizing the protein 

on the surface and the drug flows in the solution over the surface. It basically monitors changes in 

refractive index. This method is interesting because of lack of labeling [69].  

 

1.2.4 Atomic Force Microscope (AFM) 

AFM can also be used in order to study protein-drug interaction [70]. Protein-drug sample is mixed 

together in a vial and then dropcasted on a freshly gold coated coverslip [71]. The system is 

allowed to incubate for half an hour. After 30 minutes, sample is rinsed three times with deionized 

water in order to remove the unbound protein. Some amount of buffer is filled in the liquid cell 

and force spectroscopy is done. There are some studies of protein –ligand interaction where first 

protein is incubated on gold coated coverslip for 30 minutes, washed three times with DI water 

and then ligand is added in the buffer solution. The force spectroscopy is done after that. 

AFM can be used to measure the protein- drug interaction, protein-protein interaction, protein-

ligand interaction [70–74]. Protein-drug interaction can also be studied by using fluorescence 

measurement, CD, UV-Vis absorption, synchronous fluorescence spectroscopy etc. [75, 76, 85, 

77–84]. 

In the present thesis, we have measured the interaction of titin I27 protein with CLM drug. Single 

molecule force spectroscopy (SMFS) is studied by AFM. WLC model is being used for measuring 

the change in persistence length. 

In another work, mechanical properties of stem cells are measured by AFM. Hertz-model is used 

to determine Young’s modulus of stem cells.          
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1.3 Stem cells 

Stem cells are the cells which divide into different cell types. These are basically of two types: 

embryonic stem cells (ESCs) and adult stem cells. Embryonic stem cells come from the 3 to 5 days 

old embryo only and these cells are pluripotent i.e. they can differentiate into more than one type 

of cell whereas adult stem cells have limited ability to divide into different cell types.  

As we know that ESCs have the ability to divide into different cell types and the mechanical 

properties vary at different stages of differentiation. So, it is very important to understand the 

mechanical properties of stem cells as it affects cellular composition, cell-cell and cell surface 

interactions [45, 86].  

AFM appears to be a very good tool in understanding the structural and mechanical properties of 

single cell [87]. Use of AFM for mechanics of stem cells provides useful insights in understanding 

the progress of certain disease such as cancer [88]. It also appears to be very good technique for 

measuring the viscoelasticity of cells [89]. Previously, it has been used to study the topographic 

and morphometric features of human mesenchymal stem cells (hMSCs) [90]. In another study, 

biomechanical properties of hMSC was determined using AFM and membrane tether length was 

determined using optical tweezers [91]. Also, fluorescence spectroscopy and AFM have been used 

to study the nanomechanobiology of hMSC [92]. It has also been used to study the mechanical 

properties of differentiated and undifferentiated mouse embryonic stem cells (mESCs) [45]. 

Andreas has studied mechanics of human bone marrow mesenchymal stem cells and they have 

compared the mechanical properties of cell nuclei at different stages [86]. 

In the present thesis, I have studied the mechanics of mESCs lacking clathrin mediated endocytosis 

(CME) using AFM. 

 

1.4 Organization of the thesis     
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In chapter 2, the working principle of AFM, its applications are discussed. For my research work, 

Worm-like chain (WLC) model and hertz model are used for checking the effect of CLM drug on 

titin I27 protein and for checking the mechanical properties of stem cells, respectively. 

In chapter 3, interaction of titin I27 with CLM was studied by using single molecule and bulk 

measurements. In order to check whether CLM is binding to titin I27 or not, first fluorescence 

spectroscopy is done. Fluorescence spectra shows that fluorescence intensity decreases with the 

addition of drug. This process is called fluorescence quenching. Mechanism of quenching is also 

studied. It shows that CLM binds to titin I27 resulting in the formation of complex between the 

two. The proximity of CLM to Tryptophan (Trp) was further confirmed with the help of molecular 

docking studies. Using PatchDock, we identified the residues involved in the interaction of I27 

with CLM. We found that the distance between the CLM and Trp (Trp34) in the selected model is 

less than 5 Å. This explains the quenching of the Trp fluorescence which we observed in our 

previous results. When the drug molecule binds to protein, there can be change in the mechanical 

properties of the protein. So, the change in mechanical properties was studied by AFM. Force 

spectroscopy was done for I27- WT and I27 with varying concentrations of CLM. It has been 

found that unfolding force increases by 25 pN in the presence of 40 µM drug concentration with 

respect to I27-WT and persistence length (PL) decreases for I27 with 40 µM drug concentration. 

That means protein is getting mechanically stabilized when 40 µM drug is added to the protein. In 

order to check whether binding is happening at 40 µM drug concentration or the stability at 40 µM 

drug concentration, equilibrium denaturation experiments were performed. These experiments 

also shows the increase in free energy of stabilization for 40 µM drug concentration. The results 

showed a direct effect of the broad-spectrum antibiotic CLM on the passive elasticity of muscle 

protein titin. The I27 is stabilized both mechanically and chemically by CLM [93]. 

In chapter 4, mechanical properties of stem cells is determined by AFM. It has been found out that, 

mESCs lacking clathrin shows less cellular stiffness in comparison to differentiated cells. It has 

been shown previously that clathrin heavy chain (Cltc) is responsible for maintaining pluripotency 

of mESCs. However, mechanical properties such as cellular stiffness was not known in absence of 

Cltc. Here, young’s modulus of mESCs in presence of Cltc has been calculated. It has been found 

out that mESCs lacking clathrin shows higher Young’s modulus i.e. cells becomes stiffer in 

comparison to wild type cells. However, cellular stiffness of Cltc knockdown mESCs with actin 
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polymerization inhibitors is also calculated. These treated cells shows cellular stiffness similar to 

WT mESCs cells [94]. 

In chapter 5, all the experiments which did not work have been discussed. Purification of PTEN, 

T4 Lysozyme proteins was tried by changing different parameters. We were able to purify PTEN 

protein, but we got very less amount of protein even with large amount of culture. That amount 

was not sufficient for our measurements. In case of T4 Lysozyme, to make polymers from 

monomers, we needed pure protein but we were not able to get pure protein. That’s why in both 

the cases, we could not proceed further. 

In chapter 6, I have concluded my thesis work and the future possibilities of this work. We have 

studied the interaction of titin I27 with CLM using AFM and fluorescence spectroscopy. These 

results show that CLM is stabilizing the I27 protein mechanically and chemically. This work has 

provided insight that will guide development of future pharmacological applications of CLM. We 

have not checked the effect of temperature as well as denaturants on the stability of CLM 

stabilizing the protein using AFM. It is known for the I27 protein that stability decreases with 

increase in temperature [19]. We can also take into account of stability check for native as well 

as intermediate state. Also, the interaction of CLM with other Immunoglobulin (Ig) domains can 

be checked using AFM and fluorescence studies. We can check the mechanical properties of PTEN 

as well as T4 Lysozyme protein. 
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Chapter 2 

 

Methods 

 

2.1 Introduction 

In this chapter, I will discuss the experimental and theoretical methods that have been used for 

my studies. For studying the interaction of titin I27 with chloramphenicol (CLM), experimental 

methods such as fluorescence, equilibrium denaturation and Atomic Force Microscope (AFM) 

are discussed whereas for theoretical methods Worm-like chain (WLC), and molecular 

modelling techniques are discussed while for studying the mechanical properties of mouse 

embryonic stem cells (mESCs), AFM as an experimental method and Hertz model as theoretical 

model are discussed. 

  

2.2 Experimental methods 

2.2.1 Atomic Force Microscope (AFM) 

AFM is a scanning probe microscope that measures interactions between a sharp probe (cantilever 

tip) and the sample. Now a days, it offers a large number of biological applications over other 

techniques. AFM can be used for imaging and force spectroscopy. AFM imaging can be used to 

find the structure of biological samples and their heterogeneity. However, force spectroscopy can 

be used to find out the interaction forces between cantilever tip and the substrate used. It can be 

the protein-ligand interaction, protein-protein interaction and it can also be used to measure the 

adhesion forces for the biological samples [95].  
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There are many microscopic techniques such as scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), scanning tunnelling microscopy (STM), optical 

microscopy and confocal laser scanning microscopy, however, AFM provides several advantages 

over other microscopies. Electron microscope provides 2D images whereas AFM provides 

visualization of 3D surface profile [96, 97]. Also, samples which are to be analyzed do not require 

any special sample preparation. AFM gives accurate surface height information with precision of 

angstrom (Å) and three dimensional topographs while other microscopic techniques only give 

topographic contrast. Further, Electron microscope requires a high vacuum environment whereas 

AFM works in all types conditions such as Ultra High Vacuum, air and liquids. AFM provides 

better resolution than SEM. AFM can perform imaging with true atomic resolution in ultrahigh 

vacuum. High resolution AFM is comparable to resolution of STM and TEM. AFM is cost- 

effective method for imaging of nanoparticles. In practical terms, it requires much less space in 

comparison to SEM/TEM. It can be operated in air, vacuum, low temperatures, aqueous 

conditions. Another noteworthy advantage of AFM is that it does not require samples to be labelled 

with fluorescent dyes. Procedure for sample preparation is simple. Mechanical, electrical, 

magnetic characterization of images captured by AFM can be easily done [98].  

However, the main disadvantage of AFM is the maximum surface area it can scan. The area which 

is to be scanned is maximum of 150 ˣ 150 microns whereas SEM can acquire image of size of the 

order of millimeters. The STM also has the disadvantage that it is only used for conducting or 

semiconducting surfaces. 

 

2.2.1.1 Principle of Operation 

Atomic force microscopy is one of the high resolution scanning probe microscopes. It has a sharp 

tip of radius 10 to 20 nm, generally made up of Si or Si3N4. It is used to measure the forces between 

the tip and sample. The cantilever is attached to a substrate which is fixed at one end. When the 

cantilever is far away from the surface, then the force between the tip and sample is attractive and 

if the distance between the two is less, then the force between the two is repulsive. Depending on 

the type of force between the two (attractive and repulsive), the cantilever will show deflection 

towards or away from the sample surface. The deflection of the cantilever is detected and converted 
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into an electrical signal. The detection system uses a laser beam that falls on the back of the 

cantilever, laser light gets reflected, falls on the photodetector and the signal is measured (see Fig. 

2.1). When the cantilever deflects, the angle of the deflected laser beam changes and the laser spot 

will fall on the different parts of the photodetector. Photodiode usually consists of four quadrants. 

The vertical deflection can be calculated by comparing the signal from top and bottom halves 

whereas lateral deflection can be calculated by comparing the signal from left and right halves of 

the detector. 

 

Fig. 2.1: Schematic of AFM where a laser beam is allowed to fall on the back of the cantilever. Laser beam 

reflects from the cantilever surface and falls on the photodetector. The photodetector gives the signal which 

is proportional to bending of the cantilever. A polyprotein is tethered between the sample surface and the 

cantilever tip. 

 

AFM can be operated in two modes: static and dynamic mode.  

In static mode, tip is always in contact with the sample. This is used for high resolution imaging 

and force spectroscopy. Here, setpoint is the deflection of the cantilever, so a lower value of 

setpoint gives the lower value of imaging force. Previously, AFM has been used to image 
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aquaporin, the water channel of E. Coli [99]. In another study, aquaporin crystals and surface 

topographs have been recorded [100]. Imaging of purple membranes was also done using AFM 

[101]. Molecular mechanisms of amyloid fibril formation and toxicity in Alzheimer’s disease have 

been also studied by AFM [102].  

In dynamic mode, cantilever is oscillated with a fixed frequency and tip is allowed to interact with 

the sample. Due to tip-sample interaction, tip amplitude and phase difference between the drive 

and tip changes. These changes can be recorded to further extract viscoelasticity. Stiffer cantilevers 

are used for intermittent contact mode generally stiffness more than 10 N/m. These cantilevers 

give stable imaging in air as these cantilevers are able to break the capillary forces. Soft cantilevers 

are used for doing tapping mode in liquid medium.  

There are other tapping mode-based characterization such as kelvin probe and magnetic mode. For 

electrical characterizations kelvin force microscopy is used, basically a constant potential 

difference is measured between a conductive AFM probe and the sample, however, for magnetic 

characterization, a magnetic coated cantilever is used. Here, the oscillating probe scans the surface 

in order to get topographical features and then probe elevates off the surface by a small distance 

and the attraction/repulsion is recorded. 

In the mechanical mapping mode, AFM measures Young’s modulus values through the nano-

indentation technique. After getting the force curves through nano-indentation, force curves are 

fitted with linear elastic models such as hertz model. In the multifrequency mode, AFM employs 

the detection of multiple cantilever frequencies which gives information about tip-sample non-

linearity. Multiharmoonic mode requires simultaneous mapping of young’s modulus, the 

deformation and topography of the sample. Viscoelastic mapping is the other novel model that 

works as multifrequency and bimodal AFM. There cantilever is oscillated at two eigen mode 

frequencies-the first mode records surface features while second mode records frequency 

variations which is related to stiffness [103]. When AFM is combined with optical microscope it 

gives unique information from a single cell to a tissue level [104]. Combination of AFM with 

confocal microscope is used to measure the mechanical properties of soft heterogeneous three-

dimensional samples [105]. Second harmonic generation (SHG) is also used in combination with 

AFM for the investigation of soft biological sample. SHG occurs usually when two photons of 
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frequency ω interacts with the non-linear medium and get converted to new photon with the 

frequency of 2ω. Since this is a non-linear process only non-centrosymmetric structures such as 

collagen are able to emit SHG signals. Stylianou et al. proposed use of AFM combined with SHG 

in order to understand non-linear optical properties of collagen and long term SHG is used as a 

non-destructive imaging modality to monitor collagen related diseases [106]. 

 

2.2.1.2 Sample preparation 

Sample preparation can be different for different AFM measurements. A common requirement in 

all is the immobilization of the sample on substrate which can be achieved either by specific or 

non-specific interactions between sample and substrate.  

For imaging generally muscovite mica is used as a substrate. Mica is negatively charged, positively 

charged particles can be easily adsorbed onto it. We can play with other things such as pH, ionic 

strength etc. If a protein is negatively charged, then it can be treated with divalent ions such as 

Mg2+ in order to have a good adsorption. Imaging can be done in air as well as in liquid solution. 

Before doing the measurement, mica is first cleaved by scotch tape, then sample is drop-cast on 

the mica surface and allowed to evaporate. However, one disadvantage of imaging the sample in 

air is that the sample gets squeezed i.e. we do not get the actual information about the sample. 

While doing imaging in liquid, we will have damping from the solution [107].  

In typical single-molecule force spectroscopy measurements, protein is tethered between AFM tip 

and substrate. We can have events due to non-specific adsorption. A way to overcome this 

disadvantage is to make proteins with repeated domains. In such cases, repetitive force vs 

extension curves are obtained. For proteins that do not occur naturally, a protein of interest can be 

inserted into naturally occurring protein [108]. For force spectroscopy, freshly coated gold 

substrates can also be used for the measurement. If the substrates are not used immediately, then 

substrates get organic contamination i.e. hydrocarbons get deposited easily on the samples. 

Organic contamination can be removed by placing the substrates under UV irradiation.  
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2.2.1.3 Cantilevers 

AFM cantilevers are usually made up of Silicon (Si) or silicon nitride (Si3N4). Cantilevers can be 

made with different materials to obtain high resolution [109]. Also, they can be modified for 

getting good quality data. Focused - ion beam (FIB) modification of cantilevers can be done to get 

good resolution [110–112]. For studying the electrical properties of sample, conductive cantilevers 

usually coated with gold, aluminium are used whereas for studying the magnetic field, magnetic 

materials are coated [113]. Cantilever stiffness determines force-sensitivity and the tip-radius 

determines the resolution of imaging. So, the choice of cantilevers may differ in various 

experiments. For soft samples, soft cantilevers having stiffness in the range of 10-30 mN/m should 

be used whereas for hard samples, cantilever with stiffness of 30-100 mN/m were used.  

Choice of the indenter tip is another parameter which should be taken into account while doing the 

measurement. For soft biological samples, usually spherical tips are used. For inhomogeneous 

biological samples, large diameter tips (̴ 20 µm) are used, while for higher resolution, tips of 

smaller diameter (̴ 10 µm) are used. If we want to probe single cell, then sharp pyramidal tips can 

also be used. The problem with sharp tip is that it can penetrate into the sample and damage it 

[114]. 

 

2.2.1.4 Applications 

AFM is used for imaging as well as force spectroscopy measurements [115]. 

1. Imaging 

In biology, AFM has been widely used for imaging of biomolecules such as nucleic acids, 

supported membranes and proteins. 

After the invention of AFM, DNA was the first biological sample used for studying the 

applications of AFM [107]. It has been used previously to measure the persistence length of DNA 

[116]. Also, imaging of single and double stranded DNA is done in propanol [117]. In a study, 

circular modules of DNA were imaged in air under various relative humidities using Scanning 
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force microscope (SFM). For doing this measurement, tips of radius of curvature 10 nm were used. 

Generally, SFM tips has the tendency to move DNA. This problem was overcome by Bustamante 

et al. where mica was treated with Mg2+ and circular modules of plasmid DNA was drop-cast onto 

it. However, they found wider width and lower height than expected. The wider width was 

attributed to the radius of the tip and lower height can be due to compression of DNA by the tip 

[118]. To overcome these problems, chemically modified mica surfaces were used [119, 120]. 

Further, imaging of DNA was also done in liquid environment where they have studied binding of 

unmodified DNA surface with modified mica substrate. With that, DNA was stable for 30 minutes 

and results were consistent. This success is attributed to the use of modified mica substrates [121].  

AFM has been widely used for imaging of lipid monolayers and their interaction with enzymes. It 

provides direct microscopic information about their interaction. This also acts as novel technique 

for the investigation of enzyme kinetics and biological membranes. It looks at cytosol and 

extracellular space at a nanoscale level [122, 123]. 

Imaging of virus is also done using AFM. AFM has revealed the mechanism of formation of 

crystals in icosahedral plant virus, cucumber mosaic virus and structure of the herpes simplex 

virus. Its high resolution and its capability of in vivo imaging makes it more useful for study in 

virology and pathology [124]. 

AFM is a common tool to study the biophysical properties of proteins [125]. Previously, it has 

been used for getting the structural information of individual bacteriorhodopsin at different pH in 

aqueous solution and it has been found that pH > 8 gives reproducible imaging [101]. In case of 

imaging, it is widely used for aggregation studies. Generally, muscovite mica is used as a substrate. 

But in some cases, proteins do not adsorb very well on mica. For that, highly ordered pyrolytic 

graphite (HOPG) is used as a substrate. For larger proteins, it is necessary to use substrate in the 

micrometer range having low roughness values. In such cases, template stripped gold substrates 

are used [126, 127].  

Besides doing imaging, AFM has been widely used for force spectroscopy measurements. 

 

2. Single-Molecule Force Spectroscopy (SMFS) 
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AFM is used to study folding-unfolding transitions, intermolecular interactions of proteins with 

ligands, drugs and other proteins. 

Previously, binding of small drug molecules (cisplatin, ethylene bromide (EtBr) etc.) to DNA was 

studied and the results showed the behavior of native double stranded DNA (dsDNA) when force 

spectroscopy was done after the immediate addition of cisplatin to DNA and the measurements 

after 24 h showed the increase in force upto 73 pN [128]. AFM based method is also used for the 

detection of protein binding site on DNA molecule [129].  

AFM is a very good tool for studying the dynamics of proteins. In a study, folding-unfolding 

dynamics of a GA protein was studied. For AFM measurements, a construct of (NuG2-GA)4 was 

made where NuG2 serves as a fingerprint and acts as a caliper for the observed GA events. Two 

types of unfolding events-one at a contour length (∆LC) of  ̴ 18 nm and unfolding force of 60 pN 

while other at 20 pN were found. The events with ∆LC of 18 nm shows the events for NUG2 

whereas the other showing ∆LC of 13.8 ± 0.5 nm corresponds to GA protein [130]. 

Unfolding pathways of bacteriorhodopsin has been studied. For that, protein molecules were first 

localized and extracted from the membrane. It has been found that the helices (G and F) and helices 

(E and D) unfolded pairwise whereas helices B and C unfolds one after the other [131]. 

In another study, mechanical stability of protein GB1 was checked with bi-his residues. Here, Ni2+ 

is used as a metal whereas Cu2+, Zn2+ or Co2+ can also be used. Ni2+-His and few mutations also 

showed enhancement in mechanical stability [132]. 

AFM can also be used for measuring isoelectric point (pI) of a protein. In a study, colloidal particle 

based method is used and adhesion forces were measured between AFM probe and substrate. pI is 

taken as that value where there is large gap in the adhesion forces. The advantage of using AFM 

technique for measuring pI is that very less amount of protein is needed for the measurement [133].  

AFM experiments can explain the potential energy landscape. For that, force spectroscopy 

experiments should be performed at different pulling speeds. When an external force is applied on 

the molecule, the isolated bonds get ruptured and the energy landscape barrier gets lowered. Since 

force required to unfold the domains depends on the pulling speed, the energy landscape barrier 

diminishes in time. Measured forces are usually plotted on a scale of log (pulling rate).  
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Evans proposed that the unfolding force of a protein shows a linear dependence with the log of 

the loading rate [134]. The slope and intercept of linear fit to the force vs log (loading-rate) curve 

gives information of the position of the transition state along the reaction coordinate and the 

height of the energy barrier respectively. The reaction coordinate for AFM experiments is the 

protein’s end-to-end distance. Eventually, these experiments can be analyzed to extract the 

energy landscape of protein unfolding with respect to the reaction coordinate [18, 135, 136].  

This analysis is beyond the scope of the current thesis. However, it is important to notice that our 

all the experiments, Wild Type (WT) as well as I27 – CLM experiments were performed at a fixed 

speed (1500 nm/sec) to avoid the dependency of force on the loading rate. This assures that the 

rupture force of I27 increases due to the CLM binding instead of the variation in loading rate. 

 It is well known that interaction of proteins with ligands, drugs, dyes and other proteins is 

important to understand as they play important role in biotechnology. There are various methods 

which can be used to find out these interactions such as fluorescence, fluorescence resonance 

energy transfer (FRET) and refractive index. In a study, mechanical properties on binding of 

proteinG, NUG2 with IgG antibody is studied and the binding results shows there are very less 

conformational change upon binding but the unfolding force increased from 105 to 210 pN when 

proteinG binds to IgG. Also, AFM provides functional binding assay for protein-ligand systems. 

Protein-ligand binding is an equilibrium process and provides a way of directly calculating 

dissociation constant, KD. However, protein-ligand unbinding is a non-equilibrium process and 

using AFM, KD cannot be calculated directly. AFM provides a unique advantage for the protein-

ligand systems for the quantitative analysis for measuring binding assays [70]. In a study, 

mechanical stability of Staphylococcal nuclease (SNase) and SNase inhibitor was determined. 

Unfolding force for SNase was found to be 26 pN while for SNase inhibitor unfolding force 

increased to 50 pN [137]. Also, the effect of E9 ligand on the mechanical stability of Im9 protein 

has been studied. Unfolding force increased by 10 pN with its complex [74]. 

Also, unfolding pathways of maltose binding protein (MBP) is studied. Binding of MBP to maltose 

or malotriose, results in an increase of unfolding force. However, unfolding of MBP happens via 

two parallel mechanical unfolding pathways resulting in the kinetic partitioning [71]. Mechanical 

stability of dihydrofolate reductase (DHFR) with different ligands such as methotrexate, 
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nicotinamide adenine dihydrogen phosphate (NADP) and dihydrofolate was also studied. DHFR 

unfolds at 27 pN without showing significant sawtooth pattern of unfolding. However, unfolding 

force increases to 82, 98 and 83 pN in the presence of different ligands such as methotrexate, 

NADP and dihydrofolate, respectively [73].  

The titin is a well-studied protein for AFM measurements. It is a muscle protein and is made up of 

immunoglobulin (Ig) domains. It is a sarcomeric protein which is responsible for passive force 

elasticity. On stretching titin behaves as a molecular spring. In a study, mechanical properties of 

I27, I28 alone and I27-I28 is studied. It has been found out that I27 is thermodynamically more 

stable than I28, however, I28 is mechanically more stable than the I27. I27 unfolds at 200 pN 

whereas I28 unfolds at 260 pN i.e. at higher forces than the I27. This discrepancy occurs when 

mechanical unfolding is assumed to be kinetic process not an equilibrium process [138]. Effect of 

temperature on titin I27 at different temperatures and different speeds was also studied. It has been 

found out that the transition force and Gibbs free energy does not show any dependence on 

temperature at different pulling speeds. The unfolding force from transition force shows a 

consistent increase with different pulling speeds [19]. Mechanical and chemical unfolding of titin 

I27 was also studied in order to confirm whether both of them follow the same pathway. It has 

been found out that in these these techniques, proteins follow different unfolding pathways [17] 

and the rate constant obtained by chemical denaturation studies is five times faster. The effect of 

surrounding anions such as Cl-, Br-, I-, ClO4
-, 𝑆𝑂4

2− etc. on the mechanical stability of I27 was also 

studied. It has been found out that mechanical stability i.e. unfolding force decreases with increase 

in ionic radii [139]. Interaction of Titin I27 with calcium is also studied suggesting that binding 

can result into different mechanical properties of I27 protein. To check that, fluorescence and 

single molecule force spectroscopy was done. With increase in calcium concentration, 

fluorescence intensity decreases suggesting calcium is binding to I27 protein. When 

Ethylenediamine tetraacetic acid (EDTA) was added, a partial recovery of fluorescence intensity 

was obtained suggesting that EDTA was not able to unbind all the calciums bound to the protein. 

SMFS suggests an increase in the unfolding force of 40 pN for every peak and decrease in the 

persistence length [8]. 

Previously, investigation on mechanical protein fibronectin as well as membrane protein 

bacteriorhodopsin has been done. The studies have shown that small osmolytes enhance stability 
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of folded domains and reduce the PL of the unfolded chain [140–142]. It is argued that in presence 

of such small molecules, the protein chain tends to form coils and it reduces the PL [143].The 

mechanical stability of the protein is enhanced in such situations due to an increase in chemical 

potential of denatured versus the folded state.  

The interaction of CLM with titin I27 shows a similar result. For studying the interaction, SMFS 

and fluorescence measurements were done. Single-molecule measurements show that unfolding 

force is increased by 25 pN with 40 μM drug concentration, thereby stabilizing the protein. Further, 

stability is confirmed by equilibrium denaturation experiments. Denaturation experiments also 

show the stability at 40 μM drug concentration [93]. 

AFM has the capability to do measurement on living cells at single cell level. It can distinguish 

cancer cells from normal cells and also differentiated cells from stem cells [45, 144]. 

Morphological changes in cancer cells on treatment with anticancer agents have been also studied. 

 

2.2.2 Fluorescence spectroscopy 

When a molecule in the ground state absorbs energy, it gets excited to the excited singlet state and 

then it comes back to ground state with the emission of energy. This process is referred to as 

fluorescence (Fig. 2.2).  
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Fig. 2.2: Jablonski diagram showing the fluorescence emission spectrum. 

 

2.2.2.1 Intrinsic Fluorescence in Proteins 

Since proteins are made up of long chain of amino acids. There are 20 types of amino acids. Among 

these only 3 amino acids, Trp, Tyrosine (Tyr) and phenylalanine (Phe) acts as fluorophore. 

Generally, proteins are excited at 280 nm wavelength. Emission from Phe is almost negligible as 

it has low quantum yield and low absorption and emission wavelengths. The absorption at 280 nm 

is due to both Tyr and Trp, whereas absorption at 295-305 nm results in the excitation of Trp only 

[145]. 

The protein which we study in our laboratory extensively for mechanical stability experiments, 

I27 domain of titin contains one Trp and one Tyr. When a drug molecule binds to it, fluorescence 

intensity decreases with the addition of the drug. This decrease in fluorescence intensity is referred 

to as fluorescence quenching. 

Fluorescence quenching has been widely used in investigating interactions between proteins and 

small drug molecules. The change of the microenvironment around a fluorophore changes the 

fluorescence intensity. Fluorescence quenching in a system is a result of energy transfer or 

complex-formation between the two molecules. The fluorescence quenching data is useful in 
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deciphering and quantifying the protein-drug binding. It is used in order to find the binding 

mechanism as well as the number of binding sites [75, 76, 79, 82, 146]. 

 

2.2.2.2 Mechanism of fluorescence quenching 

The mechanism of quenching can be classified into two categories: static and dynamic quenching. 

Static quenching usually refers to the formation of a complex between the two molecules i.e. 

protein (fluorophore) and drug (quencher) molecule whereas dynamic quenching occurs when 

excited fluorophore interacts with other molecules and thereby results in non-radiative transition 

(Fig. 2.3) [147]. 

 

Fig. 2.3: Schematic showing static and dynamic quenching. 

 

Generally, quenching data is analyzed using Stern-Volmer equation. 
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𝐹0

𝐹
= 1 +  𝐾𝑆𝑉[𝑄] = 1 + 𝑘𝑞𝜏0  [𝑄]                                                   (2.1) 

Where 𝐹0 and F are the fluorescence intensities in the absence and presence of quencher 

respectively. 𝐾𝑆𝑉 is the Stern-Volmer constant, [𝑄] is the concentration of quencher, 𝑘𝑞 is the 

quenching rate constant of biological molecule and 𝜏0 is the fluorescence lifetime of biological 

molecule. 

Eq. 2.1 shows the linear plot of 𝐹0 𝐹⁄  vs [Q]. Sometimes there are two populations of fluorophores 

a) accessible and b) inaccessible to quenchers or buried. In such cases, non-linear curve is obtained 

and stern-volmer plot will show downward curvature. For that, modified stern-volmer equation is 

used [145, 148]. 

In the case of static quenching, fluorescence lifetime remains constant in the presence of quencher 

(𝜏0/𝜏=1) while in case of collisional quenching, 𝜏0/𝜏 = 𝐹0/𝐹. 

The fluorescence lifetime of the biomolecule is 10-8 s [149], with a maximum dynamic quenching 

constant  𝑘𝑚𝑎𝑥
𝑞  for various quenchers known to be 2.0 ×1010 Lmol-1s-1 [150]. 

Also, quenching mechanism can be described using UV-absorption spectroscopy. Since dynamic 

quenching effects the excited state only, so no change in the absorption spectra is expected whereas 

in case of static quenching changes in the absorption spectra should be obtained [83, 151]. 

 

2.2.2.3 Equilibrium denaturation method 

This method is used for checking the conformational stability of the protein i.e. by how much 

amount the native conformation is more stable than the denatured state. 

It is used for comparing the conformational stability of the proteins which have slight difference 

in the amino acid sequence and folding mechanism can also be described using this method. If the 

denaturation curve has more than one step then that means it contains more than one domain. 

For a two–state mechanism 
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                                                    N ⇋  D                                                                                      (2.2) 

Only native state (N) and the denatured state (D) are present.  

The denaturation data obtained from the unfolding curve can be plotted in terms of denatured 

fraction (𝑓𝐷), which can be written as 

                                                         𝑓𝐷 =
(𝑌− 𝑌𝑁)

(𝑌𝐷−𝑌𝑁)
                                                                           (2.3)                  

where 𝑌 is the observed parameter at a given urea concentration, 𝑌𝑁 and 𝑌𝐷 are the fluorescence 

intensity values obtained for the native and denatured states, respectively. These values can be 

obtained by extrapolations from the linear portions in the low and high denaturant concentration 

region. 

The equilibrium denaturation data was analyzed using methods described previously [152, 153]. 

The equilibrium constant (𝐾𝐷) between the native and denatured state can be calculated by 

                                                        𝐾𝐷 =  
𝑓𝐷

(1− 𝑓𝐷 )
                                                                          (2.4) 

The 𝐾𝐷 values obtained can be used for calculation of free energy change, △ 𝐺𝐷. 

                                                     △ 𝐺𝐷  =  −𝑅𝑇 𝑙𝑛 𝐾𝐷                                                                  (2.5) 

The free energy of stabilization i.e. △ 𝐺𝐷(𝐻2𝑂), can be calculated by  

                                               △ 𝐺𝐷 = △ 𝐺𝐷 (𝐻2𝑂) + 𝑚 (𝐺𝑑𝐻𝐶𝑙)                                              (2.6)                            

where m is the slope of the line. 

The free energy of stabilization can be calculated from the intercept of the line.  

2.3 Theoretical methods 

2.3.1 Worm-Like Chain (WLC) model 
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WLC model is used to describe the behavior of semi-flexible polymers and their intrinsic elasticity 

allow them to remain rigid even at smaller length scales. It is used to describe the elastic properties 

of single stranded DNA, double stranded DNA, ribonucleic acid etc. Discrete version of the WLC 

model was given by Kratky and Porod whereas continuous WLC model was given by Saito, 

Takahashi and Yunoki [154, 155].  

Discrete WLC model assumes length and angle of bond length to be fixed. Continuous WLC model 

assumes total contour length of the polymer to be fixed and angle correlation between the polymer 

segments is determined by persistence length.  

PL quantifies the bending stiffness of polymer. For pieces of polymer shorter than the PL, polymer 

behaves like a rigid rod whereas larger segments can be described on the basis of random walk 

model. 

            𝐹(𝑥) =
𝑘𝐵𝑇

𝑃
 [

1

4(1 −
𝑥

𝐿𝐶
)2

−
1

4
+  

𝑥

𝐿𝐶
]                                                                                      (2.7) 

where F is force, x is vertical tip position, kB is Boltzmann constant, T is absolute temperature, P 

is PL and LC is contour length of the polymer. 

Fig. 2.4 shows the schematic to explain the parameters used for WLC model. 
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Fig. 2.4: Worm-like chain model is used to describe the entropic elasticity of polymer which basically 

describes the relationship between force (F) and extension (x) of protein using contour length (LC) 

and persistence length (P), respectively. 

 

The PL, which characterizes the entropic elasticity of the unfolded chain and contour length, which 

is the measure of maximum physical possible extension of the chain were used as fit parameters. 

In another work of my research, mechanical properties of stem cells was studied. It has been found 

out that, mESCs lacking clathrin shows less cellular stiffness in comparison to differentiated cells. 

In order to study that, hertz model is used. A brief discussion about hertz model is described in 

detail here. 

 

2.3.2 Hertz model 

Hertz model is used to quantify the elastic contacts of biomolecules.  
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It assumes the sample to be isotropic, homogeneous and linear elastic. The indenter should not be 

deformable and there should not be any interaction between the indenter and the sample. If all 

these conditions are met, then Young’s modulus can be extracted by fitting Hertz model to the 

force-indentation curve. 

Material properties are determined by the poisson’s ratio. For soft samples, poisson’s ratio is 0.5. 

Indenter tip can have various geometries such as spherical, pyramidal etc. The geometry of the 

indenter tip decides which equation should be used. 

The AFM cantilever and the cell can be modelled as two linear springs in series and as a result of 

which the force experienced by the cell can be represented as  

                                                     𝐹 = 𝑘𝑑                                                                                      (2.8) 

 

where k is the spring constant of the cantilever and d is the deflection of the cantilever. 

 

A certain amount of known force is applied on the cell and the cell indentation value is recorded. 

 

                                                    𝛿 = (𝑧1-𝑧0)−(𝑑1 − 𝑑0)                                                  (2.9) 

 

Where d0 and z0 represents the initial cantilever deflection and cantilever movement, 

d1 and z1 represents the final cantilever deflection and cantilever movement, respectively.  

 

By substituting the actual cantilever deflection into the force formula, we get 

                                        

                                                        𝐹 = 𝑘 (𝑑1 −  𝑑0)                                                                       (2.10) 

 

The cell indentation and force can be used to determine the mechanical behavior of cell [156]. 

 

Fig. 2.5 shows the shows the schematic to explain the parameters of Hertz model. 
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Fig. 2.5: AFM schematic showing the interaction of glass bead with the cell where do and zo 

shows the initial cantilever deflection and the movement, and d1 and z1 shows the final cantilever 

deflection and the movement. 

 

For spherical indenter tip: 

 

                  𝐹 =
𝐸

(1 − 𝑣2) 
 [

𝑎2 +  𝑅2

2
 𝑙𝑛

𝑅 + 𝑎 

𝑅 − 𝑎 
− 𝑎𝑅]                                                                    (2.11) 

 

                    𝛿 =  
𝑎

2
 ln 

(𝑅+𝑎)

(𝑅−𝑎)
                                                                                                         (2.12)                                       

Where F is measured by the cantilever possessing the bead, which is pressed against the cell, R is 

the bead radius, δ is the deformation in the cell, E is young’s modulus, and 𝑣 is the poisson’s ratio. 

Hertz model is valid for small indentations i.e. upto 5-10 % of the height of the sample.  
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For calculating the Young’s modulus, all the operations have to be applied on the extend curve. 

First, offset or tilt is removed, then baseline subtraction, contact point operations are to be 

performed and then hertz model is fitted on the extend curve [114]. 

 

2.3.3 Molecular modelling 

Molecular docking is a computational modelling used to predict the preferred binding mode of a 

ligand to a protein, both of them basically bind to form a stable complex. It is used to check the 

orientation of a molecule and the binding conformation of ligands to the appropriate binding site. 

The main goal is to understand molecular recognition, binding free energy, binding affinity, 

binding constant of complexes and strength of association [157].  

Docking is usually performed between a macromolecule and small molecule i.e. we can take the 

case of protein-drug interaction, protein-ligand interaction or protein-protein interaction. It has a 

wide variety of applications in drug discovery systems [158]. 

Molecular docking can be categorized into three ways as induced fit docking, lock and key binding 

and ensemble docking [159]. Induced fit docking considers both the ligand and receptor to be 

flexible. Ligand binds flexibly at the active site of the receptor in order to maximize the bonding 

forces between them while in case of lock and key binding, both the ligand and receptor are 

considered to be rigid and it shows tight binding. Ensemble docking explains flexibility and 

complexity of conformational states of protein [160]. Various servers are also available for 

molecular docking such as PatchDock, Swiss Dock, UCSF-Dock etc [161]. 

We have used PatchDock for studying the interaction of titin I27 with CLM. 

 

PatchDock 

PatchDock is a freely available software for prediction of protein-protein and protein small 

molecule complexes. This method was verified on antigen-antibody and enzyme-inhibitor 

complexes [162]. 
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A very simple and intuitive web interface for PatchDock is available at http://bioinfo3d.cs. 

tau.ac.il/PatchDock/.  

For input, we need two molecules either uploaded to the server or retrived from protein data bank. 

We can directly enter the Protein Data Bank (PDB) IDs to the server also. There are basically four 

optional fields: 

 

1) Clustering Root Mean Square Deviation (RMSD) 

This specifies the radius of RMSD clustering in Å that means the output molecules should be 

atleast separated by that distance. 

 

2) Complex type 

For protein-small ligand molecule complexes, this algorithm uses a parameter optimized for small 

size molecules. If this parameter is not set, then it will take default configuration. 

 

3) Potential binding sites for ligand and receptor 

This information is supplied as an uploaded file that lists the residues of the potential binding site 

or sites. 

We need to submit the email ID also. Once the docking is done, we get notification on email. 

We usually get top 20 solutions. We get geometric score, desolvation energy, interface area size, 

actual transformation of molecules [163]. 

For our work, PDB of protein (1TIT) and CLM (separated from PDB - 4CLA) was given. 
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Chapter 3 

 

Interaction of Chloramphenicol with 

titin I27 using single-molecule force 

spectroscopy 

 

3.1 Introduction  

In this chapter, interaction of Chloramphenicol (CLM) with titin I27 probed using single-molecule 

force spectroscopy is described. For studying this interaction, various experimental and theoretical 

methods are used. Experimental methods includes fluorescence, equilibrium denaturation and 

Atomic Force Microscope (AFM) whereas for theoretical methods Worm-Like Chain (WLC), and 

molecular modelling techniques are used. All the methods have been discussed in chapter 2 in 

detail. I will discuss the results obtained from these methods in detail. Our results show that CLM 

binds to I27 resulting in the formation of complex between the two. PatchDock results shows that 

Trp comes in the vicinity of I27 and fluorescence quenching occurs as a result of binding between 

the two. AFM result shows that CLM mechanically stabilizes the protein at 40 µM concentration. 

In order to confirm this stability, equilibrium denaturation experiments were performed. 

Denaturation experiments also confirms the stability at 40 µM CLM concentration. Therefore, 

CLM stabilizes the I27 protein mechanically and chemically. 

The binding of small molecules such as drugs and dyes to biological macromolecules is active area 

of investigation [7]. It is important to understand the efficacy as well as side-effects of some broad 

spectrum drugs such as CLM and aureomycin [164, 165]. This investigation of protein-drug 
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interaction is important for pharmacology and pharmacokinetics [166]. Each drug has a therapeutic 

window for treatment of various diseases. For instance, it has been shown that the inhibitory 

concentration of CLM for various organisms is 4-12.5 mg/L (12-38 μM). The peak serum 

concentration for CLM is in the range of 15-25 mg/L (46-77 μM) and the trough concentration is 

found to be around 5-10 mg/L (15-30 μM) [167]. The toxicity is reported to increase when 

concentration rises above 25 mg/L [168]. This demands a proper understanding of drug-protein 

interaction at various concentrations and how concentration of drug molecules affects the 

functioning of a protein. 

Protein-drug interaction can be studied by direct or non-separation methods such as ultraviolet-

visible absorption spectroscopy and fluorescence spectroscopy and indirect techniques or 

separation methods such as gel filtration, ultracentrifugation and equilibrium dialysis [67, 69, 169]. 

It is also extensively investigated using fluorescence quenching [75, 77, 82, 170]. Recently, there 

are reports of the effect of a drug on the mechanical properties of single molecules of proteins 

[142]. Single molecule techniques wherein a force is applied on single molecule to produce 

mechanical unfolding can be used to investigate the drug-protein interaction at the level of single 

molecules [70]. In this work, we report the effects of CLM drug on elasticity of I27, one of the Ig 

domains of muscle protein titin using AFM.  

Titin is a giant muscle protein and contains two types of domains. One of them is Fibronectin type 

III (Fn(III)) and the other domains are Immunoglobulin (Ig) [171]. Further, these domains are 

arranged in an array of N-terminal I-band consisting of Ig domains and C-terminal A-band that 

consists of alternating fibronectin and Ig domains. Titin is also known as connectin and acts as a 

molecular spring which is responsible for passive force (elasticity) in muscle sarcomere and 

stability of myosin filaments [6]. The mechanical response of the single octamer of I27, one of the 

Ig domains from the I-band is measured using AFM [18, 172]. The interaction of titin I27 with 

calcium and its effect on the mechanical properties were investigated using fluorescence and AFM 

[8]. 

CLM is a broad spectrum antibiotic which is used for treatment of bacterial infections and it is also 

a muscle relaxant. It is known to have a direct impact on muscles which is concentration-dependent 
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[173]. The myocardial effects of CLM on rat heart muscle have been investigated and are reported 

to cause depressed isometric contraction to some extent [174].  

The effect of certain antibiotics such as CLM, kanamycin and streptomycin was investigated on 

rat heart muscles and were shown to have a direct negative inotropic effect on isolated rat heart 

muscles [175].  

The chick embryos were found to have a significantly reduced heart-rate at large concentrations 

(250 μg/mL) of CLM [176]. This has led to reports on interaction of CLM with many proteins 

such as Human Serum Albumin (HSA) [78, 79] and Lysozyme [83]. However, there is no 

understanding if CLM binds to titin, and its effect on elasticity of titin which is a major part of the 

muscle sarcomere. 

In this work, we first investigated protein-drug interaction in the bulk using fluorescence 

quenching. We found that fluorescence intensity decreases with an increase in the concentration 

of the drug providing evidence of CLM binding to I27. Further, using single-molecule force 

spectroscopy we unraveled the effect of drug on mechanical stability of I27 polyprotein at various 

concentrations. We found that the unfolding force increases when CLM binds. It is maximum at a 

concentration of 40 μM. The increase in unfolding force at this concentration is   ̴25 pN. The 

entropic stiffness of the unfolded chain is also increased due to this binding. The mechanical 

stability seen at 40 μM, is also seen in equilibrium chemical denaturation experiments which were 

performed with monomers of I27. 

  

3.2 Methods 

3.2.1 Protein 

Titin is a giant protein and is encoded by TTN gene. It is the third most abundant protein in muscle. 

We have used titin I27 (PDB -1TIT) for measurements. It is made up of 89 amino acids and has 

molecular weight of 10.9 kDa. It consists of one Trp and one Tyr. It consists of seven β-strands. 

Fig. 3.1 shows the crystal structure of titin I27 (PDB - 1TIT). 



43 
 

 

Fig. 3.1: Crystal structure of titin I27 (PDB - 1TIT). 

 

3.2.2 Protein expression and purification of I27 monomer (I27)1 and I27 

octamer (I27)8 

Plasmid pET-23a containing the human I27 gene with an ampicillin resistance marker was 

transformed into Escherichia coli BL21(DE3) chemical competent cells. One isolated colony was 

selected and grown in LB medium at 37 ◦C until OD600 reached 0.6. Once OD600 reached 0.6, 

then the culture was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 

incubated at 37 ◦C, 180 rpm for 6 hr. The cells thus obtained were lysed with lysis buffer containing 

50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM imidazole, 0.1 mM phenylmethylsulfonyl fluoride 

(PMSF), and 0.25% β-Mercaptoethanol using ultrasonication. The clarified lysate obtained after 

cell lysis was loaded on a pre-equilibrated 5 mL Hiprep Ni-NTA affinity column (GE Healthcare). 
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The composition of equilibration buffer was 50 mM Tris-HCl pH 8.0 and 300 mM NaCl. Finally, 

the protein was eluted with an equilibration buffer containing 250 mM imidazole. Fractions 

containing desired proteins were checked on 15% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and pooled together. Imidazole was removed by buffer exchange (10 

mM PBS pH 7.4) using amicon tubes (Merck, MWCO: 10 kDa). Protein was flash frozen in liquid 

nitrogen with 10% glycerol and stored at –80 ˚C for further use. The concentration of protein was 

checked on nanodrop each time before the experiment. The yield of I27 monomer was found to be 

0.9 mg/mL. The I27 octamer was also purified using a similar procedure. The yield of I27 

monomer was found to be 3 mg/mL. 

 

Fig. 3.2: 15% SDS-PAGE gel image of titin I27 monomer. Lane 1 shows marker and Lane 2 shows 

monomer of I27. 

 

Fig. 3.2 shows the SDS-PAGE gel image of I27 monomer. Since we got pure protein for I27 

monomer, so we directly used this protein for fluorescence and equilibrium denaturation 

experiments. Before doing the experiment, each time the protein was dialyzed in 10 mM PBS 

buffer pH 7.4 for 10-12 h. Fig. 3.3 shows SDS-PAGE gel image for octamer of I27. 
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Fig. 3.3: SDS-PAGE gel for titin I27 octamer. Lane 1 shows the marker and Lane 2 shows the octamer of 

I27.  

 

(I27)8 was used for AFM experiments. So, we did not need too much pure sample. We proceeded 

with this sample only for AFM experiments. 

 

3.3 Fluorescence spectroscopy 

3.3.1 Sample preparation 

1 mM stock solution of CLM was prepared in 10 mM PBS pH 7.4. I27 monomer was dialyzed in 

10 mM PBS pH 7.4 for 10-12 h and the concentration of protein was measured on nanodrop. A 

stock solution of I27 monomer of concentration 200 µM was made. Samples of different 

concentrations of CLM (0, 10, 20, 30, 40, 50, 75 and 100 μM) with a constant protein concentration 

of 40 μM were made in 10 mM PBS pH 7.4 and the total volume of each solution was made upto 

100 μL with 10 mM PBS buffer pH 7.4 only. Fluorescence measurement was done in 96 well plate 

at room temperature with excitation wavelength, λex: 295 nm and emission scan range between 
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315-600 nm. All the fluorescence measurements were done on Perkin Elmer Enspire multimode 

reader (IISER Pune). 

 

3.4 Docking studies 

The available crystal structure of I27 (PDB : 1TIT) was docked with CLM using the PatchDock 

server [163]. Out of the ten models provided by the server, we chose the best fit model considering 

the docking score. Chimera was used for graphical analysis and figure generation. 

 

3.5 Atomic force spectroscopy 

In the past, AFM has been used to study the mechanical properties of single biomolecules such as 

proteins, unstructured polymers, etc. In typical AFM experiments on the proteins, a polyprotein 

(multidomain) is attached between a microcantilever tip and substrate (Fig. 3.4).  
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Fig. 3.4: a) Schematic of I27 octamer tethered between AFM cantilever and gold coated coverslip, b) One 

of the domains gets unfolded when the applied force reaches a critical value resulting in relaxation of 

cantilever to its equilibrium position, c) Unfolding of last domain. Further pulling will result in the stretch 

of the unfolded domain followed by the tip-molecule detachment. 

 

When the relative distance of cantilever-substrate is changed with a constant speed along the 

perpendicular direction to the substrate, domains sequentially unfolds. Each peak in the pattern 
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represents the force required to unfold a domain which can be associated with the mechanical 

stability of the domain along the direction of pulling (Fig. 3.5).  

 

 

Fig. 3.5: Force extension curve of (I27)8 at room temperature at 1500 nm/sec. The characteristic sawtooth 

pattern showing 7 unfolding events. 

 

In the present chapter, we have investigated the mechanical stability of I27 polyprotein with 8 

identical repeats in presence of CLM. 

 

3.5.1 Calibration of the cantilever 
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Some amount of milli-Q (500-600 µL) was taken in a liquid cell, cantilever is brought down 

through nanopositioner. When cantilever gets dipped into the liquid and we have done the 

calibration in air, the sum signal gets zero, then mirror is rotated in order to have maximum sum 

signal. 

When cantilever touches the glass coverslip surface, then force curve is taken. From there, we get 

the sensitivity and when we retract the cantilever by some distance and oscillate it, we get the 

spring constant of the cantilever. This method is known as thermal noise method. The method is 

based on the equipartition theorem which states that the energy stored in the spring is equal to the 

thermal energy 

                               
1

2
 𝑘 < 𝑥2 >=  

1

2
𝑘𝐵T 

where 𝑘 is the spring constant, <𝑥2> is the mean square displacement of the cantilever deflection, 

𝑘𝐵 is the Boltzmann constant and T is the temperature. 

The amplitude measured by thermal noise depends on the temperature, the spring constant of the 

cantilever and the method by which cantilever deflection is detected [177, 178]. 

The experiments were performed in a commercial AFM (JPK Nanowizard-II, Berlin, Germany). 

Rectangular silicon-nitride cantilevers from micromasch (Micromasch, Bulgaria) with stiffness 

0.05 N/m were used for I27 measurements. 

 

3.5.2 Sample preparation 

For protein-drug sample preparation, an appropriate amount of drug was added to the protein 

sample. The sample was mixed properly and then incubated on a freshly gold-coated coverslip for 

30 minutes. While for (I27)8 without drug, only I27 protein (2-5 μM, 40 μL) was incubated on a 

gold-coated coverslip for 30 min. After incubation, the sample was washed with 10 mM PBS pH 

7.4 to remove unbound protein. After 2-3 washing, 600 μL of PBS pH 7.4 was taken in a liquid 

cell and force spectroscopy was done.  

 

3.5.3 Analysis 
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Sawtooth pattern with minimum of 5 events and the force curves in which the last event show high 

force in comparison to the forgoing ones are only used for the analysis. First and last event should 

be neglected for analysis because first one can show the non-specific binding and the last one 

shows the detachment from the sample. 

 

3.6  Equilibrium denaturation of (I27)1 

3.6.1 Sample preparation 

A stock solution of 8 M Guanidinium chloride (GdmCl) with 10 mM PBS buffer pH 7.4 was 

prepared in milli-Q. The solution was filtered and kept at room temperature for further use. 1 mM 

stock solution of CLM was prepared in 10 mM PBS buffer pH 7.4. 200 µM stock solution of 

protein (I27 monomer) was made and kept in ice. Three different sets of experiments with varying 

concentrations of CLM were performed. In one set of experiment, the concentration of protein (40 

μM) and CLM (30 μM) were kept constant while the concentration of Guanidinium hydrochloride 

(GdmCl) was varied. All the samples with varying GdmCl concentrations were gently mixed and 

incubated overnight at 28 ˚C in a water bath. The total volume of each solution was made upto 100 

μL with 10 mM PBS buffer pH 7.4 only. The same protocol was followed for the rest two different 

concentrations of CLM, 40 and 50 μM. The samples were pipetted and kept in 96 well plate at 28 

˚C for fluorescence measurement with excitation wavelength, λex at 295 nm and emission scan 

range between 315-600 nm. All the fluorescence measurements were performed on Perkin Elmer 

Enspire multimode reader (IISER Pune). 

 

3.7 Results 

3.7.1 Fluorescence 

Effect of CLM on tryptophan fluorescence quenching 
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Fluorescence quenching has been widely used in investigating interactions between proteins and 

small drug molecules. The change of the microenvironment around a fluorophore changes the 

fluorescence intensity. Fluorescence quenching in a system is a result of energy transfer or 

complex-formation between the two molecules. The fluorescence quenching data is useful in 

deciphering and quantifying the protein-drug binding. 

Here, we checked the binding of CLM by monitoring the tryptophan (Trp) fluorescence (λex: 295 

nm; λem: 330 nm) in I27 protein. Titin I27 has one Trp and one tyrosine (Tyr). When excited at 

280 nm, we will have contribution from both Trp and Tyr, whereas when excited at 295 nm, Trp 

gets excited selectively. Fluorescence in Trp is due to the presence of indole chromophore. Since 

the measurements are done at pH 7.4, so the fluorescence quenching can be due to the proton 

exchange at C2, C4 or C7 positon. As a result of which proton donor should contact the C2, C4 or 

C7 position of the indole ring [179]. Chloramphenicol has 3 hydrogen bond donors [180]. That’s 

why, we observed that with an increase in CLM concentration, the intensity of fluorescence 

emission of (I27)1 decreased without a shift in the emission maxima (330 nm). These quenching 

experiments suggest that CLM interacts with I27 and its binding site is close to Trp (Fig. 3.6). 
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Fig. 3.6: The Trp fluorescence emission spectra of I27 excited with 295 nm wavelength after the addition 

of CLM to the solution. The arrow indicates increasing concentrations of CLM (0, 10, 20, 30, 40, 50, 75 

and 100 × 10-6 molL-1). We observed that the fluorescence is quenched with the addition of CLM to the 

solution. 10 mM PBS (pH 7.4) buffer is used for the protein as well as for CLM solution. 

 

The proximity of CLM to Trp was further confirmed by molecular docking studies. Using 

PatchDock, we identified the residues involved in the interaction of I27 with CLM. We found that 

the distance between the CLM and Trp34 in the selected model is less than 5 Å (Fig. 3.7). This 

explains the quenching of the Trp fluorescence which we observed in our previous results. 
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Fig. 3.7: Docking studies to check the proximity of CLM to Trp34 of titin I27 protein. a) I27 (PDB : 1TIT) 

docked with CLM using PatchDock, b) Interaction of CLM with Trp34 within 5 Å. It suggests that the 

fluorescence quenching is due to attachment of CLM to the protein in vicinity of Trp. 

 

Mechanism of fluorescence quenching 

Generally, quenching data is analyzed using Stern-Volmer equation. 

                                              
𝐹0

𝐹
= 1 +  𝐾𝑆𝑉[𝑄] = 1 + 𝑘𝑞𝜏0                                                         (3.1)        

Where 𝐹0 and F are the fluorescence intensities in the absence and presence of quencher 

respectively. 𝐾𝑆𝑉 is the Stern-Volmer constant, [𝑄] is the concentration of quencher, 𝑘𝑞 is the 

quenching rate constant of biological molecule and 𝜏0 is the fluorescence lifetime of biological 

molecule. 

Fig. 3.8 shows the Stern-Volmer plot for the quenching of I27 fluorescence due to binding of CLM. 

The fluorescence lifetime of the biomolecule is 10-8 s [149], with a maximum dynamic quenching 
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constant  𝑘𝑚𝑎𝑥
𝑞

 for various quenchers known to be 2.0 ×1010 Lmol-1s-1 [150].

 

Fig. 3.8: Stern-Volmer plot for quenching of I27 at different drug concentrations (pH is 7.4, the excitation 

wavelength, λex = 295 nm). The concentration of I27, [I27] = 40 ×10-6 M, the drug concentration is varied, 

[Q] = 20, 30, 40, 50, and 75 × 10-6 M. 

 

The value of the quenching constant (KSV) here is found to be 3.795 ×103 Lmol-1. This corresponds 

to a dynamic kq of order 1011 Lmol-1s-1, which is larger than 𝑘𝑞
𝑚𝑎𝑥, indicating that quenching here 

is predominantly static. These results demonstrate that the interaction between I27 and CLM 

molecules results in the formation of a complex. 

 

3.7.2 Atomic force spectroscopy 
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Fig. 3.9 a) and b) show representative force curves of the unfolding of I27 without and with CLM 

molecule attached, respectively. We see 8 unfolding events of the octamer of I27. The unfolding 

force was measured for I27 and I27 in presence of 40 μM CLM. We observed that the force 

required to unfold the domains of I27-WT (wild type) is 218 ± 2 pN. On the other hand, the force 

needed to unfold the domain of I27 in presence of 40 μM CLM is 242 ± 2 pN. The unfolding force 

for I27 with 40 μM CLM is 25% higher than the I27-WT. 

 

Fig. 3.9: Representative measurements for the unfolding of polyprotein without and with the drug a) I27-

WT, and b) I27 with 40 μM CLM . The force required to unfold the domain is more for I27 with 40 μM 

CLM compared to I27-WT. Solid red line represent the WLC model fitted to the force versus extension 

curve. 

 

One can see from the below Gaussian fits that there are two distinct peaks, one at  ̴200 pN while 

other at  ̴360 pN. For 40 µM of CLM concentration, more events are observed at higher peak force 

as compared to I27 only while for higher concentrations, the 2nd peak slowly diminishes (Fig. 

3.10). 
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Fig. 3.10: Unfolding force frequency histograms followed by Gaussian fit for I27 only and I27 with 

different drug concentrations. 

 

Fig. 3.11 represents the unfolding forces of I27 at different concentrations of CLM. Fig.3.11 

represents the persistence length for I27-WT and I27 with 40 μM CLM. The peak number 

corresponds to total number of domains which still remains unfolded at this particular unfolding 

event. For instance, for a I27-octamer, the peak number 6 specifies that there are only 2 folded 

domains remaining since there are total 8 domains in the polyprotein. The fluorescence quenching 

data suggests that at 40 μM concentration, CLM attaches to the I27 near Trp. The enhancement in 

force required to mechanically unfold the protein in the presence of CLM with 40 μM indicates 

that the CLM mechanically stabilizes titin's individual domains. 
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Fig. 3.11: The graph shows the domain-wise unfolding force after the addition of the drug at various 

concentrations. The peak number suggests the number of unfolded domains. The sample size is 160 and 98 

for the I27-WT and I27 with 40 μM CLM respectively. The unfolding force is higher for 40 μM CLM 

concentration. The difference is of  ̴25 pN for each domain, the error bars are standard errors which is 

standard deviation divided by square root number of measurements. 

 

Further, we fitted Worm-Like Chain (WLC) model to the force extension data of the unfolded 

domains of I27. A brief discussion about WLC model is described in section 2.2.1. 

The force curves with more than 6 events were considered for the analysis. We analyzed 160 force 

curves for I27-WT and 98 curves for I27 with 40 μM CLM concentration. Fig. 3.12 shows the 

persistence length change on the addition of 40 μM CLM to the I27 protein. The graph shows that 

persistence length decreases with the addition of CLM for each unfolding domain. It suggests 

softening of the chain. Such softening could also be the result of enthalpic contribution to the chain 

elasticity due to binding of CLM molecule to the chain. This indicates that the CLM remains bound 

to the chain even after the domain is unfolded. 
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Fig. 3.12: The domain-wise persistence length of I27-WT and I27 with 40 μM CLM. The error bars are 

standard errors. 

 

3.7.3 Equilibrium denaturation experiment 

We performed the equilibrium denaturation experiments at a fixed protein concentration (40 μM) 

with increasing GdmCl concentrations and monitored the denaturation of protein with varying 

CLM concentration. A detailed description of equilibrium denaturation experiment is described in 

the section 3.6.1. 

The equilibrium denaturation data was analyzed using methods described previously [152, 153]. 

Fig. 3.13 a) shows the denatured fraction at a particular denaturant concentration. The curves 

represent unfolded fractions as a function of denaturant concentration. There is a shift in the 

GdmCl concentration when 40 μM CLM is added to I27 protein (Fig. 3.13 b) whereas there is no 

shift for I27 with 30 and 50 µM CLM concentration. This shift is towards the higher GdmCl 

concentration. This indicates that the chemical stability of the protein is enhanced at 40 μM drug 

concentration. 
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Fig. 3.13: Equilibrium denaturation experiments on monomers of I27-WT and I27 with different drug 

concentrations followed by Trp emission fluorescence spectroscopy. The denaturation data is plotted in 

terms of denatured fraction. a) The data in black filled squares are I27-WT, orange filled circles are I27 

with 30 μM CLM concentration and filled blue triangles are of I27 with 50 μM CLM concentration, b) The 

data in black filled squares are I27-WT, red filled stars are I27 with 40 μM CLM concentration. Solid lines 

are fit to a two-state model. 

 

Free energy of stabilization was also calculated for all the three CLM concentrations.  
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Fig. 3.14: Plot of ∆GD versus GdmCl molarity for calculation of ∆GD (H2O). a) The data in black filled 

squares are I27-WT, yellow filled circles are I27 with 30 μM CLM concentration and filled blue triangles 

are of I27 with 50 μM CLM concentration, b) The data in black filled squares are I27-WT and red filled 

stars are I27 with 40 μM CLM concentration. 

 

Fig. 3.14 a) shows the free energy of stabilization for I27 – WT, I27 with 30 and 50 µM CLM 

concentrations, respectively whereas Fig. 3.14 b) shows the free energy of stabilization for I27 – 

WT and I27 with 40 µM CLM, respectively.  

The value of ∆GD (H2O) for I27-WT is found to be 1.95 ± 0.93 kcal/mole, while for I27 with 30, 

40 and 50 μM is 1.79 ± 0.67 kcal/mole, 3.25 ± 0.63 kcal/mole and 2.07 ± 0.62 kcal/mole 

respectively. This indicates that at 40 μM drug concentration the stability of I27 domains is 

enhanced. 

 

3.8 Discussion 

Previously, protein-drug interaction was investigated by various methods such as UV-visible 

absorption spectroscopy, fluorescence, circular dichroism (CD), isothermal calorimetry (ITC) and 

3D fluorescence spectroscopy. Interaction of CLM with serum albumin proteins (both HSA and 
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BSA-Bovine Serum Albumin), lysozyme, hemoglobin and bovine pancreatic system was studied 

by these methods [76, 78, 79, 81, 83, 181]. We investigated the binding of CLM with titin in the 

current work. The fluorescence data and the PatchDock results suggest that quenching is due to 

binding of CLM near Trp. The mechanism of fluorescence quenching was also studied. The results 

show that quenching is due to the formation of the I27-CLM complex. 

The mechanical properties of I27 in the presence of calcium were studied previously which shows 

an increment of unfolding force by 40 pN and stiffness of unfolded domain is inferred through 

persistence length [8]. Another investigation on mechanical protein Fibronectin as well as 

membrane protein bacteriorhodopsin has shown that small osmolytes enhance stability of folded 

domains and reduce the persistence length of the unfolded chain [140–142]. It is argued that in 

presence of such small molecules, the protein chain tends to form coils and it reduces the 

persistence length [143].The mechanical stability of the protein is enhanced in such situations due 

to increase in chemical potential of denatured versus the folded state. The interaction of CLM with 

I27 shows a similar result. However, it is unclear if such effects are working in case of CLM 

stabilizing the protein since we see this effect at much lower concentration of CLM compared to 

these osmolytes. Our single-molecule measurements show that unfolding force is increased by 25 

pN with 40 μM drug thereby stabilizing the protein. Further, stability is confirmed by equilibrium 

denaturation experiments. Denaturation experiments also show the stability at 40 μM drug 

concentration. 

One of the limitations of the AFM based pulling experiments is the validity of WLC model to infer 

persistence length. WLC is successful in situations wherein the enthalpic contribution to the free 

energy is negligibly small. This is true in cases such as homopolymers in good solvents. The 

measurements of persistence length is thus likely to be riddled with errors if enthalpy is significant. 

However, the mechanical stability of individual domains is reported accurately by AFM pulling 

experiments. The stabilization of I27 with CLM in our study is also corroborated with enesemble 

studies of single monomers. We note here that in order to probe changes in mechanical properties 

with such drug molecules at low concentrations, it is important to provide evidence of binding of 

drug molecules with complementary methods such as fluorescence quenching. 
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Besides performing antibacterial activities, CLM acts as a muscle relaxant too [173]. Its effect is 

found to be direct on muscles and it is concentration dependent. Fluorescence quenching 

experiments show that the drug is binding to I27 protein in the vicinity of Trp. AFM and 

equilibrium denaturation experiments suggest that binding results in both chemical and mechanical 

stabilization of the protein. Physiologically, it may affect the muscle function in a significant way. 

Our results are a step forward in terms of understanding the effect of CLM on muscle sarcomere 

at molecular level. 

 

3.9 Conclusion 

In this study, single-molecule and bulk measurements were performed to study the interaction of 

CLM with I27. The Stern-Volmer plot shows that protein-drug complex forms in a certain range 

of drug concentration. The increase in unfolding force in single-molecule study also shows that 

binding takes place at a particular concentration (40 μM). However, there was no change in average 

unfolding force for other drug concentrations. Binding of protein with drug results in increasing 

the unfolding force of 25 pN. Chemical denaturation experiments show that the drug enhances 

chemical stability at this concentration. The higher unfolding force indicates that protein at 40 μM 

of drug concentration does not yield easily to external forces. 
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Chapter 4 

 

Assessment of the mechanical 

properties of mouse embryonic stem 

cells lacking clathrin heavy chain using 

AFM 

 

4.1 Introduction 

Embryonic stem cells (ESCs) are the cells obtained from the undifferentiated inner cell mass of 

the mammalian embryo. These cells have the ability to grow and differentiate into all the three 

germ layers namely ectoderm, endoderm and mesoderm. On the other hand, adult stem cells can 

only generate a limited number of cells.  

It has been shown previously that the clathrin heavy chain (Cltc) is responsible for maintaining the 

pluripotent state of the ESCs. Knockdown (KD) of clathrin results in decrease in E-Cadherin (E-

CAD) levels and an increase in the transforming growth factor β (TGF β) and extracellular signal 

regulated kinase (ERK) signaling pathway. It has been found that the decreased pluripotency upon 

clathrin mediated endocytosis (CME) loss can be rescued by inhibiting TGF-βR, MEK, and 

GSK3β, or overexpressing E-CAD [182]. 

Previously, cell stiffness of cancer cells was also measured using AFM [183]. It was also shown 

that mouse embryonic stem cells (mESCs) show low cellular stiffness in comparison to 

differentiated cells [45]. However, the mechanical properties such as cellular stiffness upon loss 
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of Cltc are not studied. Atomic force spectroscopy is used to find out the changes in mechanical 

properties of shScrambled (shScrambled refers to wild-type embryonic stem cells), shCltc1, 

shCltc3 (shCltc1 and shCltc3 refers to the Cltc knockdown which was done in mESCs using two 

shRNAs) cells, such as Young’s modulus (E). mESCs lacking Cltc show higher Young’s modulus 

in comparison to wild type (WT) stem cells. The increase in stiffness of stem cells is attributed to 

the presence of actin stress fibres and the accumulation of inactive, phosphorylated actin binding 

protein, COFILIN. COFILIN is an actin regulatory protein. COFILIN binds to G- and F-actin. The 

actin assembly dynamics can be accelerated by increase in number of actin filaments ends on 

which the monomers can be added or dissociated [184]. Young’s modulus of stem cells on 

treatment with actin polymerizing inhibitors such as Latrunculin A (LatA) and Cytochalasin D 

(CytoD) was also determined. LatA is the most widely used reagent for depolymerization of actin 

filaments for live cells. LatA has the strong affinity for monomers. Depolymerization is attributed 

to sequestering of actin monomers and it dissociates phosphate from its ends [185].  CytoD binds 

to G-actin and inhibits G-actin-cofilin interaction [186]. It has been found out that Young’s 

modulus of shScrambled, shCltc1 and shCltc3 decreases when treated with LatA and CytoD. Their 

stiffness values are similar as we obtained for WT mESCs.  

 

4.2 Materials and methods 

4.2.1 Bead attachment on cantilever 

A tipless cantilever with stiffness of 0.07 N/m was used for AFM measurement. 2 µL of spherical 

glass beads (size-5 µm) was drop-casted on a clean glass slide. Beads were allowed to get dried 

for 5 minutes. An approximate equal amount of araldite adhesive (locally sourced) and hardener 

glue was taken and mixed properly. With the help of a sharp toothpick, small dots were made on 

a clean glass slide.  Using the servo control of AFM, the cantilever was brought down on the 

araldite glue. Since the bead was of very small size, a very small amount of glue was picked up on 

the cantilever, and the cantilever was again lowered down on the glass slide in order to remove the 

excess glue. After that, the cantilever was lowered down onto the bead. Cantilever was maintained 

under positive load. After 5 minutes, the cantilever was pulled back along with the bead. Fig 4.1 

shows the schematic of 5 µm spherical glass bead attached on the cantilever. Before measurements, 
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the cantilever was calibrated each time on the glass coverslip in milli-Q as described in section 

3.5.1. 

 

Fig. 4.1: Schematic of AFM where a spherical glass bead of diameter 5 µm is attached on the tipless 

cantilever. The inset shows the SEM image of the glass bead attached on the cantilever. 

 

4.2.2 Cell mechanics using AFM  

A thin layer of matrigel was coated on 22 mm glass coverslips. To measure the young’s modulus 

of matrigel, a 3 µm × 3 µm area was selected and measurements were taken over 10 × 10 grid. 

Cells were plated on 22 mm glass coverslip and were deformed under a glass microsphere attached 

to the cantilever which is of similar size as the cell. For each cell, a 3 μm × 3 μm area was selected 

and 100 force curves were taken in a 10 × 10 grid at different locations on a single cell. All the 

measurements were done on live cells only and at the middle of the cell. Indentation studies were 

performed on more than 20 control (undifferentiated) mESCs and treated cells (Cltc KD or RA-

treated). The approach velocity was 2 μm/sec with sampling rate of 2048 data points per second. 

 

4.2.3 AFM analysis  
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Assuming the glass-glass contact to be infinitely stiff compared to the glass-cell contact - a 

reasonable assumption since it is 10,000 times stiffer, the slope of the curve in the contact region 

for glass is one implying no deformation (Fig. 4.5). The slope of the curve on cells is much less 

suggesting a certain amount of deformation. 

We used glass-glass contact for calibration of deflection sensitivity, and the subtraction of 

cantilever deflection from the push given by the piezo extension yields deformation in the tissue. 

The force is calculated by multiplying the cantilever deflections by its stiffness. The force versus 

deformation curve is then fitted with Hertz model (see section 2.2.2).In order to fit the Hertz model, 

1st baseline correction is done. For doing that, the part of the curve which is away from the surface 

should be flat. Since in that region there is no force between the two and this gives the force 

baseline. After the baseline correction, contact point is determined. This function determines the 

point where the force curve crosses zero force line. Then, tip-sample separation is determined and 

hertz model is fitted. Since we have used spherical glass bead with 5 µm diameter, so tip radius of 

2.5 µm and poisson ratio of 0.5 is used as fitting parameter. 

Fig. 4.2 shows the Force vs indentation curves fitted with Hertz model for a) shScrambled, b) 

shCltc1, c) shCltc3, d) retinoic acid respectively. 
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                      b) 
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Fig. 4.2: Force vs indentation curves fitted with Hertz model for a) shScrambled, b) shCltc1, c) shCltc3, d) 

retinoic acid respectively. The grey area shows the region over which the hertz model is fitted, that area 

describes the region where the cell is elastically deformed. The E value describes the stiffness of the cell 

269 Pa, 627.5 Pa, 405.7 Pa, 745 Pa, respectively. 

 

The below attached graphs show the force vs indentation curves for the mESCs treated with LatA 

(Fig. 4.3). 
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                                   b) 

 

 

                             c) 

 

Fig. 4.3: Force vs indentation curves fitted with Hertz model for a) shScrambled, b) shCltc1, c) shCltc3 

cells treated with LatA, respectively. The grey area shows the region over which the hertz model is fitted, 
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that area describes the region where the cell is elastically deformed. The E value describes the stiffness of 

the cell 240 Pa, 298.9 Pa and 277.3 Pa, respectively. 

 

Similarly, the below attached graphs show the force vs indentation curves for the mESCs treated with 

CytoD (Fig. 4.4). 
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Fig. 4.4: Force vs indentation curves fitted with Hertz model for a) shScrambled, b) shCltc1, c) shCltc3 

treated with CytoD, respectively. The grey area shows the region over which the hertz model is fitted, that 

area describes the region where the cell is elastically deformed. The E value describes the stiffness of the 

cell 280.8 Pa, 228.5 Pa and 276.8 Pa, respectively. 

 

4.3  Results 

4.3.1 Cltc knockdown results in increase in cell stiffness 

A tipless cantilever with stiffness of ~0.07 N/m, with a spherical glass bead of diameter 5 μm 

attached to the end was used for all AFM measurements (Fig. 4.1) (see Materials and methods). In 

AFM investigations, the spatial resolution depends on sharpness of the tip. Sharp pyramidal tips 

are generally used for measurements of mechanical response at a subcellular level on components 

such as the cytoplasm and nucleus, combined with high resolution imaging. Tipless cantilevers 

with a spherical bead attached to one end (Fig. 4.1) are used to measure deformations and resulting 

stress of inhomogeneous surfaces and are used to investigate the response of the cell as a whole 

[41, 114]. The spherical tips also provide more contact area for measurement and prevent cell 

damage by avoiding membrane rupture. 

The approximation in all these studies is that the glass-tip contact is assumed to be non-deformable 

and hence has infinite stiffness. As a result of that, all the stiffness values may have systematic 

error in their absolute values. This assumption is largely valid for cells and tissues which has 

stiffness values in the range of a few kPa. The below figure shows force curves on cells with 

respect to glass and matrigel (Fig. 4.5).  
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Fig. 4.5: Representative force curves on samples: Representative force curves on all samples plotted 

together. This data is used to estimate the Young’s modulus reported in Fig. 1 and Fig. 2. Raw data clearly 

reveals variation in stiffness in mESCs after various treatments and KDs. Glass cover-slip is a reference 

and the tip-glass contact is assumed to be non-deforming. 

 

To measure the Young’s modulus of matrigel, a 3 µm × 3 µm area was selected and measurements 

were taken over a (10 × 10) grid. The Young’s modulus of matrigel was found to be in the range 

of 2-3 kPa. These values are higher than those reported earlier [187, 188] and can be attributed to 

differences in protocols adopted for preparing the gel and also the size of the microspheres used 

in the AFM measurement. 

Young's modulus (E) for mESCs expressing Scrambled shRNA was 0.278 ± 0.029 kPa whereas E 

for cells expressing shCltc1 was 0.625 ± 0.037 kPa, and for shCltc3 was 0.465 ± 0.025 kPa, 
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indicating higher stiffness in Cltc KD mESCs (Fig. 4.6, table 4.1). The raw data clearly revealed a 

variation in relative stiffness of cells under different knock-down conditions. The stiffness 

difference between shCltc1 and shCltc3 was also statistically significant with confidence level of 

95% (p-value 0.02). Measurements were also made from mESCs treated with retinoic acid (RA) 

for 48 hrs to induce differentiation (Young's modulus 0.773 ± 0.071 kPa), indicating greater 

stiffness (Fig. 4.6, table 4.1). Our results demonstrate that the Young’s modulus increased by 2.2 

fold in shCltc1, 1.7 fold in shCltc3, and by 2.8 fold in RA-treated mESCs compared to 

shScrambled mESCs, indicating an increase in cellular stiffness upon loss of CME and/or 

subsequent differentiation. 

Fig. 4.6: Young’s modulus (E) of shScrambled, shCltc1, shCltc3 and RA treated mESCs. ***p<0.0001 by 

Student’s T-test. The error bars denote standard error over 22-25 cells with 100 measurements on each cell 

with 3 µm x 3 µm grid. ~ 2000 force curves were collected for each condition.  
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Table 4.1: The table shows the apparent Young’s modulus (E) of cells under the mentioned conditions (n 

denotes the number of cells analysed). 

 

Cell type 

Young’s modulus 

(kPa ± SE) 

Fold change with respect to 

shScrambled 

shScrambled 0.278 ± 0.029 (n=25)  

shCltc1 0.625 ± 0.037 (n=25) 2.2 

shCltc3 0.465 ± 0.025 (n=23) 1.7 

Retinoic acid 0.773 ± 0.071 (n=22) 2.8 

 

Fig. 4.7 shows the histogram followed by Gaussian fit for shScrambled, shCltc1, shCltc3 and 

retinoic acid respectively. 

                                    a) 
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                                   c) 
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                                  d) 

 

Fig. 4.7: Frequency histogram followed by gaussian fit for shScrambled, shCltc1, shCltc3 and retinoic 

acid, respectively. 

 

4.3.2 F-actin depolymerizing agents reduce the stiffness of Cltc deficient mESCs 

It is seen that the treatment of Cltc KD mESCs with actin depolymerizing agents, LatA or KD of 

the actin polymerizing protein, Profilin1 (Pfn1), resulted in a discernible loss of actin fibres, which 

indicates that the reorganization of the actin cytoskeleton in Cltc KD can be reversed by the action 

of LatA or KD of Pfn1. To confirm whether the actin cytoskeleton was the major regulator of 

cellular stiffness and differentiation observed in Cltc deficient mESCs, shScrambled and shCltc 

mESCs were treated with actin polymerizing inhibitors such as, LatA and CytoD. Upon treatment 

with LatA, the Young's modulus for shScrambled mESCs was 0.206 ± 0.014 kPa (Fig. 4.8, table 

4.2), indicating a decrease in stiffness compared to untreated shScrambled mESCs (Fig. 4.6, table 

4.1) and similar to what has been previously reported [189]. When mESCs were treated with LatA, 

a reduction in the Young’s modulus was observed for shCltc1 (0.218 ± 0.017 kPa) and for shCltc3 

(0.218 ± 0.024 kPa) mESCs (Fig. 4.8, table 4.2). Similarly upon treatment with CytoD, the 

Young’s modulus for shCltc1 and shCltc3 reduced to 0.197 ± 0.019 kPa and 0.258 ± 0.017 kPa, 
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respectively, and was comparable to that of shScrambled mESCs (0.195 ± 0.018 kPa) (Fig. 4.8, 

table 4.2). 

 

Fig. 4.8: Young’s modulus of shScrambled, shCltc1 and shCltc3 mESCs treated with acting polymerizing 

inhibitors LatA and CytoD. Significance calculated with respect to the corresponding untreated samples. 

*p<0.05; ***p<0.0001 by Student’s T-test. The error bars denote SE over 17-20 cells with 100 

measurements on each cell. 

 

Table 4.2: The table shows Young’s modulus of shScrambled, shCltc1 and shCltc3 treated with LatA and 

CytoD (n denotes the no. of cells analysed for each type). 

 Young’s modulus (kPa ± SE) of cells 

treated with LatA 

Young’s modulus (kPa ± SE) of cells 

treated with CytoD 
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Cell type 

shScrambled 0.206 ± 0.014 (n=20) 0.195 ± 0.018 (n=17) 

shCltc1 0.218 ± 0.017 (n=19) 0.197 ± 0.019 (n=19) 

shCltc3 0.218 ± 0.024 (n=18) 0.258 ± 0.017 (n=18) 

 

 

Fig. 4.9 shows the frequency histogram followed by gaussian fit for LatA treated shScrambled, 

shCltc1 and shCltc3 cells, respectively. 

                                            

                                           a) 
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                                         b) 

 

 

                                            c) 

 

Fig. 4.9: Frequency histogram followed by gaussian fit for LatA treated shScrambled, shCltc1 and 

shCltc3 cells respectively. 
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Similarly, Fig. 4.10 shows the frequency histogram followed by gaussian fit for CytoD treated 

shScrambled, shCltc1 and shCltc3 cells, respectively. 

                                          a) 

 

                                           b) 
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                                       c) 

 

Fig. 4.10: Frequency histogram followed by gaussian fit for CytoD treated shScrambled, shCltc1 and 

shCltc3 cells respectively. 

 

4.4 Conclusion 

In this study, we have found out that mESCs lacking CME show greater cellular stiffness in 

comparison to WT cells (Fig. 4.3). It has been shown previously that the  stiffness of early 

differentiating ESCs is higher as compared to undifferentiated ESCs [45].  

We also found out that the treatment of mESCs with actin depolymerizing agents such as LatA 

and CytoD results in decrease in cell stiffness, with their stiffness values coming closer to WT 

cells (Fig. 4.4). 
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Chapter 5 

 

Expression and purification of PTEN 

and T4 Lysozyme mutant protein  

5.1 Introduction 

Since proteins are an essential building block which perform various biological functions such as 

growth and repair of cells, act as catalyst and transport of molecules from one place to other and 

the 3D structure of the protein determines its function. It is stabilized by multiple interactions such 

as hydrophobic interactions, hydrogen bonds and covalent bonds. Therefore, it becomes very 

important to understand the mechanical properties of proteins (flexibility, viscoelasticity, elastic 

modulus, friction and adhesion) as it helps in understanding energy landscape of protein 

folding/unfolding. We were interested in measuring the mechanics of PTEN and T4 lysozyme 

protein.  

 

5.1.1 PTEN protein 

PTEN is a protein encoded by the PTEN gene. Protein encoded by this gene is 

phosphatidylinositol 3, 4, 5- triphosphate-3-phosphatase. PTEN is phosphatase and tensin 

homolog deleted on chromosome 10. It acts as a tumor suppressor protein though its phosphatase 

activity. This protein specifically catalyzes the dephosphorylation of Phosphatidylinositol 3,4,5-

triphosphate (PIP3) to Phosphatidylinositol 4,5-bisphosphate (PIP2) [190, 191]. It is a 403 amino 

acid (AA) protein and consists of an N-terminal PIP2 binding domain (180 AAs), C2 domain 

(165 AAs), and a C-terminal tail (50 AAs) (Fig. 5.1). N-terminal PIP2 binding domain is rich in 
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α-helix and is phosphatase binding domain (PBD), C2 domain is rich in β-sheet and a C-terminal 

tail has several phosphorylation sites (Fig. 5.2). Molecular weight of WT-PTEN was found to be 

65-70 kDa whereas mutant PTEN (Mu-PTEN) is N-terminal extended form of PTEN. Molecular 

weight of Mu-PTEN is 72 kDa. It is a cytosolic protein and it binds to the membrane. On doing 

several mutations, it has been found out that both the phosphatase and C2 domain play important 

roles in membrane binding. Genetic alterations of PTEN causes neurological defects and various 

human cancers [192]. 

 

Fig. 5.1: The domain structure of PTEN protein consisting of 403 amino acids with five functional domains-

PBD, phosphatase, C2, C-terminal tail and PDZ-BD. 

 

 

Fig. 5.2: Crystal structure of PTEN protein (PDB -1D5R). 

 

PTEN plays an essential role in the maintenance of chromosomal stability. Overexpression of wild 

type PTEN results in apoptosis and blocks cell cycle progression, colony formation and cell 

migration. PTEN protein phosphatase can dephosphorylate protein substrates on serine, threonine 
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and tyrosine residues [193, 194]. Previously, optimization of PTEN protein fused with glutathione 

S-transferase tag was studied in order to enhance the solubility. Solubility was checked at different 

IPTG concentrations, different temperatures and different time intervals. It has been found that 

temperature, IPTG concentration and induction time affects the expression of protein [191]. 

Mechanical unfolding of PTEN protein is not known till now. That’s why we were interested in 

measuring the unfolding force for PTEN protein. 

 

5.1.2 T4 Lysozyme 

T4 lysozyme is a 164 AA protein and It is used as a model system to understand various factors 

such as folding, stability and 3D structure of proteins [195]. A mutant has been generated where 

the two molecules are coming in contact with each other are replaced with the neutral amino acids. 

T4 lysozyme is mostly α-helix protein (Fig. 5.3). Molecular weight of the protein is 18.5 kDa. 

 

Fig. 5.3: Crystal structure of T4 Lysozyme (PDB -1B6I). 

 

We aimed to study the viscoelasticity of T4 lysozyme using AFM. We tried forming polymers of 

T4 lysozyme in the solid state. Monomer of T4 lysozyme was purified and oxygen supply was 
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given in order to form polymers [21]. Previously, the viscoelasticity has been measured for various   

β-rich proteins [24, 25, 28, 31]. For the measurement of viscoelasticity of α-helix rich protein, we 

selected T4 lysozyme for our measurement. 

In the present chapter, my aim was to measure mechanical unfolding of PTEN protein. In order to 

do this, we tried optimizing the protein purification at different temperatures and different 

incubation time durations but the yield was too low to perform the force spectroscopy 

measurements. For T4 Lysozyme, we were interested in measuring the viscoelasticity. For the 

purification of monomer, optimization was tried at different parameters but we got very less 

amount of pure protein. With that, I tried to form polymers. I was able to get the polyprotein but 

since the amount of protein was very less so we could not proceed further. In future, a more effort 

can be put to increase the yielding of PTEN and T4 Lysozyme and their mechanical properties can 

be studied.  

 

5.2 Materials and Methods 

5.2.1 Materials 

All reagents and media components were purchased from Sigma-Aldrich, Himedia and TCI 

chemicals unless otherwise stated. Plasmid purification kits were obtained from Agilent. 

 

5.2.2 Optimization for purification of WT-PTEN protein 

WT and Mu-PTEN plasmid was transformed into DH5α cells. To the 5 mL autoclaved LB broth 

media, 40 µg/mL kanamycin (Kan) was added and an isolated single colony from the transformed 

DH5α cells was inoculated. The culture was kept at 37 ˚C and 180 revolutions per minute (RPM) 

for overnight incubation. Plasmid was purified in a similar way as described in the Agilent plasmid 

purification kit protocol. The purity of the plasmid was checked on the 0.8% agarose gel. 
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The purified plasmid was transformed in Escherichia coli BL21(DE)3 cells. 40 µg/mL of kan was 

added to the 100 mL LB media. An isolated single colony of the transformed cells was inoculated 

at 37 ˚C and 180 RPM for overnight. The cells were grown in LB media at 37 ˚C until OD600 

reached to 0.6. Induction of cells was done at different IPTG concentrations (0, 0.2, 0.4, 0.6, 0.8 

and 1.0 mM) at 15 ˚C for 10, 16 and 18 h. 2 mL of media was taken out from each of the test tube 

at the above said time intervals. Media was centrifuged at 5000 RPM, 20 min. Pallet was 

resuspended in 1.5 mL of 1X PBS buffer, sonicated for 1 min and centrifuged at 12500 RPM, 45 

min and 4 ˚C. Supernatant was collected in another 2 mL Eppendorf tube and pallet was 

resuspended in 1.5 mL of 1X PBS buffer.  

The purity and molecular weight of the protein was analyzed using 12% SDS-PAGE gel 

electrophoresis and it has been found out that protein was going in the pallet. For that reason, 

different temperatures at different IPTG concentrations were tried and overexpression was 

checked. Similarly, IPTG optimization at 18 ˚C with incubation time of 18 h and 30 ˚C with 

incubation time of 6 h was checked. 

 

But again we saw that only a little band can be seen in the supernatant (at 18 ̊ C and 18 h incubation 

time) while a thick band can be seen in the pallet. So, we thought of purifying the protein at 18 ˚C 

and 18 h incubation time with a large amount of culture. 

 

5.2.3 Large scale purification of WT - PTEN 

WT-PTEN plasmid was transformed in E. Coli BL21(DE3) cells. The transformed cells were 

grown in LB media until OD600 reached 0.6. Cells were induced with I mM IPTG at 18 ˚C for 18 

h. Purification was done using Ni-NTA affinity chromatography using Akta pure FPLC system 

(GE Healthcare). Equilibration buffer was 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM 

Imidazole and 0.025% β-Mercaptoethanol. Protein was eluted with 250 mM imidazole buffer (50 

mM Tris-HCl pH 8.0, 300 mM NaCl, 250 mM Imidazole, and 0.025% β-Mercaptoethanol).  
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The purity and molecular weight of the protein was checked using 12% SDS-PAGE gel 

electrophoresis. The imidazole was removed by dialyzing the protein in 100 mM Tris-HCl pH 8.0, 

200 mM NaCl, 0.025% β-Mercaptoethanol. The fractions showing the corresponding molecular 

weight were pooled together, concentrated and flash freezed in liquid nitrogen with 10% glycerol. 

Before every measurement, concentration of protein was measured using nanodrop. 

 

5.2.4 Purification of mutant (Mu) - PTEN 

Mu-PTEN was purified in a similar way as WT - PTEN was purified at 18 ˚C and 18 h incubation 

time.  

 

5.2.5 Optimization for purification of T4 Lysozyme mutant protein  

T4 lysozyme mutant plasmid was transformed in DH5α cells. 100 mg/mL ampicillin was added to 

the 10 mL of LB media. One isolated colony from the transformed DH5α cells was inoculated and 

kept for incubation at 37 ˚C for overnight. Plasmid was purified using the protocol described in 

Agilent plasmid prep kit. 0.8% agarose gel was run to see the purity of the desired plasmid. 

The purified plasmid was transformed in E. coli BL21(DE3) cells. No colony was found in the 

control plate while only 3 colonies were found in T4 lysozyme labelled plate. However, colonies 

were less in the lysozyme plate but we thought of checking the overexpression with that only. 100 

mg/mL ampicillin was added to the 25 mL of LB media. Single isolated colony from the 

transformed BL21(DE3) cells was inoculated and kept for incubation at 37 ˚C and 180 RPM for 

overnight. Media was slightly turbid after overnight incubation. 50 mL of autoclaved LB media 

supplemented with 100 mg/mL ampicillin was inoculated with 1% culture. The obtained media 

was kept for incubation at 37 ˚C. When OD600 reached 0.8, 1 mM IPTG was induced and kept 

for incubation at 37 ˚C, 120 RPM for 3 h. After 3 h, the media was centrifuged at 4500 RPM, 4 ˚C 

for 30 min. A Small amount of pallet was dissolved in the lysis buffer (20 mM Tris-HCl pH 8.0, 

5 µL of 1M dithiothreitol (DTT) and 0.5 µL of 0.1 M PMSF and the obtained cells were sonicated 

for 15-20 min (60% amplitude, 1s on- 3s off cycle). The sonicated protein sample was centrifuged 
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at 4 ˚C, 14500 RPM for 30 min. Supernatant was separated out and the pallet was dissolved in 20 

mM Tris-HCl. 18% SDS-PAGE gel electrophoresis was run to check the protein of desired 

molecular weight. 

We did not see any band of the desired molecular weight of the protein (gel image not shown). So, 

we thought of trying rossetta cells. The protein purification was tried in a similar way as done with 

BL21(DE3) cells. A large number of colonies were found with the transformed rosetta cells but 

we did not see any band in the 18% SDS-PAGE gel when purification was tried at 30 ˚C and 37 

˚C for 3 h and 6 h (gel images not shown). So, we thought of trying protein purification with the 

pLysS cells. 

Till now, we were trying purification from one colony only but we did not see any band of the 

desired molecular weight. Then, we thought of checking the purification with 4 different colonies. 

For doing that, plasmid was transformed with pLysS cells. 34 mg/mL chloramphenicol and 100 

mg/mL ampicillin was added to the 10 mL of autoclaved LB media. Single isolated colony from 

4 different places were inoculated in 4 different falcons and kept for incubation at 37 ˚C. Protein 

was purified in a similar way as described above. 

The protein of interest was checked on 18% SDS-PAGE gel, a band was seen in the pallet 4. So, 

we thought of purifying the protein with large culture at 37 ˚C for 3 h. 

 

5.2.6 Large scale purification of T4 Lysozyme 

To the 30 mL of LB solution, 100 mg/mL ampicillin (Amp) and 34 mg/mL of chloramphenicol 

(CLM) was added. The media was inoculated with the transformed pLysS colony 4 and kept for 

incubation at 37 ˚C for overnight. The 8 L of autoclaved LB media was supplemented with 100 

mg/mL ampicillin and 34 mg/mL CLM and inoculated with 1% starter culture. The media was 

incubated at 37 ˚C until OD600 reached 0.6-0.8. 1 mM IPTG was induced and left at 37 ˚C for 3 

h. After 3 h, solutions were centrifuged at 4 ˚C, 4500 RPM and 15 min. The pallet was dissolved 

in 8 M urea and 20 mM Tris-HCl pH 8.0 buffer. The cells were sonicated for 45 min and the media 

was centrifuged at 14500 RPM, 4 ˚C and 45 min. Supernatant and pallet were separated. Start 
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buffer (8M urea and 20 mM tris-HCl pH 8.0) and elution buffer (8 M urea, 1 M NaCl and 20 mM 

tris-HCl pH 8.0) were filtered and kept at 4 ˚C. Purification was done using Carboxymethyl 

Sepharose (CM-Sepharose) column (GE Healthcare). 18% SDS-PAGE gel was run to check the 

purity and molecular weight of the desired protein. Protein was refolded with 20 mM Tris-HCl pH 

8.0 and 1 M Dithiothreitol (DTT) buffer. The purity of the refolded protein was checked on 18% 

SDS-PAGE gel electrophoresis. The concentration of the protein was found out to be 0.337 mg/mL 

i.e. 18 µM. 

 

5.2.7 Matrix-assisted laser desorption/ionization (MALDI) 

4.5 mg of DAHC (Diammonium hydrogen citrate) and 3.5 mg of DHAP (Dihydroxyacetone 

phosphate) were weighed separately in microcentrifuge tubes. 200 µL of milli-Q water and 150 

µL of ethanol were added to each tube, respectively. Both the solutions were sonicated for 1 min 

and vortexed for another minute. Then 50 µL of DAHC solution was transferred to DHAP solution 

and the resulting matrix mixture was vortexed for another minute. In a 500 µL microcentrifuge 

tube, 1:1:1 ratio of T4 lysozyme protein solution, 2% trifluoroacetic acid and final matrix mixture 

were mixed, vortexed for 1 minute. 

 

5.2.8 Formation of polymers from monomer of T4 Lysozyme 

Since AFM has been widely applied on polyproteins. Therefore, we tried to make polymers of T4 

Lysozyme protein from the monomer itself.  Since, the concentration of protein was found to be 

very less, so we concentrated the protein to 114 µM (500 µL only) using amicon tubes. 18% SDS-

PAGE gel was run to check the purity. The protein was pure but it was in the monomeric form. 

After one week, MALDI of the concentrated protein was done and peaks of the desired molecular 

weights till pentamers were seen with the small intensity but we were not able to see the bands in 

the SDS-PAGE gel. To enhance the intensity, 500 µL of the protein sample was taken in a 5 mL 

eppendorf and atmospheric oxygen was purged though the balloon continuously until the protein 
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sample got reduced to  ̴ 50 µL. The eppendorf was kept open for 3 days. All the sample got 

evaporated and it was redissolved in 20 mL of milli-Q. The sample was given for MALDI. 

 

5.3 Results 

5.3.1 Agarose gel of PTEN and T4 Lysozyme protein 

Fig. 5.4 shows the 0.8% agarose gel of PTEN and T4 Lysozyme plasmid. 

 

Fig. 5.4: Agarose gel images of a) PTEN and b) T4 lysozyme plasmid, where M stands for marker and bp 

stands for base pairs. 

 

5.3.2 Optimization of overexpression of PTEN protein 

After getting the plasmid of our interest, protein purification was tried under different conditions. 

Fig. 5.5, 5.6 and 5.7 shows the SDS-PAGE gel images for the IPTG optimization at 15 ˚C for 10 

h, 16 h and 18 h respectively. 
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Fig. 5.5: SDS-PAGE gel for IPTG optimization at 15 ˚C and 10 h incubation time, where M stands for 

marker, S for supernatant, P for pallet and Un for uninduced. 

 

It can be seen from the below gel images that a little band is there in the pallet between 54-71 kDa 

which is the molecular weight of protein but no band was seen in supernatant for 10 h incubation 

time. 

 

 

Fig. 5.6: SDS-PAGE gel for IPTG optimization at 15 ˚C and 16 h incubation time where M stands for 

marker, S for supernatant, P for pallet and Un for uninduced. 
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Fig. 5.7: SDS-PAGE gel for IPTG optimization at 15 ˚C and 18 h incubation time where M stands for 

marker, S for supernatant, P for pallet and Un for uninduced. 

            

For the 16 h and 18 h incubation time, it can be seen that more of the protein was going in the 

pallet and a little band can be seen in supernatant. Since more of the protein was going in the pallet so, 

we thought of trying at 18 ˚C and 18 h incubation time. Fig. 5.8 shows that a slight thick band at 18 ˚C 

and 18 h incubation time was observed in pallet between 54-71 kDa as compared to 15 ˚C. 

 

             

Fig. 5.8: SDS-PAGE gel for IPTG optimization at 18 ˚C and 18 h incubation time where M stands for 

marker, S for supernatant, P for pallet and Un for uninduced. 
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Since at 18 ˚C and 18 h incubation time, there was some amount of protein in the supernatant so, 

we thought of proceeding large culture at 18 ˚C and 18 h incubation time. 

 

5.3.3 Large scale purification of WT- PTEN  

Fig. 5.9 shows the SDS-PAGE gel with 2 L of LB media at 18 ˚C and 18 h incubation time. Below 

are the gel images for 150 mM elution, 300 mM elution and 500 mM elution. The protein was not 

so pure. The protein was not expressed that much as we can see from the below gel images. 

      

       

Fig. 5.9: SDS-PAGE gel for WT-PTEN purification at 18 ˚C and 18 h incubation time with 2 L culture 

where M stands for marker. 

 

5.3.4 Purification of Mu-PTEN  

Overexpression of Mu-PTEN was checked at 18 ˚C and 18 h incubation time. Fig. 5.10 shows the 

SDS-PAGE gel image for that.  It can be seen from the below gel images that a small band is there 

in the supernatant with small culture, however, the protein was going in the pallet also. 
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Fig. 5.10: SDS-PAGE gel for Mu-PTEN at 18 ˚C and 18 h incubation time where M stands for marker. 

 

Since the protein was going in pallet for both the WT as well as for Mu-PTEN, we did not get 

good amount of protein for our measurement. That’s why we could not proceed further. 

 

5.3.5 Optimization of overexpression of T4 Lysozyme 

After purification of the plasmid, optimization of T4 lysozyme was carried out under different 

conditions. Optimization with E. coli BL21(DE3) as well as rossetta cells was tried at 37 ˚C for 3 

h but we did not see any band of our interest. Then we tried optimizing with pLysS cells at 37 ˚C 

for 3 h with 4 different colonies. Fig. 5.11 shows the SDS-PAGE gel image of 4 different isolated 

colonies.  
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Fig. 5.11: SDS-PAGE gel for T4 Lysozyme mutant at 37 ˚C and 3 h incubation time (transformation done 

with pLysS cells), where Un stands for uninduced, In for induced, 1- 4 for single isolated colony 

respectively, S for supernatant and P for pallet. 

 

It can be seen that colony 4 has a band around 18 kDa but the protein was going in the pallet. 

 

5.3.6 Large scale purification of T4 Lysozyme  

Fig. 5.12 a) shows the SDS-PAGE gel image of the protein in 8 M urea buffer. We were able to 

see a little band but we did not see a thick band around 18 kDa. Therefore, the protein was not 

getting overexpressed. 
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Fig. 5.12: SDS-PAGE gel image of T4 Lysozyme mutant in a) 8 M urea at 37 ˚C and 5 h incubation time, 

b) 20 mM Tris-HCl buffer pH 8.0 (transformation done with pLysS cells) where M stands for marker. 

 

With 8 L of culture, concentration of protein was found to be 18 µM. However, the protein was 

pure to some extent. Since the protein was in urea buffer so we refolded the protein in 20 mM Tris-

HCl buffer pH 8.0. Fig. 5.12 b) shows the SDS-PAGE gel image of the protein refolded in 20 mM 

Tris-HCl pH 8.0. 

 

5.3.7 MALDI of T4 Lysozyme protein 

The protein was concentrated to 114 µM using amicon tubes. MALDI data after one week shows 

the peaks till pentamers with small intensity. Fig. 5.13 shows the MALDI of T4 Lysozyme 

concentrated protein after one week. 
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Fig. 5.13: MALDI of T4 Lysozyme mutant in DAHC and DHAP matrix. 

However, the peaks were of small intensity, we have purged atmospheric oxygen for 6-7 h at room 

temperature Fig. 5.14 shows the MALDI of T4 lysozyme protein after supplying atmospheric 

oxygen. It can be seen that intensity of polymers was increased to some extent. 
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Fig. 5.14: MALDI of T4 Lysozyme mutant in DAHC and DHAP matrix after providing atmospheric 

oxygen with balloon for 6-7 h at room temperature. 
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After 5 days, we run the SDS-PAGE gel and we saw many bands in the gel. That means, t4 

lysozyme was getting polymerized. 

 

5.3.8 SDS-PAGE of the polymeric T4 Lysozyme protein 

Fig. 5.15 shows the SDS-PAGE gel image of the polymeric T4 Lysozyme protein after supplying 

atmospheric oxygen. 

 

Fig. 5.15: SDS-PAGE gel for T4 Lysozyme mutant after purging atmospheric oxygen for 6-7 h, where M 

stands for marker. 

 

Later, we tried to get pure protein but we did not get pure protein. 

 

5.4 Conclusion 
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Purification of PTEN protein was tried at different temperature and different incubation time. It 

has been found out that the protein was going in the pallet. We got very less amount of protein for 

our measurement. So we could not proceed further. 

Purification of t4 lysozyme was also tried under different conditions. Here too, the protein was 

going in the pallet. We tried purifying the protein from the pallet, however   even with large amount 

of culture, we got very less amount of pure protein. We were able to form polymers from monomer 

by purging atmospheric oxygen using a balloon. The formation of polymers is confirmed by 

MALDI and SDS-PAGE.  Since the amount of the protein was very less, we could not proceed for 

AFM experiments. Later on we tried to get pure protein but we did not get pure protein. So, we 

could not proceed further. 
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Chapter 6 

 

Conclusion and future possibilities 

 

6.1 Conclusion 

This thesis is mainly focused on studying the mechanical properties of mouse embryonic stem 

cells (mESCs) and proteins when a drug molecule binds to it. Protein-drug interaction is usually 

studied by fluorescence, UV-Visible, circular dichroism (CD), calorimetric techniques and atomic 

force microscope (AFM). Previously, interaction of chloramphenicol (CLM) with human serum 

albumin (HSA), bovine serum albumin (BSA), lysozyme, hemoglobin and bovine pancreatic 

system was studied using fluorescence, CD and UV-Visible techniques [76, 78, 79, 81, 83, 181]. 

There are a few studies where AFM has been used for checking the alteration in mechanical 

properties of protein when a drug molecule binds to it. Previously, interaction of I27 with calcium 

was studied using AFM where unfolding force is increased by 40 pN and stiffness is measured as 

a result of persistence length [8]. Effect of osmolytes on the mechanical properties of fibronectin 

were also studied in past. The results suggest that there is an enhancement in the mechanical 

stability of folded domains [140–143]. 

As we know that mESCs has the ability to differentiate and mechanical properties vary at different 

stages of differentiation. Therefore, it becomes very important to study the mechanical properties 

as it plays an important role various functions such as cell differentiation and cell migration. 

Previously, it has been shown that mESCs show low cellular stiffness in comparison to 

differentiated cells but mechanical properties on loss of Cltc were not known. 
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In the 1st part of my thesis, interaction of CLM with titin I27 was studied using single molecule 

measurements (AFM) and bulk measurements (fluorescence spectroscopy) whereas In the 2nd part 

of my thesis, mechanical properties of mESCs were determined using AFM. 

 

6.1.1 Interaction of Chloramphenicol with titin I27 

Following conclusions can be drawn from this work: 

1. Formation of protein-drug complex 

It has been found that with an increase in concentration of drug, the fluorescence intensity of the 

protein decreases which shows that the drug is binding to protein. In order to confirm whether 

quenching is happening because of the drug proximity PatchDock was performed. PatchDock 

results showed that quenching is happening when drug comes within 5 Å of I27 protein. 

Mechanism of quenching was also studied using Stern-Volmer plot. The plot shows that binding 

is happening as a result of formation of protein-drug complex. 

 

2. Mechanical stability of the protein as a result of protein-drug interaction 

From the fluorescence data, we came to know that the interaction between the protein and drug is 

happening as a result of formation of protein-drug complex. To confirm the alteration in the 

mechanical properties of protein, AFM is used. The experiments were performed at the same 

concentrations as fluorescence measurements were done. The results showed that at 40 µM drug 

concentration, the unfolding force increased by 25 pN and decrease in the persistence length was 

observed in comparison to I27 alone while for other drug concentrations, there was no significant 

change in the unfolding force. So, the mechanical stability of the protein gets enhanced at 40 µM 

drug concentration. Further, to confirm the chemical stability, equilibrium denaturation 

experiments were performed. 

 



105 
 

3. Equilibrium denaturation experiment 

Denaturation experiments were performed for I27-WT, I27 with 30 µM, 40 µM and 50 µM drug 

concentration. The results showed that the free energy of stabilization was more for I27 with 40 

µM drug concentration in comparison to I27-WT only while there were no significant changes in 

free energy of stabilization for other drug concentrations. Therefore, the chemical stability of the 

protein is enhanced at 40 µM drug concentration. 

 

6.1.2 Mechanical properties of mouse Embryonic Stem Cells (mESCs)  

The conclusions from this work can be summarized as: 

1) Clathrin knockdown results in an increased cell stiffness 

Young’s modulus was measured for live shScrambled, shCltc1, shCltc3 and mESCs cells 

treated with retinoic acid. We have found out that the Young’s modulus was increased by 2.2 

fold for shCltc1, 1.7 fold for shCltc3 and 2.8 fold for retinoic acid treated cells.  

 

2) F-actin depolymerizing agents reduces the cellular stiffness of mESCs lacking Cltc 

Young’s modulus was measured for mESCs when treated with actin depolymerizing agents 

such as LatA and CytoD. The results showed that the young’s modulus was found to be in the 

similar range as the young’s modulus was for shScrambled cells. 

 

6.2 Future possibilities 

6.2.1 Effect of temperature and chemical denaturants on protein-drug complex 

I have studied the interaction of I27 protein with CLM using AFM and fluorescence. It has been 

found out that the drug is stabilizing the protein chemically and mechanically. We have not 
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checked the effect of temperature as well as the effect of chemical denaturants on the protein-drug 

complex. Since, temperature and chemical denaturants such as GdmCl and urea denatures the 

protein. So, the effect of these on the stability of the protein-drug complex can be studied. We can 

check the effect on native state as well as intermediate state of protein. The same effect can be 

checked with other Ig domains of protein also. 

 

6.2.2 Interaction of various antibiotics and muscle relaxants on titin I27 protein 

The interaction of antibiotics such as tetracycline, kanamycin, streptomycin, gentamicin and 

muscle relaxants with titin I27 protein can also be checked. As tetracycline act as calcium chelator, 

they may result in the relaxation of the contracting muscle. Also, it has been found that matrix 

metalloproteinase 2(MMP-2) is a protein which is activated in heart at the time of heart attack. 

Doxycycline, the derivative of tetracycline, has been found to be the only drug which inhibits the 

MMP-2 protein [196]. Therefore, it becomes very important to study the interaction between I27 

and tetracycline. Previously, effect of various antibiotics such as kanamycin, streptomycin on the 

isometric contraction of rat heart muscle has been studied and the effect was found to be 

concentration dependent [197] whereas in another study, direct negative inotropic effect on 

isolated rat heart muscle has been found [198].  Min et al. have compared the effects of certain 

antibiotics such as kanamycin, streptomycin, gentamycin and neomycin with muscle relaxants 

such as baclofen, tubocurarine, pancuronium, succinylcholine, and papaverine. A strong effect of 

these antibiotics on muscles have been found whereas baclofen, tubocurarine, pancuronium, 

succinylcholine does not show significant effect on the contraction of rat bladder muscle [199]. 

So, the effect of all these antibiotics and muscle relaxants on the chemical and mechanical stability 

of titin I27 protein can be studied.  

 

6.2.3 Mechanics of PTEN and T4 Lysozyme 

As we have discussed in the chapter 5, we were interested in measuring the mechanical unfolding 

of PTEN protein and viscoelastic behavior of T4 lysozyme protein.  
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For the purification of PTEN protein, we can try with the large amount of culture at 18 ˚C and 18 

h incubation time. We can compare the unfolding behavior of WT as well as Mu-PTEN protein. 

For the T4 Lysozyme protein, we can try to get the pure protein with the terrific broth media with 

the transformed pLysS cells and then making polymers from monomer by purging atmospheric 

oxygen at room temperature. 
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