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Abstract 

Interaction between Fragments of Tau Protein Investigated by  

Force Spectroscopy Using AFM 

by 

Anad Mohamed Afhaima 

Major Advisor: Boris Akhremitchev, Ph.D. 

Over the last couple of decades, there has been rapidly growing interest in research of 

natively unfolded proteins.  Some proteins from this group are implicated in a number of 

neurodegenerative diseases.  One group of neurodegenerative diseases, taupathies, is 

associated with tau protein.  A number of biophysical and spectroscopic studies have 

revealed that tau protein can expand to a largely extended state and to transition rapidly 

between many different conformations.  Although many of the techniques that elucidate 

structure of macromolecules have provided important information about the folded states 

of proteins, important information about the transition between the extended 

conformation states remain obscure.  The goal of our work in the first part is the 

development of a new methodology to detect the presence of substructures in tau protein.  

This methodological advance may provide new insights in understanding tau protein 

behavior and its tendency toward aggregation.  In this research, atomic force microscopy 

(AFM) has been used to study the effects of heparin polyanions on the conformational 

dynamics of tau protein.  In AFM measurements tau protein fragment (255-441) 

equipped with cysteine at the C terminus was attached to the gold-coated AFM probe.  

Experiments measure interaction between tau-protein equipped tip and various surfaces.  
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Distances and forces of sudden ruptures are extracted from the recorded approach-

withdraw dependencies.  The experiments were performed with using various 

concentrations of 11 kDa heparin solution.  In addition, results obtained for heparin with 

molar mass of 11 kDa are compared with results obtained for heparin with molar mass of 

18 kDa.  Our data show that, heparin affected tau protein in concentration-dependent 

manner.  The effect of adding heparin at concentration of 10 mM and above was in 

apparent decrease of the rupture distances and the interaction forces.  Changes in 

behavior of tau protein molecules after adding heparin to solution were irreversible: 

removal of heparin did not restore behavior of tau protein molecules.  The irreversible 

changes were also concentration dependent.  Adding 18 kDa heparin to solution shows 

qualitatively similar changes to those observed in 11 kDa heparin but the changes are 

more pronounced.  We suggest that the observed irreversibility might be caused by 

irreversible binding of heparin molecules to tau protein molecules such that heparin 

molecules remains bound even after removing heparin molecules from solution.  In order 

to determine whether accumulation of heparin on the tip caused the irreversible changes, 

we designed another approach where the heparin molecules were grafted to the gold-

coated surface to prevent heparin deposition on tau-protein-coated tip.  Comparing the 

results measured with two different approaches revealed that the reduction in the rupture 

distance is observed with heparin grafted on the surface, but this decrease is reversible: 

rupture distance restores on surface that does not contain heparin.   

In the second part of this dissertation, a new method to analyze transitions that occur after 

rupture is employed.  It is noted that transitions after a rupture event in a series of rupture 

events occurs considerably slower than the expected transition of freely moving AFM 
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probe.  To model such transitions a simple viscoelastic Kevin-Voigt model is used to fit 

the force transients after rupture events.  This approach allows to extract viscous 

properties of molecules that remain attached to the AFM probe, and to see how the model 

parameters change with changes in the environment.  Results indicate that after adding 

and removing heparin, transitions exhibit more elastic (less viscous) behavior.  This 

observation is consistent with picture of somewhat compact structure of tau protein with 

bound heparin as obtained from the rupture distance analysis. 
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1.1 Introduction 

1.1.1 Protein structure and function 

Proteins are biological macromolecules that play essential roles in biological systems.  

Each type of protein possesses its unique sequence of amino acids and they perform 

remarkable dynamic processes in living cells.  Proteins have the ability to couple to other 

selected molecules.  This binding enables proteins to acts as receptors, motors, and 

regulators.  Proteins catalyze or inhibit chemical reactions. They are both transport and 

storage materials [1,2].  Indeed, proteins support cell and body structure.  Understanding 

of protein conformation is the key to realizing how proteins participate in their various 

roles and carry out a broad range of biological functions.  Each sequence of amino acids 

has a different level of flexibility, allowing proteins to fold into a variety of structures 

that differ in their abilities to undergo conformational changes related to function.  

Intermolecular forces are responsible for formation of particular conformation of the 

peptide sequence and preservation of its unique structure [3].  A change in protein shape 

is constrained by four types of weak bonds or forces (hydrogen bond, ionic bond, van der 

Waals attractions, and attractive interactions arising from the hydrophobic effect).  These 

bonds form between different parts of the protein sequence to form compact domains 

with a specific three-dimensional structure (3D), which depends on the order of the 

amino acids in the protein chain [3,4]. 

1.1.1.1 Natively folded and unfolded proteins 

There are two major folding structures known as the Ŭ-helix and ɓ-pleated sheet are 

present in a variety of protein structures, formed through regular hydrogen bonding 
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interaction between N-H and C=O groups in the polypeptide chain (Figure 1.1).  The 

amino acid sequence composition of proteins determines how the protein folds into the 

secondary structures.  Most proteins in order to be biologically active adopt a specific 

folded shape which consists of compact conformational elements of the polypeptide 

chains.  These substructures play a critical role in determining the protein structures and, 

as a consequence, the functionality of a protein relies mainly on the final protein structure 

[3]. 

 

Figure 1.1 Model illustrates the most common secondary structural elements (Ŭ-helices and ɓ-

sheets) present in a variety of protein structures.  Adapted from ñMechanics of Proteins with a 

Focus on Atomic Force Microscopy,ò by Felix, R.; Annafrancesca, R.et al, Nanophysics for 

Health, 2012, 11, p. 4 [3]. 

Besides the natively folded proteins, a new group of proteins known as ñnatively 

unfolded proteinsò or ñintrinsically disordered proteinsò (IDPs) has recently been 

investigated.  The particular term IDPs has been used to introduce proteins or protein 

domains that don't form compact globular structure either entirely or in part in their 

native state [5,6,7].  Since discovery of IDPs abundance development the relationship 

between protein structure and molecular function which is known as the protein structure-
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function paradigm becomes not universal property [8].  The structure-function paradigm 

was proposed by Christian Anfinsen and colleagues in 1973.  They suggested that the 

sequence of a protein is the principle determinant of its a compact conformation, and this 

structure is required for molecular function [9,10,11].  A large number of protein 

sequences that don't fold into specific tertiary structures have been discovered over the 

last couple of decades [12].  Instead of folded proteins, these proteins and polypeptide 

segments adopt a broad range of different conformations and can still achieve their 

function in an unstructured/disordered state (Figure 1.2) [13]. 

 

Figure 1.2 (A) Structureïfunction paradigm of folded protein.  (B) Disorderïfunction paradigm 

of unfolded protein.  Adapted from ñClassification of Intrinsically Disordered Regions and 

Proteins,ò by van der et al, Journal of the American Chemical Society, 2014, 114, p. 6590 [13]. 

One of the striking characteristics of IDPs is their ability to take up various conformation 

structures upon binding to different partners or due to change in the surrounding solution.  

However, the interaction of the IDPs polypeptide sequence with their interacting partners 
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will not lead to the formation of a complete well-defined structure; distinct segments can 

still remain unfolded [14,15,16,17].  Owing to their conformational flexibility, IDPs 

exhibit multiple conformational states, which gives them functional flexibility 

(multitasking) through the formation of fuzzy complexes [18,19]. 

1.1.1.2 Structural analysis techniques for the analysis of IDPs 

The lack of a unique, well-defined folded structure (3D) within an intrinsically 

unstructured protein group has been investigated by using various types of structural 

analysis techniques such as multidimensional magnetic resonance (NMR), circular 

dichroism (CD) spectroscopy, and X-ray crystallography.  In some studies these 

techniques are coupled with other techniques, such as Raman optical activity (ROA) and 

Fourier-transformed infrared (FTIR) spectroscopy and a hydrodynamic technique (small 

angle X-ray scattering, ultracentrifugation, and gel-filtration) [20,21,22].  In fact, since 

IDPs are very sensitive to the environment and tend to form broad heterogeneous 

ensembles of structures due to the conformational fluctuations of their amino acid 

sequences on multiple timescales, until now there have been no appropriate methods for 

the characterization of conformation ensembles of IDPs [8].  Indeed, all the methods that 

have been used to describe the conformation ensemble of IDPs give rise to a snapshot of 

conformations and only provide an ensemble-average for the protein monomers. 
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1.1.1.3 The feature of amino acid sequences of IDPs that is responsible for the lack 

of ordered structure 

The inability of IDPs to adopt a regular 3D structure under physiological conditions is 

reflected in particular features of their amino acid sequences [11,23,24].  Several 

structural analyses that have been performed on IDPs have shown that there are some 

common features shared between disordered regions in IDPs.  In comparison with 

natively folded proteins, IDPs under physiological conditions are enriched in unfolded 

conformation promoting amino acid residues (A, G, R, Q, P, S, K and E) and lowered in 

folded conformation promoting amino acid residues (F, W, C, Y, I, L, N and V) [25,26].  

In addition, IDPs are characterized by a high net charge of polypeptide chain (often 

negative) and a low mean of hydrophobicity that lead to the decrease in the probability of 

IPD sequences to form compact structures [16,27,28]. 

1.1.1.4 The benefits of IDPs to being disordered  

The flexibility of intrinsically disordered proteins and their existence in a wide range of 

dynamic ensembles of conformation give this group multiple functional advantages 

(Figure 3 and 4).  First, IDPs have the ability to bind broad structurally distinct targets.  

Second, the conformational flexibility of IDPs gives them the ability to interact with 

targets and induces disorder-to-order transition as consequence forming stable structures 

allowing for high specificity and low affinity interactions.  Third, the conformational 

flexibility of IDPs allows them to overcome steric restrictions because the flexibility  of 

these proteins provides considerable surfaces of interaction in the protein complexes 

compared to the surfaces obtained with rigid partners (Figures 1.3 and 1.4).  In 



6 

 

conclusion, IDPs can't accomplish their function without having this ability of the 

polypeptide chain to rapidly fluctuate among alternative conformational states [29,30,31]. 

IPUs
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Figure 1.3 Diagram illustrating functional classification of intrinsically disordered proteins 

(IDPs) [31]. 

 

Figure 1.4 The flexibility of IDPs allows them to wrap around their target. (a) SNAP-25 (red) 

bound to BoNT/A(1XTG). (B) HIF-1Ŭ interaction domain (red and yellow) bound to the TAZ1 

domain.  Adapted from ñThe Interplay between Structure and Function in Intrinsically 

Unstructured Proteins,ò by Tompa, P., FEBS Letters, 2005, 579, p. 3349 [31]. 
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1.1.1.5 Physiological and pathological functions of IDPs 

Intrinsically disordered proteins (IDPs) are found to participate in a wide range of 

biological processes such as transcriptional and translational regulation, signal 

transduction, protein phosphorylation, and the folding of RNA and other proteins 

[16,31,32,33].  Recently, several studies indicated that the conformational heterogeneity 

of IDPs allows them to adopt conformations that promote aggregation and contribute to 

etiology of the most widespread neurodegenerative diseases, such Parkinson's disease 

(PD), Huntington's disease (HD), and Alzheimer's disease (AD) [34,35].  Nowadays, 

there is multiple evidence that has been derived from traditional bulk experiments and 

spectroscopies revealing that these diseases are caused by the aggregation of Ŭ-synuclein, 

Huntington (Htt) protein, and tau protein, respectively (Figure 1.5) [34,36].  Despite 

intensive research, the correlation between intrinsically disordered proteins and 

neurodegenerative diseases, and the key step in the aggregation the formation of 

misfolded intermediates remain ambiguous. 

For more than twenty five years, neurodegenerative diseases have been gaining 

significant attention from scientists.  However, detecting the underlying causes, clarifying 

the molecular mechanisms, and developing medical products to cure these diseases 

require investment of time, resources, and hard work.  For that reason, a new 

methodology is needed to characterize and define adequately the conformational diversity 

of IDPs.  Advancing measurement methodology to characterize large-scale dynamics of 

unfolded or partially-structured macromolecules and using this methodology to describe 

conformational dynamics of tau protein is the major goal of this research project.  
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Figure 1.5 Diagram shows the distributions of the biological processes of proteins implicated in 

HD, PD and AD diseases. (A) Proteins cause HD involve in all important biological process 

except carbohydrate metabolism and electron transport. (B) Most the biological process perform 

by unstructured proteins that involved in PD diseases (C) Proteins cause AD involve in all 

important biological process excepts like coenzyme and prosthetic group metabolism and 

immunity and defense, proteins involved in all other important processes in AD.  Adapted from 

ñThe Role of Intrinsically Unstructured Proteins in Neurodegenerative Diseases,ò by 

Raychaudhuri, Set al, PLOS one, 2009, 4, p. 6. [34] 
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1.1.2 Tau protein localization and function  

Neurons are structural units of the nervous system with a very complex morphology 

consisting of the cell body, axons, and dendrites.  Neural transmission occurs through 

parts of neurons, and therefore, any changes in neuronal morphology may affect their 

function and even produce pathological events.  Microtubules (MTs) are one of the major 

cytoskeletal components of neurons.  They have highly charged hollow cylinders 

assembled of tubulin dimers.  MTs are very dynamic structures which participate in 

maintaining neuron architecture shape, cell division, receptor activity, and axonal 

transport which serve as the "tracks" upon which molecular motors and cellular transport 

occur [37].  The microtubule associated proteins (MAPs) are believed to be important for 

MT formation and stabilization (Figure 1.6).  Tau protein is one of the microtubule 

associated proteins that is strongly expressed in the axons of neurons.  Since the initial 

isolation of tau protein, several attempts have been made to clearly realize tauôs role in 

the neuron.  Because tau protein is associated with many proteins, it can be thought of as 

a sticky protein.  One of the best known and studied associated tau proteins is tubulin.  

Likewise, tau protein interacts also with other proteins such as spectrin, actin, kinases, 

and ferritin.  Several key in vitro experiments indicated an essential role for tau in 

promoting the self-assembly of tubulin subunits and in stabilizing microtubules by 

interacting with tubulin and binding to their surfaces [38,39,40,41].  The normal function 

of tau proteins is to serve as links between microtubules and other cytoskeletal elements 

or proteins such as plasma membrane phosphatases.  Further, some studies have shown 

that tau has an important role in cellular response to heat shock, where it binds to DNA 

and protects it against heat and oxidative stress [42]. 
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Figure 1.6 Scheme showing the essential role of tau in promoting the self-assembly of tubulin 

subunits and stabilizing of microtubules by interacting with tubulin and binding to their surfaces.  

Adapted from ñStructure and Pathology of Tau Protein in Alzheimer Disease,ò by Kolarova, M et 

al, International Journal of Alzheimerôs Disease, 2012, 2012, p. 3. 

1.1.2.1 Tau protein isoforms 

Tau is a neuronal microtubule-associated protein occurring mainly in the axons of 

neurons.  In the adult human brain, there are six isoforms of tau protein with a range of 

molecular masses from 48 to 67 kDa and lengths ranging from 352 (the shortest 3RS 

isoform) to 441 residues (the longest 4RL) (Figure 1.7) [43].  Tau comprises four semi-

conserved sequences of 31 or 32 residues, known as "repeats".  Tau isomers differ from 

each other by the length of the N-terminal part.  Also, they vary from each other by the 

presence of either three or four repeat-regions in the carboxyl-terminal (C-terminal) part 

of the molecule and the absence or existence of one or two inserts (29 or 58 amino acids 

long) in the amino-terminal (N-terminal) part of the protein [44,45,46].  There are 3 (3R) 
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or 4 (4R) repeat domains in each isoform in the MT-binding domain (MTBD) which are 

responsible for the interaction with microtubules [47]. 

 

Figure 1.7 Illustrates six different isoforms of tau protein existing in the adult human brain with a 

range from 352 (the shortest 3RS isoform) to 441 residues (the longest 4RL).  Adapted from 

ñCharacterization of Tau in Cerebrospinal Fluid Using Mass Spectrometry,ò by Portelius, E. et al, 

Journal of Proteome Research, 2008, 5, p. 2114. 

In physiological states, the native tau protein has negatively (D, E) and positively (K, R) 

charged amino acid residues [48].  In tau protein, half of the sequence consists of only 

five types of amino acids (G, K, P, S, and T).  Polar amino acids are predominant in tau 

protein structure, and it has an overall basic character (Figure 1.8) [39]. 
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Figure 1.8 Amino acid sequence of the longest tau isoform (441 amino acids) and the distribution 

of basic, polar, nonpolar, and acidic amino acids along the tau protein sequence.  Adapted from 

ñStructure and Pathology of Tau Protein in Alzheimer Disease,ò by Kolarova, M et al, 

International Journal of Alzheimerôs Disease, 2012, 2012, p. 2. 

Because it is rich in hydrophilic side-chain composition, tau protein is highly soluble, 

natively unfolded, and highly flexible [50,48].  Hypothetically, the deficiency of structure 

in natively unfolded tau protein is due to its low content of hydrophobic amino acids and 

a high net charge near the physiological pH [51].  Both of these characteristics tend to 

counteract a well-folded globular state of tau protein.  The minimization of the net charge 

of tau protein increases the aggregation propensity especially at its isoelectric point by 
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permitting the hydrophobicity-driven collapse [52].  Furthermore, all of the tau isoforms 

are flexible macromolecules, characterized by low content of secondary structure, and are 

classified as naturally unfolded proteins.  In solution, they are highly water-soluble so 

they polymerize weakly at physiological concentration and exhibit a random coil 

behavior. 

The presence of three major domains in the sequence of the tau molecule (an acidic N-

terminal part; a proline-rich region, and a basic C-terminal domain) demonstrates that tau 

protein is a dipole, and each domain carries a different high net charge (Figure 1.8) [53].  

The C-terminal domain is known as the ñassembly domainò because it binds to the 

microtubules and enhances their assembly, while the N-terminal (the acidic part) in tau 

protein is known as the ñprojection domainò because it does not bind to the microtubules 

but projects away from the microtubule surface [54,55].  There are two basic regions in 

the projection domain: the acidic region (negative charge) and the proline-rich region 

(with net positive charge) [49].  The projection domain is responsible for interaction with 

mitochondria, components of neuronal plasma, or with other cytoskeletal elements and 

also regulates spacing between microtubules in the axon [56,57,58].  Figure 1.9 

represents the domain organization of the longest tau isoform of 441 [59]. 
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Figure 1.9 Schematic illustrates the domain organization of the longest tau isoform of 441, which 

consists of 441 residues.  Adapted from ñThe Role of Tau Oligomers in the Onset of Alzheimer's 

Disease Neuropathology,ò by Maria, C. C.et al, American Chemical Society, 2014, 5, p. 1179 

[59]. 

1.1.2.2 Primary structure and disordered prediction of tau protein 

Many proteins acquire their native function by adopting a specific three-dimensional 

structure which is energetically stable.  A number of biophysical and spectroscopic 

studies have revealed that, in solution, tau protein is highly dynamic and behaves as an 

intrinsically disordered protein (IDP) [60].  As stated earlier, this is caused primarily due 

to tau protein containing very low content of hydrophobic amino acid and the high net 

charge causes electrostatic repulsion, which inhibits the molecule from forming close 

intermolecular contacts [61]. 

A number of studies that have been done on tau protein from brain tissue indicated that 

the protein is devoid of secondary structure and maintains its biological function even 

after harsh treatment [62,63].  In aqueous solution, tau protein exhibits a mostly random 

coil structure with little Ŭ-helix and ɓ -sheet, as shown by sequence analysis such as 

circular dichroism (CD), Fourier transform infrared, X-ray scattering and biochemical 
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assays.  This means that the polypeptide chain of tau protein is highly flexible and 

mobile.  By its nature, tau shows unusual properties such as the ability to expand to a 

largely extended state and to transition rapidly between many different conformations 

[41].  As a monomeric protein, tau has random coil features, although some regions 

demonstrate a preference for helical or ɓ-strand conformations [64,65].  Solution NMR 

measurements have indicated that tau protein has a variety of structures and a 

complicated network of transient long-range contacts [66].  Single molecule fluorescence 

resonance energy transfer (FRET) measurements detected that each tau domain (a 

featured part of the tau protein responsible for the interaction with microtubules) has 

distinct conformational properties which are strongly correlated with its degree of 

disorder [67,68].  Small-angle X-ray scattering measurements have revealed that each 

individual domain of tau protein appears as a random polymer [65].  There are two types 

of algorithms that have been used to predict the primary structure of tau protein and as a 

comparison of Ŭ- tubulin (a well-folded protein).  The first approach is PONDOR (the 

prediction of natural disordered regions).  This algorithm is based on the statistical 

distribution of amino acids in sequences of proteins [69,70].  The standard output ranges 

from -0.5 to 0.5.  Positive values mean a high probability for ordered conformation and 

negative values indicate a high likelihood for disordered conformation. 

In Figure 1.10, the black line represents the PONDOR prediction for tau protein.  

Prediction by PONDOR indicated that the whole sequence of tau protein shows low 

probability for order structure except for the repeat domain.  This method shows a good 

agreement with the experimental data [71].  On the other hand, the analysis of Ŭ-tubulin 
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by PONDOR gave values between 0.0 and 0.5.  These values indicating that Ŭ-tubulin 

has a higher degree of foldability with the exception of the C-terminal 30 residues [65].  

 

Figure 1.10 Analysis of tau protein sequence (b, d) by prediction algorithms (PONDR and 

FoldIndex) compared with Ŭ- tubulin (a well-folded protein) (a, c).  Adapted from ñSpectroscopic 

Approaches to the Conformation of Tau Protein in Solution and in Paired Helical Filaments,ò by 

Bergen, M.et al, Neurodegenerative Disease, 2006, 3, p. 199. 
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A second algorithm used in the prediction of unfolded protein is FoldIndex.  This 

approach takes into consideration the hydrophobicity and net charge of the analyzing 

sequence [72,73].  The equation used in this calculation is: 

Ὅ ςȢχψυ Ὄ ᷄ Ὑ ᷄ ρȢρυρ  (1.1) 

Where I represents the FoldIndex  Ὄ  indicates the mean hydrophobicity and ᷄ Ὑ  ᷄

represents the mean net charge (the absolute value of difference between positive and 

negative charges divided by the number of amino acid residues).  The analysis of the tau 

protein sequence by the FoldIndex algorithm predicts that tau protein will possess a 

disordered conformation for the whole sequence except for repeat 2 in the middle part to 

repeat 3 at the end of sequence (Figure 1.10).  This prediction shows a general agreement 

with spectroscopic data of tau by NMR [71].  In contrast, the whole sequence of Ŭ-tubulin 

shows a higher probability of the tau to be folded with the exception of the C-terminal tail 

[61].  Even though, all previous methods and studies indicated that tau protein is 

dominated by a random coil structure, compatible with the remarkable high solubility and 

hydrophilic composition of tau, all these information didnôt give obvious clue about 

aggregation process ways and reasons.  

1.1.2.3 Tau protein aggregation under different conditions 

Tau protein under normal physiological condition is highly soluble and natively unfolded 

with limited secondary structure.  Under non-physiological conditions, the tau monomer 

associates with itself to form prefibrillar oligomeric aggregates (2 or more molecules in a 

multimeric structure) and assembles into paired helical filaments (PHFs) [47].  
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Abnormally aggregates of tau protein are found in several neurodegenerative diseases 

termed 'tauopathies'.Most neurodegenerative diseases are characterized by abnormal 

aggregation and deposition of proteins in and around neurons in brain [75].  The self-

assembly of proteins into aggregates pertinent to the neurodegenerative disease often 

requires significant change in protein conformation.  However, the molecular 

mechanism(s) by which the aggregation process happens are still far from being fully 

understood [76].  Pathologically, neurodegenerative disorders are characterized by 

neuronal loss and intraneuronal fibrillary materials accumulation [77].  During 

postmortem examination of the brain tissues, it has been noted that Alzheimerôs disease 

(AD) is characterized by the presence of extracellular amyloid plaques which produce 

from deposit of Aɓ protein and intracellular neurofibrillary tangles (NFT) which produce 

from the aggregation of microtubule associated protein-tau (Figure 1.11).  Neurofibrillary 

tangles are essentially composed of bundles of filaments formed by the microtubule-

associated protein tau [78,79,80].   
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Figure 1.11 Pathological hallmarks of AD (extracellular amyloid plaques and intracellular 

neurofibrillary tangles (NFT). (This figure is copied from 

www.ahaf.org/alzdis/about/AmyloidPlaques.htm). 

The stages that lead to tau protein pathology are shown in Figure 1.12 [59].  The repeat 

units in the MT-binding domain (MTBD) play an essential role in PHF assembly [78]. 
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Figure 1.12 Model of stages leading to tau pathology and factors that may contribute to the 

generation of tau oligomers. Probably oligomers of tau are intermediate aggregates and can cause 

neuronal damage before PHFs and NFTs are formed.  Adapted from ñThe Role of Tau Oligomers 

in the Onset of Alzheimer's Disease Neuropathology,ò by Maria, C. C.et al, American Chemical 

Society, 2014, 5, p. 1180. 

Due to the much greater solubility of tau in vitro compared to the concentration of tau in 

cells, inducers such as polyanions and fatty acids have been used to enhance and 

accelerate tau aggregation in vitro [81,82].  Substitution of the charge of the basic middle 

part of tau protein by polyanions which is achieved by sulfated glycosaminoglycans (e.g., 

heparin, heparin sulfate, etc.) helps to overcome the nucleation barrier [48].  For example 

using sulfated glycosaminoglycans promotes the hyperphosphorylation of tau protein 

(thus indicating change in tau protein conformation) and induces assemble of PHFs.  

Under physiological conditions, the interaction between sulfated glycosaminoglycans and 



21 

 

full-length tau triggers formation of filaments similar to those fibers isolated from the 

brains of AD patients. In this condition, three-repeat-containing tau isoforms form paired 

helical-like filaments, while four-repeat-containing tau gives straight filaments.  On the 

other hand, under non-physiological conditions, only paired helical-like filaments are 

present which are formed from the fragments of tau consisting of three microtubule-

binding repeats [83].  In addition, fatty acids are especially effective in inducing the 

fibrillization of tau protein at a near physiological pH, temperature, reducing 

environment, ionic strength, and tau protein concentration.  Arachidonic acid (AA) is one 

of the important fatty acids that exist in the brain.  Arachidonic acid micelles can be 

considered effectively as polyanions due to the burying of the hydrocarbon chains inside, 

with the negatively charged carboxyl groups exposed on the surface [84].  Arachidonic 

acid promotes fibrillization by binding tau on their anionic surface, which provided 

negatively charged surfaces that enhance tau protein aggregation.  Therefore, studying 

the aggregation of tau protein at physiological conditions in vitro may require using the 

chemical inducers to reduce the time and the concentration of tau protein, and initiate and 

accelerate the aggregation process. 

The prediction of how tau protein undergoes structural changes from its native structure 

into a beta sheet is an important task in studying molecular mechanisms of 

neurodegenerative diseases.  Christopher and et al. have examined the amyloidogenic 

propensities (the potential to aggregate into toxic structures) of some tau peptide 

sequences to form fiber states.  In this study, transmission electron microscopy (TEM) 

has been used to investigate if Ac
10

VME, Ac
375

KLTFR and Ac
393

VYK sequences seed 

filaments or interact with nucleating sequences in tau protein (PHF6 and PHF6*).  PHF6* 
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(VQIINK) in R2 and PHF6 (VQIVYK) in R3 are essentially hexapeptides in tau protein 

that play an important role in aggregation.  They incubated these peptides in a MOPS-Cl 

buffer with high molecular weight heparin to induce tau protein aggregation.  These 

peptides were monitored overnight and fibers were observed by using TEM.  The kinetics 

of the aggregation of tau peptides have been studied by following the time dependence of 

Thioflavin S (ThS) fluorescence at 490 nm.  They found that Ac
10

VME, AcPHF6*, 

Ac
375

KLTFR, and Ac
393

VYK enhance the fraction of the ɓ-structure of AcPHF6 whereas 

Ac
375

KLTFR inhibits AcPHF6 and AcPHF6* (Figure 1.13) [85]. 

 

Figure 1.13 Amyloidogenic propensities of some tau sequences to form fiber states [85].  

Adapted from ñSecondary Nucleating Sequences Affect Kinetics and Thermodynamics of Tau 

Aggregation,ò by Moore, C. L. et al, Biochemistry, 2011, 50, p. 10878. 

Also, interactions between amyloid-ɓ and tau fragments have been studied by Thanhand 

et al.  In this study, the interaction between an Aɓ (25ī35) and tau (273ī284) fragment 
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has been investigated by using a combination of ion-mobility mass spectrometry (IM-

MS), atomic force microscopy (AFM), and computational modeling by probing the 

conformations of early hetero oligomers and the macroscopic morphologies of the 

aggregates.  As a result, tau (273ī284) showed a high affinity to associate with 

Aɓ(25ī35) monomers rather than other tau monomers to form hetero oligomers.  The 

hetero-tau oligomers can produce granular aggregates where they can be trapped at 

relatively small size while hetero-Aɓ oligomers containing ɓ-rich content can form 

heterofibrils.  This study predicts that the ability of Aɓ oligomers to interact with tau 

monomers may be the possible source of toxicity [86]. 

In another study, Bader and et al have studied  the influence of bivalent ions (such as 

Cu
2+

, Zn
2+

, Mn
2+

, Ca
2+

, Mg
2+

), trivalent metal ions ( Fe
3+

 and Al
3+

), and organic solvents 

like DMSO on tau aggregation [87].  Fluorescently labeled aggregates have been detected 

by employing fluorescence correlation spectroscopy (FCS) and scanning for intensely 

fluorescent targets (SIFT).  This study demonstrated that trivalent metal ions and organic 

solvents like DMSO induced distinct tau oligomers, while bivalent ions had no effect.  It 

also indicated that tau oligomers induced in DMSO are small and relatively stable [87].   

Additionally, Barrantes and et al have followed tau-tau interaction in the absence of any 

aggregation inducer [88].  Following tau aggregation using AFM indicated that under 

physiological conditions, no fibrillar tau could be clearly observed earlier than two 

months.  Also, the size of the filaments that were induced by the incubation of tau was 

smaller than that of those which are observed for PHFs purified from AD brains or that of 

those which are obtained from the incubation of tau in the presence of inducers such as 

heparin [88]. 
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All previous studies indicated that tau protein can aggregate and exhibit compact 

structure under various environmental conditions and the molecular mechanism by which 

this process happen might be different such as conformational changes, formation of 

intermolecular bonds and growth of aggregates. 

1.1.2.4 Methods of investigation of tau protein aggregation 

In the previous subsection, we have indicated different conditions where tau protein 

aggregates and adopts compact structures.  These compact structures might differ from 

each other, and it is likely that in each particular case different molecular steps are 

involved, such as changing the conformation and structure of the tau protein.  To 

understand this process, it is important to characterize how these steps occur.  There are 

various techniques that are used to characterize the conformation of tau proteins.  In this 

subsection we describe some of these techniques that are often used to study tau protein 

aggregation and indicate their limitations.  A high-resolution analysis of the beta structure 

of PHFs that are made from entire tau protein is difficult to be achieved by X-ray or 

spectroscopic methods.  After PHF assembly, only a small portion of the tau sequence 

adapts ɓ-sheet structure whereas the rest of the sequence stays in a random coil 

conformation, so it can't be detected by X-ray [89,90,91,92].  PHFs extracted from AD 

brains and in vitro assembled tau fibrils have been studied by using scanning 

transmission electron microscopy (STEM).  STEM is able to visualize the arrangement of 

tau within PHFs and measure the mass per length of the structure; both core and fuzzy 

coat will be taken into account [93].  Fibrils assembled from the three-repeat domain of 

tau also have been examined by using solid-state NMR (ssNMR) spectroscopy, and it 
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showed that tau fibrils consist of three major ɓ-strands in repeats R1, R3, and R4, 

arranged in parallel [94,95].  Although these methods provided important structural 

details about tau aggregates, they haven't provided information about the conformational 

dynamics of tau protein molecules during aggregation. 

Using STEM and ssNMR in studying the structure fibrils assembled of tau proteins has 

some disadvantages.  STEM can cause damage to the sample due to the use of an electron 

beam.  Also, they can't be used to study the sample under biological conditions.  The 

measurements on a sample cannot be repeated many times using various conditions.  

These techniques operate an ensemble averaging; they are not able to illustrate a variety 

of aspects implicit to individual molecules such as rare events, transient phenomena, 

crowding effects, population heterogeneity, etc.  Also, these techniques can't be used in 

studying the dynamic properties of biological molecules [96].  These methods measure 

final structure and do not provide information about how these structures form.  The 

collapsed structures (aggregates) can be formed by a variety of pathways.  Detecting the 

resultant structure does not tell which pathways molecules follow and does not inform 

about properties of protein molecules on the path towards the aggregate.  Our goal is to 

understand dynamic properties of aggregating molecules and characterize variability in 

intermolecular interactions.  Consequently, we employ techniques that characterize 

transient interactions between molecules on a nanometer length scale.   
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1.1.3 Force spectroscopy 

1.1.3.1 Force spectroscopy techniques. 

Even though force plays an essential role in biological systems, controlling this vector 

quantity in ensemble experiments is hard and not accurate.  Ensemble experiments 

consist of a large number of molecules, making the separation of relevant data from 

possible artifacts unattainable [97].  Most of the applied previous methods and techniques 

such as X-ray crystallography and solid-state NMR don't give information about 

molecular scale forces; instead of that, they depend on the population of the ensemble 

measurements.  Today, a number of techniques known as single-force spectroscopy 

techniques (SMTs), which vary in force and dynamical ranges, are available (Table 1.1) 

[98]. 

Table 1.1 Comparison of numbers of single-force spectroscopy techniques (SMTs) [98]. 

Method Force range (pN) Dynamical range Typical application 

Magnetic tweezers 0.01 - 100 Ó 1 s 
Stretching and 

twisting DNA 

Optical tweezers > 0.10 Ó 10 ms 

Action, DNA, 

molecular motors, 

proteins 

Microneedles 0.10 Ó 100 ms 

Action, stretching, 

unzipping and 

twisting DNA 

AFM > 1 Ó 10 Õs 
DNA, proteins, 

ligand-receptor pairs 
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Single-force spectroscopy techniques (SMTs) became popular techniques in biophysical 

research and provide information at the level of individual molecules.  Even though there 

are many types of single molecule manipulation techniques (SMTs), the most 

prominently used techniques are optical tweezers, magnetic tweezers, and atomic force 

microscopy [97].  Even though optical tweezers have the advantage of three-dimensional 

manipulation, thus performing specific interactions between a trapped object and a fixed 

molecule, this advantage is accompanied with a number of limitations.  The main 

drawback and limitation of optical tweezers is its spatial resolution due to instrumental 

noise.  Secondly, optical tweezers are limited to extremely purified sample and optically 

homogeneous preparation.  Even though magnetic tweezers have the ability to probe 

torsion, they also have a number of limitations [97].  The high current required to 

produce the large magnetic field can generate significant heat that has a negative effect 

on the constant-force benefit of magnetic tweezers.  Also, magnetic tweezers have limited 

spatial and temporal resolution.   

In contrast, due to the small size of the AFM tip, the AFM performs high resolution 

imaging, relatively high-force pulling, and interaction assays [97].  AFMs have the high 

signal-to-noise ratio that is important in single molecule studies.  An AFM also has the 

ability to measure inter- and intramolecular interaction force with piconewton resolution 

[99].  In contrast to optical and magnetic tweezers it allows to localize interactions with 

much higher accuracy and perform measurements on sub-millisecond time scale.   
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1.1.3.2 Principles and applications of atomic force microscopy 

The method that we develop to study the conformational dynamics of unfolded proteins 

uses an atomic force microscope (AFM) in the force measurement modality as the main 

tool.  The AFM is considered to be a powerful structural analysis tool that can follow the 

most interesting features of biological molecules such as their assembly patterns, 

dynamic behavior or ability to interact with other molecules [100].  It also measures 

surface forces with very high spatial, force, and chemical resolution [101].  AFM is not 

only a powerful tool for mapping the surface topography of a sample but also for 

studying the elasticity, viscosity, hydrophobicity, and the strength of chemical bonds of 

macromolecules [102,103].  The AFM can be used to study biologically functional 

complexes without significant chemical modification or mechanical damage of 

bioparticles [100].  The AFM offers several advantages including: a small amount of 

required sample, the sample preparation process is often simple, and the measurements 

can be performed under physiological conditions [104].  Measurements on the same 

sample can be repeated many times under different conditions.   

The AFM has been used to study the morphology of fibrils, their growth and assembly, 

and the mechanism of the aggregation process.  So far, the aggregation of numerous 

amyloidogenic proteins such as Ŭ-synuclein, Ab-peptides, amylin, IgG light chain and 

insulin have been studied by using AFM techniques [100].  Also, AFM can be used to 

measure the forces within as well as between molecules.  Figure 1.14 illustrates some 

applications of AFM including protein-surface interaction [105], investigate the strength 

of receptor-ligand binding [106], mechanical properties related to unfolded of 
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multidomain proteins such as titan [3], and study the interactions between different 

functional groups such (CH3-COOH, CH3-CH3 , COOH -COOH, etc.) [107]. 

 

Figure 1.14 Some applications of AFM. a) The interaction force between tethered fibrinogen 

molecules and the glass surface [105]. b) Investigating binding between enzyme-dockerin and 

cohesin [106]. c) The process of unfolded titin protein domain [3]. d) The interactions between 

different functional groups [107].  

The AFM operates by allowing a tiny tip with radius of curvature on a nanometer scale 

attached to the free end of a microfabricated cantilever to move over the sample of 

interest.  Most AFMs use a laser beam which is aimed at the end of the cantilever and 


