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Abstract

Interaction between Fragments of Tau Protein Investigated by
Force Spectroscopysing AFM

by
Anad Mohamed Afhaima

Major Advisor: Boris Akhremitchev, Ph.D.
Over the last couple of decades, there has been rapidly growing intereseamch 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 studées ha
revealed that tau protein can expand to a largely extended state and to transition rapidly
between many different conformationélthough many of theechniqueghat elucidate
structure of macromoleculémve provided important information about thiléal states
of proteins, important information about the transition between the extended
conformation statesemain obscure The goal of our work in the first part is the
development of a new methodology to detect the presence of substructures ineiau prot
This methodological advance may provide new insights in understanding tau protein
behavior and its tendency toward aggregatibnthis researchgtomic force microscopy
(AFM) has been used to study the effects of hegasiganionson the conformabnal
dynamics of tau protein. In AFM measurements tau protein fragment ¢233)
equipped with cysteine at the C terminus was attached to thecgaldd AFM probe.
Experiments measure interaction betweenpianiein 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 solutiolm addition, results obtained for heparin with
molar mas®f 11 kDa are compared with results obtained for heparin with molar mass of
18 kDa. Our data show thateparin affected tau protein in concentratt@pendent
manner. The effect of adding heparin at concentration ofOand above was in
apparentdecease of therupture distances andhe 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.irr€kersible
changes were also concentratiependent Adding 18 kDa heparito solution shows
gualitatively similar changes to those observed in 11 kigparinbut the changes are
more pronounced.We suggest that the observed irreversibility mightcbesed by
irreversible binding ofheparin molecules to tau protein molecutesh that heparin
molecules remains bouraven after removing heparin molecules from solutibnorder

to determine whether accumulation of heparin on the tip caused the sinév@hanges,

we designed another approach where the heparin molewelesgrafted to the gold
coated surface to prevent heparin deposition ofptateincoated tip. Comparing the
results measured with two different approaches revealed that the oeduactherupture
distanceis observed with heparin grafted on the surface, but this decrease is reversible:

rupture distance restores on surface that does not contain heparin.

In thesecond part athis dissertationanew method to analyze transitioist 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 transitionsiaple viscoelasti&evin-Voigt modelis used tofit
the force transients after ruptuevents This approach allowgo extractviscous
properties of moleculakat remairattached to the AFM probe, and to see howntbodel
parameterghange with changes in the environmeR®esults indicate that after adding
and removing heparin, transitions exhibit more ela@gss viscous)hehavior. This
observations consistent with picture cfomewhatompactstructure oftau proteinwith

bound heparims obtained fronthe rupturedistance analysis

VI



Table of Contents

1.1 Introductionééée. . éeééeéécécécécee@decéeccéc
1.1.1Protein structure and functiéré ¢ ¢ é . . é éééééééeééeéeée. .(B. é
1.1.1.1Natively folded and unfolded proteine ¢ e € € € é . ¢ éé. . é e . (1). é.
1.1.1.2Structural analysis techniques for the analysisof O . . . éééé @) . . .

1.1.1.3The feature of amino acid sequenoédDPsthat is responsible fahe lack of

orderedst ruct ureééééééecéé&é&e&e&&céeéeeéé. é(B

1.1.1.4The benefits of IDPs to being disordeted ¢ é ¢ € é € € € é € € é . €(5)

1.1.1.5Physiological and pathological functionsof IBPé ¢ é € € é é €. . . (7)

1.1.2Tau protein localization and functiéné ¢ ¢ ¢ € € ¢ é € é é € € é . .é€(9)

1.1.2.1Tau proteinisoforms é é ¢ e e e e éééeeeéeéééeeeeéé. (10

7

1.1.2.2Primary structure and disordered prediction of tau prétére ¢ ¢ . é . .(14).

1.1.2.3Tau protein aggregation under different conditorisé ¢ é ¢ € é é . é (17)

1.1.2.4Methods of investigationf tau protein aggregatiéné € € € é € é é . é(24)

1.1.3Force spectroscogyé ¢ e e e eeeeéééééeeceeeeée. é . (2).

,,,,,,,,,,,,,,,

1.1.3.1Force spectroscopy techniqggeé e e e e e ¢ é é éééeeeée. é (20

y24

1.1.3.2Principles and applications afomicforcemicroscopg . . é &¢é é é . (28)

VIiI



1.1.4 Preious studies aimed at characterizing the conformational dynamic structures of
IDPs using AFM comparingtootheret hods ééééééeéeeeeéeééée. .
15Researchstateméné é é é € € é€éé. .. éééééééeéeéeéeeéeeéeéee (42)

"""""""""""""""

1.6 References ééeéécéééceecééeececeéece. . éeeeceececcee

2 Chemcals and iNStruMENTatiON.........uuum e (60)

2.1 Materials and samples Preparation..........ccccco e eeeeeeeeeeeee e e e 60). (
2.1.1ChOICE Of SUDSIIALE. ......eiiiiiiiii i 6q)
2.1.2 CleaVed MICA........cevuruiiiiiii it e e e e e e e e e e e e e e e e e 60).... (
2.1.3 Goldcoated SUDSIEAL...........ccooiiiieeee e 1)..(6
2.1.4 Choice Of the ProDe..........coooiiiiiii e 2)... (6
2.1.5 Tau protein SamMPIE........coooiiiiici e 2).. (6
2.01.6 MAEEIIAIS. ... ucie i eeeeeeeeee et e e e e e e e e e e e e e e e 3).... (6
2.1.7 Mica substrate MOMIARLION..............oooiiiiiiic e (63)
2.1.8 Probe preparation...... ... 4)... (6

2.1.8.1 Modification of the gold eted probe directly with tau protein without cleaning

WILN SOIVENTS. ... e e e e e e e e aaa e e e eeensd 4)..... (6

2.1.8.2Modification of the gold coated probe with tau protein affelaning the probe
with

SO VBN e ——————————— 1ttt 1—————1 et t ittt e aaaan (65)



2.1.9Modified gold-coated substrate with heparin..............cocceoeiiiiiiiiiiieencmene (66)

2.1.9.1 Cleaning the goldoated SubStrate.............ooooiiiiiiiiiie e (66)
2.1.9.2 Attaching of MUA and MU to the getwated substrate.....................ooee 67
2.1.9.3 Activation oftte carloxyl group in the MUA molecules...............cccccivnnneee. 8) (6
2.1.9.4Conjugation of heparin molecules to EDC crbBRer..............oevviiiviiiiiiinnnnnnn. 9P
2.2 FOICE SPECIIOSCOPY. ... eeeeeiiiieernrrntttiiiaaa s s s e e e e eeessmmmmmsssssssaa s s a e e e e e eeeeeeeeeeesnnnnnnes 70§

2.3 Data collection and analySiS...........ooooiiiiiiiiiiiiiiiiiii e 70).. (
2.4 REIEIEINCES. ... i ii ittt mmmmmmn bbbttt e e e e e e e e e e e e e e e e e a s 247

3. Analysis Of rupture fOrCeS........oooeeiiiiiiieec e (74)
3.1The selecting sample preparation proCeduUre..........cccoumeeeeeeeeeeeeeeieeeerinneene. (B)
3.1.1 Examination the cleaning of the AFM galolated tip.............ooovvvviiiiiicieeeenen. |)7

3.1.2Examining the effect of the period of the soaking time of the AFM-gokted tip

with tau protein solution on thextracting separation distance.............ccceeeeeeeeeee.... Qy

3.2 Studying the interaction of tau protein with a freshly cleaved mica surface. 80)

3.2.1 Using different concentrations of heparin solutionl e M, 10 e M
S 1Y TP OUUPRPPTSSPRRR (80)......
3.2.2Usinghigh molecular weight of heparin kdion (18 kDag é é é é .............| (96)

3.3 Characterizing the conformationalndynics of tau protein molecules using heparin

grafted to a goltoated SUIMACE.............oiiiiiiiiii e 9).. (9



34Concl usionéééééééecgéeécéeeééeeeééeeéé 103
B O REIBIBINCES. ... .ot e e e e e e e 5) (11
4Anal ysis of rate of rupture étéréaénés.ill]i ons é

v R 11 o o [ 3o 1o 4 U PPPTURTPRRR (Z1

4.1.1 Previous studies that have been performed to characterize the mechanical properties
(0 0] £0] =1 1S U (117)..

4.2 Using a novel method to characterize the viscous elements of tau protein by analyzing

the Collected fOrCE CUIVES........cooiiiieeeee e e a e 5). (12
4.2.1 KelVintVoigt MOUEL......c.iveieiiiecie e e e e 7)(12
4.2.1.1 Characteristic points and featurek (it) andx (t) dependencies................ (19
4.2.1.2 Estimation of model parameters from the.data...............ccccceeeeeeeeeennn. 31
4.2.1.3 Fitting the model to the data...............cooovvriiiiiiiiicc e, 32)(1

/////////////////////////

4. 3 Conclusionééééééééceeceeéeéeéééee. HBeeeeéeé

/////////////////////////

XI



List of Figures

Figure 1.1 Model of the most common secondary stc t ur a | -heell ei nteenst sa n(dU

sheets) present in a variety of protein structuirést ¢ € ¢ é e ¢ é ¢ € é é ¢ . (2)

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.4 The flexibility of IDPs allows them to wrap around their taégét. . €. €5)

Figure 15 Diagram of the distribution of mtrinsically disordered proteins (IDPSs)
implicated in the biological processes of neurodegenerative diseases (HD, PD and

AD)é eeéeeéeééceéeeéeecéeeceéeecéecée. . eeée@

Figure 1.7 lllustrates 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

dRLe éeéééeéeéeéecéecéeceéceeceeéeéeéeéeé ée. (1)
Figure 1.8 Amino acid sequence of the longest tau isoform (441 amino &cids) (12)

Figure 1.9 Schematic illustrates the domain organization of the longest tau isoform of

///////////// 7

441, which consists of 441 residue® . é . ¢ éééeééeeééeéé.é (149

XIl



Figure 1.10 Analysis of tau protein sequence by prediction algorithms (PONDR and

Foldindexg ¢ e é éeééeeééeceéeeéeecéeecéceecéeeéee. (16

Figure 1.11 Pathological hallmarksof ABé e é e é e é e é e éeéeée. . (19

,,,,,,,,,,

rrrrrrrrrrrrrrrrrrrrrrrr

Figure 1.20 The experiment for probing he unstruct ur egynuakemn f or ma
misfolded and aggregatigoron e c onf or nsgriudlem nand ttef intethction

between monomesi -sinuclein molecules at pH 7.0 in the presence 6f&n . . (39§

Xl



Figure 1.21A r epr esent at i v e-synucleiemoaomerd @.n.s.(d0)e.t we e n

Figure 1.22 Histograms of the contour length distribution for (a) Ab40, (b) [VPV] Ab40,

(c) Ab42 andd) [VPV] Ab42dimerg é e é éeééeééeéeéee. . ééd4).

///////////////////

Figure 2.3Sequences of tau 441 isoform and the mutant fragment425p € ¢é . (63)

Figure 2.4 Modification of goldcoated tip directly with tanutant proteigé é . . €5)

Figure 2.5Modification steps of golecoated tip with taumutant proteig € € . . €6) ( 6

Figure 2.6 Cleaning of golecoated substrate using solventsonstakee . . . é8® ( 6

Figure 2.7Modification ofthegoldc o at ed substrate withB) sampl e

Figure 28 Modification of goldcoated substrate with mixture of MUA and MU
moleculeg ¢ é 6 ééeééééeéecéeéeceéeéeéeéeée. . édoed.
Figure 2.9 Activation of the carboxyl groups@OOH) of MUA molecules using EDC
eéeéeéeéecéeéeéceéeéeéeéeéeéeéeée. . .. (89. ...

Figure 2.9 Conjugation of heparimolecules to EDC crodmkeré ¢ ¢ ¢ é éé. . (6 8)

,,,,,,,,,,,,,,,

XV



Figure 3.1 Typical force curve with multiple rupture events obtained from the interaction

"""""""""

of tau protein molecules withmiéa¢ ¢ ¢ é é é e eéeeéeéeéé. . ... (7). .. ¢

"""""""""""""

////////////

Figure 3.4 The force - distance curve of the interaction of the free gobated tip with
mica before and aftercleaniigt é € € é 6 € éé e éééeéééeé.éeé.(79

Figure 3.4 Scheme of experiment setup to tinéeraction of the tau protein and mica

;s s s 7

surfacein PBS solution and 11 kDa heparin solutoé ¢ ¢ € . & é é . é é é (8])

Figure 3.6 Histograms of separation distances of the interaction between the tau protein

and freshly cleaved mica wiiln PBS pH6.9andan1 kDa heparin sol ut

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.7 Histograms of interaction forces of the interaction between the tau protein and
freshly cleaved micem PBS (pH6 . 9) ( A, C) and an 11 kDa hep

withl sdwelltmee é é e é é e éé. . éeééeééeéée.eéece (8

Figure 3.8 Histograms of spring constant of the interaction between the tau protein and
freshly cleaved mican PBS (pH6.9) and an 11 kDa heparin solutidh ( § Withl s

rrrrrrrrrrrrrrrrrrrr 7

dwelltmed é é € € €€ ééééééééeéeeéeé. . éééeéeé .éé (89

XV



Figure 3.9 The plotting of dwell time vsseparation distance (nm), force (pN) and spring
constant o of the interaction between the tau protein and freshly cleaverh B3 pH

69 and an 11 kDa hkKepgpa&riémrésdlé¢wiconsé 8 & M)

Figure 3.10 Histograms of the separation distance of the interaction between the tau

protein and freshly cleaved mioa PBS (pH6.9) and with an 11 kDa heparin solution

rrrrrrrrrrrrrrrrrrrrrrrr

Figure 3.11 Histograms of interaction foes of the interaction between the tau protein

and freshly cleaved micin PBS (pH 6.9) and an 11 kDa heparin solutiohO(

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.12Histograms of spring constant of the interaction between the tau protein an
freshly cleaved mican PBS (pH 6.9) and an 11 kDa heparin solutiofh @ )e M

////////////////////////////////

Eeééééééécceeceeeeéééceececeeeeeeeéeée ... €9

Figure 3.13 The plotting of dwell time (s) vs. separation distance (nm), force (pN) and
spring constant of the interaction between tidne protein and freshly cleaved miga

PBS(pH6 . 9) and an 11 kDaétépadg.iéné . s .oéleu@l).on ( 1¢

Figure 3.14Histograms of separation distances of the interaction between the tau protein
and freshly cleaved mican PBS (pH 6.9) and an 11kDa heparin solution 20

eNeééeééeecééeecéeecé . éeeéeecéececéeéceeceéee. (92

Figure 3.15 Histograms of the interaction forces of the interaction between the tau
protein and freshly cleaved miga PBS (pH6.9) and an 11 k Da heparin solutid20(
eNeéééecéécééecééecééecéecéeeéeéeéeecééee. ée™

XVI



Figure 3.16 Histograms of spring constant of the interaction between the tau protein and

freshly cleaved mican PBS (pH6.9) and an 11 kDa heparin solutiégh@ )& M é(95)

Figure 3.17 The plotting of dwell time vs. separationstiince , force (pN) and spring

constaniof the interaction between the tau protein and freshly cleavedimiR&S (pH

///////////

Figure 3.18 Histograms of the separation distance of the interadigtween the tau
protein and freshly cleaved mica with a PBS buffer (pH 6.9) (A,C) and an 18 kDa heparin

,,,,,,,,,,,,,,

solution @ 0 )gBYlwith1sdwelltimeé é é é éeéeéeéeé. . éeée é. . 87) (

Figure 3.19 Histograms of the interaction forces of the interaction between the tau
protein and freshly cleaved mica with a PBS buffer (pH 6.9)GAand an 18 kDa

,,,,,,,,,,,,

heparin solution 0 )e M( B) wi t h 1 éx édwelélé étéiéeme(98) ¢ é

Figure 3.20 Schemes of experiment setup to the interaction of the tau prceiinee
gold-coated substrate and the tau protein vs. heparin grafted to-capmtied

Substraté e e é e e éeééeééeeéeeéeeéeecéeeéecé. (100

Figure 3.21 Histograms of the separation distances of the interaction between the tau

protein and free gotdoated substraie PBS (pH6.9) and an 11 kDa heparin molecules

rrrrrrrrrr

Figure 3.22 Histograms of interaction forces of the interaction between the tau protein
and free golecoated substrate PBS (pH6.9) and an 11 kDa heparin molecules grafted
togoldcoated substradeé e é é e e éeeééecéeéeecééee. . edlm

XVII



Figure 3.23 Histograms of spring constant of the interaction between the tau protein and
free goldcoated substrate PBS (pH6.9) and an 11 kDa heparinotacules grafted to

,,,,,,,,,,

gold-coated substrate withl sdwelltitn@ é é é é é e e . €@ é é é .é.é . (103)

Figure 3.24 The plotting of dwell time vs. separation distance , force and spring constant
of the interaction between the tau protein and free-goéded substrate PBS (pH6.9)

and 11 kDa heparin molecules grafted to gmdted sh s t réead e é .. €. 510

Figure 3.5 Force di st ance cur ves -4pdndtherforce plagggaus @f of A

gradually unzi ppeggeétcthréch. sbeetseée. . (10

Figure 3.6 The pl ateau force his#d@QgraanmdRaidifie unzi p

Gaussian distribution of the interaction force of the tau protein with mica sul{gtidte

Figure 3.27 Repeathility of the force plateauop | at eau f orce @2 unzi
and -4Rbafd repeatability of interaction forces of the tau protein with mica
sufacé é e ¢ ééeééeééeééeéecéecéceéeéeceéeeéeéeé. . B(10

Figure 3.28 Off-normal pulling geometry of tether attachmand df-apex geometry of

rrrrrrrrrrrrrrrrrrrrrrrrr

tether attachmeété é é é € € € e e ééééééceceeéeéeéeééé. ¢ .10(1

Figure 329 The di stri buti on o &nd tedisttibatiorr of dorgourgt h o |

length of tau proteinsequericé ¢ € € € € € € éééééééeéeé. ééé.11)( 1

Figure 3.30 The histogram distribution of unbinding forcesasftilysozyme antibodies
and he jump forces of he interactions of tau protein sequence with mica

sufacé e ééeééeéeeéeecéeecéeccéecécecéeeée. (113

XVIII



Figure 4.1 Scheme of the experimental setup including the protein (Guanylate Kinase,

GK) attached by the 171 and 75 sites to a gold nanoparticle €Gél¢) é é ¢ . (118)

Figure 4.2 Shows two different curves: one for a low driving force has a characteristic
linear elasticity response (a simple spring), and the other, for a higher driving force, is

characteristic of a viscoelasticresporse é é € ¢ é é e éééeééée. é 911

Figure 43 Experimental forceextension curve vs. deformation measured at 10 Hz
indicates that the protein GK exhibiting aelg deformation of 1.1A and drect and

indirect measured of the storage modulus vs. applied force at é0eHz é ¢ . é 2Q) 1

Figure 44 Amplitude of the frequency responsetbé protein Guanylate Kinase (GK)
vs. the dwing frequencies in the abseraed presence guanosine monophosphate (GMP)
substraté ¢ é 6 é 6 éééééecéééeééeéeéeéeée. . . e. (218 ¢é.

//////////

Figure 4.6 The associated restoring foré€€x), solid (blue) and the potential energy,

V(x), dashed (red), where the force reactesfor large displacemene é é ¢ . . .3) (12

Figure 4.7 Force curve on micapfce curve on individal lysozyme enzymand Force

curve on aggregate of lysozythn@ é e € € € € € ééééééeéeeeéeé..(1249

Figure 4.8 The cartoons show the rupture process of the tau protein from the surface
during retraction processand bDrce Tdistance curve with multiple rupture

"""""""""""""""""""

eventsé 6 6 ééééééééééééééécéééééeceéééécéé. (1)

Figure 4.9 Forcedistance curve with the number of stretchingetépe .é.. . . . 7)é (12

XIX



Figure 4.10 The cartoon of the interaction between the attached molecules and surface

andthe KelvinVoigtmodet ¢ e e é e ééeééeeéeeéeeéeeée. {12

modek e e éééeeeéééeeceeeééeeceeceééeeeceee. . . eel3xy

Figure 4.12 The plots of remaining spring constatkt)(values vs.z scan rate The
magnitudes of the remaining 8@y constantk;) were extracted from fitting the data with
KV model. The data were obtained from the interaction of the tau protein molecules with

mica in the buffer (pH 6.9F.and. ®B2ég® 30f 11

Figure 4.13The plots ofdecay time ) values vs. rate. The magnitudes of the remaining
spring constantk{) were extracted from fitting data with KV model. The data were
obtained from the interaction of the tau protein molecules with mica in the buffer (pH

rrrrrrrrrr

6.9) and klDage Me@pfarl n éséceléletéiéccnt.é.é.é..€¢é (61 3

Figure 4.14The plots of friction coefficientfi) values vs. rate. The magnitudes of the
remaining spring constarit;j were extracted from fitting data with KV modeThe data
were obtained fronthe inteaction of the tau protein molecules with mica in the buffer

///////////

(pH 6.9) and 1 &M oéfé éléelé éekéDeaé éhéeépéacr..i. 137)s ol ut i

Figure 4.15The plots of the remaining spring constant values vs. rate. The magnitudes
of the remaining spring constark ) were extracted from fitting data with KV model.
The data were obtained from the interaction of the tau protein molecules with mica in the

buffer (pH 6.9) and 10&é&d¥ odé .1.1. &aB)h(epAar i

XX



Figure 4.16 The plots ofthe decay time ) values vs. rate. The magnitudes of the
remaining spring constark;j were extracted from fitting the data with KV modéihe
data were obtained frorhe interaction of the tau protein molecules with mica in the

buffer (pH 6. 9) anmsolutiod €dve eod é .1.1. &édDad)h(elpAar i

Figure 4.17 The plots ofthe friction coefficient p) values vs. rate. The magnitudes of
the remaining spring constark; were extracted from fitting data with KV modeThe
data were obtained frorhe interaction of théau protein molecules with mica in the

buffer (pH 6.9) and 10é&dk @d¢e éé. kéDad0)helpar i

Figure 4.18 The plots ofthe remaining spring constantk{) values vs. rate. The
magnitudes of the remaining spring constda} (vere extracté from fitting data with
KV model. The data were obtained fraitme interaction of the tau protein molecules with

mica in the buffer (pH 6. 9)¢é¢éared éx0 d421M of 1

Figure 4.19 The plots ofthe Decay time () values vs. rate. Ehmagnitudes of the
remaining spring constank, were extracted from fitting the data with KV moddihe
data were obtained frorthe interaction of the tau protein molecules with mica in the

buffer (pH 6.9) and 20¢é&Méefcél®. KEDa)hepar i

Figure 4.20The plots ofthe friction coefficient p) values vs. rate. The magnitudes of
the remaining spring constamg) were extracted from fitting data with KV modeTlhe
data were obtained frorthe interaction of the tau protein moleil&ith mica in the

buffer (pH 6.9) and 206 &dk bOF6é dd. &kdD@Mhepar i

XXI



List of Tables

Table 1.1 Comparison of numbers of singlerce spetroscopy techniques (SMTS)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Table 4.1Shows tte values of the remaining spring constada) that was extracted from
fitting data with the KV model The data were obtained frattme interaction of the tau
protein molecules with mica in the buffer

,,,,,,,,,,,,,,,,,,

Solutiore é € é ééeééécéeéééeéeéeeé. .. éeéeééeééeeéeédy. (13

Table 4.2Shows the values of the decay timthat were extracted frofitting the data
with the KV model The data were obtained frothe interaction of the tau protein

mol ecul es wi t h mi c a i n t hef 1b kDaf reparin ( p H €

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Table 43 Shows the values of thigiction coefficient b) that was extracted frofitting
data with the KV model The data were obtained fraitme interaction of the tau protein

molecules wib mi c a I n t he buffer (pH 6. 9) anc

///////////////////////////////

Table 4.4Shows the values of the remaining spring constianttflat was extracted from
fitting data with the KV model The data were obtained fratfme interaction of the tau
protein molecules with mica in the buffer

K570 0] (0] o FO PP PPPPPUUPPPPPPP 8)... (13

XXII



Table 4.5Shows he values of thdecay time () that was extracted frofitting data with
the KV model The data were obtained fraime interaction of the tau protein molecules

with mica in the buffer (pH 6.6%)é.an€d 10 3¢ M

Table 4.6Shows the values of thieiction coefficient @) that were extracted froffitting
the data with the KV model The data were obtained frothe interaction of the tau
protein molecules with mica in the buffer

,,,,,,,,,,,,,,,,,,,,,

solutore é e éeééeéeéeéecéeéeéeeé. éeée. . . eéa®. (1

Table 4.7 Shows the values of the remaining spring const&yt that were extracted
from thefitting data with the KV model The data were obtained fraime interaction of

the tau protein molecules with micainthebf er (pH 6. 9) and 20 &M

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Table 4.8 Shows the values of thdecay time {J that were extracted frorfitting data
with the KV model The data were obtained frothe interaction of the tau prate
mol ecul es wi t h mi c a I n t he buffer (pH 6

£ ] 1114 o U PPPPPPPRPTR (142)...

Table 4.9 Shows the values diriction coeffident () that were extracted frorfitting
data with the KV model The data were obtained fraime interaction of the tau protein
mol ecul es wi t h mi c a i n t he buffer (pH 6

{0 10110 o FS OO PPPPPPPPPRY (143)

XX



List of Abbreviations

Abbreviations Meaning
IDPs Intrinsically disordered proteins
NMR Nuclear magnetic resonance spectroscopy
CD Circular dichroism spectroscopy
ROA Raman optical activity
FTIR Fouriertransforned infrared spectroscopy
MTs Microtubules
MAPs Microtubule associated proteins
AD Alzheimer's disease
PONDOR Prediction of natural disordered regions
NFT Neurofibrillary tangles
MTBD Microtubulebinding domaui
PHF Paired helical filament
TFE Trifluoroethanol
CytC Cytochrome
ESFMS Electrospray mass spectrometry
STM Scanning tunneling microscopy

XXIV




Abbreviations Meaning

SMFS Single-molecule atomic force microscopy
AFM Atomic force microscopy

SAMs Self-assembled monolayers

PBS Phosphate buffer saline

EDC (N-3-dimethylaminopropyl)-N-ethylcarbodiimidehydrochoride)
MUA 11-mercaptoundcanoic acid

MU 11-mercaptel-undecanol

uv Ultraviolet

A b A my | oprotkin b

GK Guanylate Kinase
GNPs Gold nanoparticles
GMP Guanosinenonophosphate

KV

Kelvin-Voigt model

XXV



Acknowledgement

| thank Allah for providing me the chance and granting me the strength,
patience, and knowledge tomplete this work.

| would like to express my deep gratitude to my advisor, Dr. Akhremitchev,
for all his support, guidance, help and encouragements throughout my Ph.D.
study. He has massive knowledge and experience in his field.

| would like to thank mncommittee members Dr. Nasri Nesnas, Dr. Yi Liao
and Dr. David Carroll for serving on my dissertation committee daod their
helpful suggestions.

| would like tothank all faculty and support staff within the Chemistry
Department at FIT, esp&lly Dr. Michael Freund Dr. Mary Sohnand Christen
Gates

| would like express my deep gratitude to my parents, my sisters, brothers,
whose love and support have enabledtmaccomplish my goals.

| would like to express my most sincere gratitude to Dr. Hamid Rassoul for
his support and help.

My appreciation is also given to Pr.

California, Santa Barbara for providing us with the tau f@io sample.

| would like to thank my friends, Faieza, Asma, Rajaa, M&sand and

Manal fortheir love, support and continuous encouragement. | love you all!

XXVI



Dedication

To:
My father and the memory of my beloved mother for their endless love,
prayers and support.

My brothers, sisters, and friends for their love and encouragement

XXVII



1.1 Introduction
1.1.1 Protein structure and function

Proteins arebiological macromolecules that play essential roles in biologicstesys.
Each type of protein possesses its unique sequeineenino acidsand hey perform
remarkable dynamic procss in living cells. Proteins havbe ability to couple to other
selected molecules. This binding enables proteins to acts as recepdtos, and
regulators. Proteins catalyze or inhibit chemical reactions. Thelgatindransport and
storage materialgl,2]. Indeed, proteins support cell and body structure. Understanding
of protein caoformation is the key to realizingow proteins pdicipate in th& various
roles and carry out a broad range of biological functions. Beghencef amino acids
hasa different level of flexibility, allowing proteins to fold into a variety of structures
that differ in th& abilities to undergoconfamational changes related to function.
Intermolecular forces are responsible for formationpafticular conformatiorof the
peptide sequence apdeseration ofits unique structurg3]. A change in protein shape
is constrained bjour types of weak baifs or forces (hydrogen bond, ionic bond, van der
Waals attractionsand attractive interactions arising from the hydrophobic effects@h
bonds form between different pa$ the protein sequence to forncompact domains
with a specific threedimensioné structure (3D), which depends on the order of the

amino acids irtheprotein chair{3,4].

1.1.1.1Natively folded and unfolded proteins
There aretwo major folding structurek n o wn  als e |t ihxeplehied sheet are

present in a variety of protein structures, formed through regular hydrogen bonding
1



interaction between M and C=0O groups in the polypeptide chain (Figure 1.1). The
amino acid sequence composition of proteleterming how the protein folds into the
secondarystructures. 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 catficole in determining the protein structures and,

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

3].

A a-helix B B-sheet = 2 B-strands

2 residues
0.68 nm

Figure 1.1Mo d e | illustrates the most cbhmmomeseanmnda:s
sheet s) present i n a var i et Mechanics gi Pratdine with a st r uc
Focus on Atomic Force Microscopyo by Fel i x, R. ; Annysidsfoancesca

Health, 2012, 11, p. [8].

Besidest he natively folded proteins, a new g
unf ol ded pfimtansieally ndésarderedr proteins (IDPs) has recentlybeen
investigated. The particular term IDPs has been usedntroduce proteins or protein

domairs that don't form compact globular sttuce either entirely or in pain their

native statd5,6,7]. Since discovery of IDPs abundance developmbatrelationship

between protein structure and molecular functidmciv is known as the protestructure

2



function paradignbecomes not universaloperty[8]. The structurgunction paradigm

was proposed by Christian Anfinsen and colleagues in 197Bey suggested that the
sequence of a protein is thanciple deterrmant of is a compact conformation, and this
structure is required for molecular functig®,10,11] A large number of protein
sequences that don't fold into specific tertiary strustbhevebeendiscoveredover the

last couple of decadd4?]. Insteadof folded proteinsthese proteins and polypeptide
segments adopt a broad range of different conformations and can still achieve their

function inanunstructured/disordered stgtggure 1.2)13].

sequence segquence

TIM barrel l p27
fully folded Conformational ensemble
(stable folded monomer) R , {disordered monomer}
function function
{e.g. enzyme catalysis) (e.g. binding)
structure-function paradigm disorder-function paradigm

Figure 1.2 (A) Structuré function paradigm of folded ptein. (B) Disordérfunction paradigm
of unfolded protein A d a p t Gladsifichtiono ah Intfinsically Disordered Regions and

Proteins 0 by van der et al , Jour nal of the Ameri ca

One of the striking charactstics 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 thighr interacting partners



will not lead tothe formation ofa completevell-defined structure; distinct segments can
still remain unfolded[14,15,16,17]. Owing to their conformational flexibility, IDPs
exhibit multiple conformational states, whichives them functional flexibility

(multitaking) through the formation of fuzzy complexés,19].

1.1.1.2Structural analysis techniques for the analysis of IDPs

The lack of a unique, weldefined folded structure (3D) within amtrinsically
unstructured protein groubas been investigated by umg various types of structural
analysis techniques such as multidimensional magneticnaase (NMR), circular
dichroism (CD) spectroscopyand Xray crystallography. In some studies these
techniques i@ coupled withother techniques, su@s Raman optit¢activity (ROA) and
Fouriertransforned infrared (FTIR) spectroscopy andhydrodynamic technique (small
angle Xray scattering, ultracentrifugatipand gelfiltration) [20,21,22]. In fact, sirce
IDPs arevery sensitive tothe environmentand tend to fom broad heterogeneous
ensembles of structures due to the conformatiohaituations of their amino acid
sequences on multgltimescales, until now there have beenappropriate methods for
the characterization of conformation ensembles of I[#s Indeed, althe methods that
have been usei describe the conformation ensemble of IDPs give rise to a snapshot of

conformations and only provide ensemblaveragdor the protein monomers.



1.1.1.3The feature of amino acid sequences of IDPs that is respsible for the lack

of ordered structure

The inability of IDPsto 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 bgerformed 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
conformationpromoting aminacid residuesA, G, R, Q, P,S,K and E) and lowered in
folded conformationpromoting amino acid residues (®, 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 hydrophobicitgtttead to the decrease in the probability of

IPD sequences to form compact structufes?7,28].

1.1.1.4The benefits of IDPs to being disordered

The flexibility of intrinsically disordered proteins and thekistence in a wide range of
dynamic ensembt of conformation give this group multipleinctional advantages
(Figure 3 and 4) First, IDPs have the ability to bind broad structurally distinct targets.
Second, theconformational flexibilityof IDPs gives them the ability to interact with
targetsand induces disorddp-order transitioras consequenderming stable structures
allowing for high specificity and low affinityinteractions Third, the conformational
flexibility of IDPs allows them to overcome steric restrictions because the ifigxiof
these proteins providesonsiderable surfaces of interaction thre protein complexes

comparedto the surfaces biained with rigid partners (Figwel.3 and 1.4). In
5



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

polypeptide chain to rapidly fluctuate among alternative conformational $2&9,31].

)

v v

Entropic chains N
R
[Di rectly function due to di sorder] [ ecognition ]
A 4
v i
[ Transient binding ] [ Permanent binding ]
A

\ 4 \4 \4 \ 4 \4
Display sites Chaperones Effectors Assemblers Scavengers
(tau/ casein) U- synuclein) (securin ) (Bobl/ p53) (casein)

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) SNARred)
bound to BONT/A(IXTG). B)HIFLU i nteraction domain (red and
domain Adapt €e Interplay nbetwden Structure and Function in Intrinsically

Unstructured Preinsp  TBoynpa, P.FEBS Letters, 2005, 579, p. 33&4].
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1.1.1.5Physiological andpathological functions of IDPs

Intrinsically disordered proteins (IDPgre found to participate in a wide range of
biological processes such as transcriptional andshatanal regulation, signal
transduction, protein phosphorylation, atfie folding of RNA and other proteins
[16,31,32,3B Recently, severadtudiesindicatedthat the conformational heterogeneity
of IDPs allows them to adopt conformatsaihat pranote aggregatiorand contribute to
etiology of the most widespread neurodegenerativeatiss, such Parkinson's disease
(PD), Huntington's disease (HD), and Alzheimer's disease (BB)35. Nowadays,
there is multiple evidence that has been derivech tradtional bulk experirents and
spectroscopies revealitigat these diseas@recause by the aggrg a t i ogynudein, U
Huntingtan (Htt) protein and tau protein, respectivelfrigure 1.5)[34,39. Despite
intensive research, the correlation between intrinsically disordered proteins and
neurodegenerative diseases, and the key step in the aggretieidiormation of

misfolded intermediates remaambiguous.

For more than twentyfive years neurodegenerative diseases have been gaining
significant attention from scientists. However, detecting the underlying causes, clarifying
the molecular mechanismand developing medical products to cure these diseases
require investment of time, resources, and hard workor that reason, a new
methodology isieeded to characterize aefineadequately theonformational diversity

of IDPs. Advancing measurememethodology to characterize largeale dynamics of
unfolded or partiallystructured 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 1.5Diagram shows the didibutions ofthe biological processes of proteins implichie

HD, PD and AD disease$A) Proteins cause HD involve in all important biological process
except carbohydrate metabolism and electron transport. (B) Most the biological predess

by unstuctured proteins that involved in PD diseases (C) Proteins cause AD involve in all
important biological process excaptike coenzyme and prosthetic group metabolism and
immunity and defense, proteins involved in all other important processes.inAdBpted from

fiThe Role of Intrinsically Unstructured Proteins in Neurodegenerative Disgased) y

Raychaudhuri, Set @PLOS one, 2009, 4, p. B4]



1.1.2 Tau protein localization and function

Neurons are structural units of the nervous system with a verplegnmorphology
consistingof the cell body, axonsand dendrites. Neural transmission occurs through
partsof neurons and therefore, any changes in neuronal morphology may affect their
function and even produce pathological events. Microtubules (M&Qree of the major
cytoskeletal components of neuronsThey have highly charged hollow cylinders
assembled of tubulin dimers. MTs are very dynamic structures whiticipate in
maintaining neuronarchitecture shape, cell division, receptor actjvismd axonal
trangort whichserve as the "tracks" upon which molecular motors and cellular transport
occur[37]. Themicrotubule associated proteins (MAPS) are believed to be important for
MT formation and stabilizatior{fFigure 1.6) Tau protein isone of the microtubule
associated proteins that is strongly expressed in the axareuadns Sincethe initial

i solation of tau protein, sever al attempts
the neuron. Because tau protarassociated with margroteins, it can be thought of as

a sticky protein. One of the bekhown and studied assated tau proteins is tubulin.
Likewise, tau protein interacts also with other proteins such as spectrin, actin, kinases
and ferritin. Several keyn vitro experments indicated an essential role for iau
promoting the selfassembly b tubulin subunits and in stabilizingnicrotubules by
interacting with tubulin and binding to their surfa¢@8,39,40,41L The rormal function

of tau proteins is to serve as linkstween microtubules and other cytoskeletal elements
or proteins such aglasma membrane phosphatasésirther, some studies have shown
that tau has an importardle in cellular response teeat shock, where it binds to DNA

and protects it against heatdhoxidative stresgi2].
9



Tau
protein

Microtubule

Figure 1.6 Scheme showing the essential role of tau in promoting theassémbly of tubulin
subunits and stabilizing of microtubules by interacting with tubulin and binding to their surfaces.
Adapt e dtructur@amd Fathagy of Tau Protein in Alzheimer Diseage, Kojarova, Met

al | I nternati onal Jour nal of Al zhei mer 6s Di sea

1.1.2.1Tau protein isoforms

Tau is a neuronal microtubusssociated protein occurring mainly in the axons of
neurons. In theadult 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 4REjgure 1.7)[43]. Tau comprisesour semi
conserved sagences of 31 or 32 residues, known as "repeakg isomers differ from

each other by theehgth of the Nlerminal part. Also, they vary from each other by the
presence of either three or four repesgions in the carboxyterminal (Gterminal) part

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

long) in the amingerminal (Nterminal) part of the proteif4,4546]. There are 3 (3R)

10



or 4 (4R) repeat domains in each isoform in the-biiding domain (MTBD) whiclare

responsible for the interaction with microtubulég].

N-terminus Repiat region

() E 4R/2N (441 residues) l

() ' 4R/1N (412 residues) .

—

( 4R/0N (383 residues)l

0 E 3R/2N (410 residues) .:I]:)
() [ eriin@stresiaves) WEE )

3R/ON (352 residues) .:I:I:)

Figure 1.7 lllustratessix different isoforms of tau protein existingthe adult human brain with a

p—

range from 352 (the shortest 3RS isoform) to 441 residues (the longest Adapted from
fiCharacterizatiomf Tau in Cerebrospinal Fluid Using Mass Spectrometry,Boytelius, Eet al,

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

In physiologicalstatesthe native tau protein has negatively (D, E) and positivelyRK,
charged amino acidcesidueq48]. 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 structureand it has an overall basic chara¢tegure 1.8)39].
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M-terminal 5;:"
MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD AGLKESPLAQT

N1 N2 100
N2 I
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—

—
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Pl 200
=k
IATPRGAAPP GOKGQANATR IPAKTPPAPK TPPESSGEPPK SGDREGYSSP
P2 250
1
GSPGTPGSRS RTPSLPTPPT REPKKVAVVR TPPKSPSSAK SRLQTAPVPM
l?EVQIINKEED 32][:#

—

PODLEKNVKSKI GSTEMLEKHGQP GGGKVQIINK KLDLSNVOQSK CGSKDNIKHY
306 V‘Q‘IWK}I | 350
— L
PGGGSVAQIVY KPVDLSKVTS KCGSLGNIHH KPGGGQVEVK SEKLDFKDRV
400

e
QSKIGELDNI THVPGGGHKK IETHEKLTFRE HNAKAKTDHGA EIVYKSPYVS

C-terminal
GDTSPRHLSN VSSTGSIDMY DSPQLATLAD EVSASLAKQG L

X = Basic AA (+)

X = Polar uncharged AA (hydrophilic)
X = Nonpolar AA (hydrophobic)

X = Acidic AA (—)

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
fiStructure and Pathology of Tau Protein in Alzheimer DiséaseKglarova, M et al,

I nternati onal Jour nal of Al zhei mer 6s Di sease,

Because it is rich in hydrophilic sid#hain composition, tau protein is highly soluble,
natively unfoldegdand highly flexiblg50,48]. Hypothetically, the deficiency of structure

in naively unfolded tau protein is due to its low content of hydrophobic amino acids and
a high net charge near the physiological @]] Both of these characteristitand to
counteract a wellolded dobular state of tau proteinfhe minimization of the necharge

of tau protein increases the aggregation propensity especially at its isoelectricypoint b
12



permitting the hydrophobicitdriven collapse42]. Furthermore, all of the tau isoforms
are flexible maromolecules, characterized loyv content of secatary structureand are
classified as naturally unfolded proteins. In solution, they are highly \sakaile so
they polymerize weakly at physiological concentration and exhibit a random coil

behavior.

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

terminal part; a prolineich region and a basic @erminal domain) demonstrates that tau

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

The Gt er mi nal domai nasdsse nkonoywnd oarsai nlde bfé cause
microtubules and enhances their assembly, while theriNinal (the acidic part) in tau
protein is known as the Aprojection domain
but projects away from the microtubdarface $4,59. There are two basic regions in

the projection domain: the acidic region (negative charge) and the priclinesgion

(with netpositive charge)49]. The projection domain is responsible for interaction with
mitochondria, components okeuronal plasma, or with other cytoskeletal elements and

also regulates spacing between microtubules in the a%6tb71,58] Figure 1.9

represents the domain organization of the longest tau isoform o5941 [

13



4 E10 441

R1T R2 R3I R4

Acidic N-terminal region Pro-rich region Tubulin-binding repeats Acidic
(basic region) C-terminal
region
Projection domain Microtubule binding domain

Figure 1.9 Schematic illustrates the mh@in organization of the longest tau isoform of 441, which
consists of 441 rTeRokk ofdau.Oligomed i the @ndet df Alaneimers
Disease Neuropathology, Maria, C. C.et alAmerican Chemical Society, 2014, 5, p. 1179

[59].

1.1.22 Primary structure and disordered prediction of tau protein

Many proteins acquire their native function by adopting a specific -ttireensional
structure which is energetically stable. A number of biophysical and spectroscopic
studieshaverevealed tha in solution tau protein is highly dynamic and behaves as an
intrinsically disordered protein (IDP) [60]. As statearlier, this is caused primarily due

to tau protein containing very losontent of hydrophobic amino acid atite high net
charge causeelectrostatic repulsion, which inhibits the molecule from forming close

intermolecular contac{$1].

A number of studies that have been done on tau protein from brain tissue indicated that
the proteinis devoid of secondargtructureand maintain its biological function even

after harsh treatmef®2,63] In agueous solution, tau protein exhibits a mostly random
coi l struct-bheki wiskhebtdas §hown Ibye seduence analysis such as

circular dichroism (CD), Fourier transform infrared;ra&y scattering and biochemical

14



assays. This mearthat thepolypeptide 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 rapidlyveen many different conformations
[41]. As a monomeric protein, tau has random coil features, although some regions
demonstrateapr ef er enc e -btand camferinatiangsf,65]0 Solution NMR
measurementdhave indicated that tau protein has a variety of structures and a
complicated network of transient lomgnge contactsp]. Single molecule fluorescence
resonance eneygtransfer (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 $7,68] Small-angle Xray scattering measurements have revealed that each
individual domain of tau protein appears as a random poly®&r [There are two types

of algorithmsthathave been used to predict the primary structure of tau protein and as a
comparison b - tubulin (a wellkfolded protein). Theirfst approach is PONDOR (the
prediction of natural disordered regions). This algoritistbased onthe statistical
distribution of amino acids in sequences of prot¢@®70]. Thestandarcbutput ranges

from -05 to 0.5. Positive values mearhigh probability for orderedonformation and

negative values indicatehigh likelihood for disordered conformation.

In Figure 1.10, the black line represents the PONDOR prediction for tau protein.
Prediction by PONDORNdicated that the whole sequence of tau protein shows low
probability fororder structure except for the repeat domain. This method shows a good

agreement with the experimental d-wbulen [ 71] .
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by PONDOR gave values between 0. Otubaimd O0. 5.

has a highedegree of foldability with the exception of thet€minal 30 residues [65].

200 30() 400
o HM“W’VW\
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0.4 1 c-tubulin F'ondr a
0.4 - htaud{] Pondr
0.2
= 0
= -uzy \ : ' V U
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©
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we v
-0.2 1
-0.4 c-tubulin Foldindex c
0.4
0.2 1
0.2 w WV"
04 1 ¥ "htaudo Foldindex d
0 100 200 200 400
Residue
htaudd 1 441

Figure 1.10 Analysis of tau protein sequence (b, d) by prediction algorithms (PONDR and
Foldlndex) c tubngdaweld owidteld Pr ot ei n) Spedrpscopi) . Ad s
Approaches to the Conformation of Tau Protein in Solution and in Paired Helical Filameritsy

Bergen, M.et alNeurodegenerative Disease, 2006, 3, p. 199.
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A second algorithm used in the prediction of unfolded protein is Foldindex. This
approachtakes into consideration the hydrophobicity and net charge of the analyzing

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

O ¢cgyuv O " Y ppup (1.1)

Wherel representsheFoldindex "O indicates the mean hydrophobicity and’Y ~
represents the mean net charge (the absolute value of difference between positive and
negative charges divided by the number of amind eesidues). 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 (Fidut€). This prediction shows a general agreement
with spectroscopic data of tau by NMR [71]. In contrast, the wholeesaqa e-tuloufin U
shows a higher probability of the tau to be folded with the exception of-tear@nal tail

[61]. Even though, all previous methods and studies indicatedtdbaproteinis
dominated byarandom coil structurecompatible with the remnigable high solubility and
hydrophilic composition of t au, al |l t hese

aggregation process ways and reasons.

1.1.2.3Tau protein aggregation under different conditions

Tau protein under normal physiological conalitiis highly soluble and natively unfolded
with limited secondary structurdJnder norphysiologicalconditions, he tau monomer
associates with itself to form prefibrillar oligomeric aggregates (2 or more molecules in a
multimeric structure) and assembleinto paired helical filaments (PHFH}7].

17



Abnormally aggregates of tau protein are found in sevesalodegenerative diseases
termed 'tauopathies’.Most neurodegenerative diseases are characterized by abnormal
aggregation and deposition of proteinsaimd around neurons in braiiy]. The seH
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 procespdrap are still far from being fully
understood 16]. Pathologically, neurodegenerative disorders are characterized by
neuronal loss and intraneuronal fibrillary materials accumulatiéi). [ During
postmortem examination of the brain tissues, ithasheent ed t hat Al zhei me
(AD) is characterized by the presence of extracellular amyloid plaghieh produce
from deposi tand mtracehular npurobbtillary tangles (NFWihich produce

from the aggregation of microtubule associated prein(Figure 1.11) Neurofibrillary

tangles are essentially composed of bundles of filaments dobyethe micrtubule

associated protein tau [78,79]80

18



Alzheimer's

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/AmyloidPlagues.htm).

The stages that lead to tau protein pathology are showigime 1.12[59]. The repeat

units in the MFbinding domain (MTBD) play an essential role in PHF asselfmaly
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Figure 1.12 Model of stages leading to tau pathology and factors that may lmatetrio the

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

neur onal damage before

PHF s

ahe RoleoFTawsOligomezs f or me

in the Onset of Alzheimer's Disease Neuropathofogy,Maria, C. C.et alAmerican Chemical

Society, 2014, 5, p. 1180.

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

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

accelerate tau aggratipnin vitro [81,82] Substitution of the charge of the basic middle

part of tau protein by polyanions which is achieved by sulfated glycosaminoglgcgns (

heparin, hepani sulfate, etc.) helps to overcome the nucleation ba#&jr [For example

usng sulfated glycosaminoglycanpromotesthe hyperphosphorylation of tau protein

(thus indicating change in tau protein conformatiany induces assemble of PHFs.

Under physiological conditions, the interaction between sulfated glycosaminoglycans and

20



full-length tautriggers formation ofilaments similar to those fibers isolated from the
brains of AD patients. In this condition, threspeatcontaining tau isoforms form paired
helicatlike filaments, while fourepeatcontaining tau gives straight filames. On the
other hand, under ngphysiological conditions, only paired heliddde filaments are
present which are formed from the fragments of tau consisting of three micretubule
binding repeats83]. In addition, fatty acids are especially effectiveinducing 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. Arachidonid agicelles can be
considered effectively as polyanions due to the burying of the hydrocarbon chains inside,
with the negatively charged carboxyl groups exposed on the suffdfeArachidonic

acid promotes fibrillization by binding tau on their anioniaface, which provided
negatively charged surfaces that enhance tau protein aggregdtmemefore, studying

the aggregation of tau protein at physiological conditions in vitro may require using the
chemical inducers to reduce the time and the concentratitau 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 studymglecular mechanisms of
neurodegenerative skases. Christopher and et al. have examined the amyloidogenic
propensities(the potential to aggregate into toxic structure$)some tau peptide
sequences to form fiber statel this study, transmission electron microscopy (TEM)
has been used to irstigate if ACYME, Ac®”XLTFR and A¢°*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 relin aggregation. They incubated these peptides in a MOPS
buffer with high molecular weightieparin to induce tau protein aggregation. These
peptides were monitored overnight and fibers were observed by using TEM. The kinetics
of the aggregation oht peptides have been studied by following the time dependence of
Thioflavin S (ThS) fluorescence at 490 nm. They found that'WN®E, AcPHF6*,
Ac*™KLTFR, and AG*VYK enhance therf a ¢ t i 0 nstrustéire af AcBHF6 whereas

Ac®”KLTFR inhibits AcPHF6 and AcPHF6¢Figure 1.13)85].
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Figure 1.13 Amyloidogenic propensities of some tau sequences to form fiber states [85].
Adapt e dSedordaryrNudieating Sequences Affect Kinetingd Thermodynamics of Tau

Aggregationd  blgore, C. L.et al, Biochemistry, 2011, 50, p. 10878.

Also, interactions betweenamyleid and tau fragments have

et al . Il n this study, t he |1 nt 284)&agmanto n
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has been investigated by using a combination ofmoibility mass spectrometry (M

MS), atomic force microscopy (AFM), and computational modeling by probing the
conformations of early hetero oligomers and the macroscopic morphologies of the
aggregat es. As a result, tau (2731 284)
Ab (2571 35) monomers rather than other tau
heteretau oligomers can produce granular aggregates where they can be trapped at
relatively snall size while heterdh b ol i g o me r srichccontehtacannform g b
heterofibrils. This study predicts that

monomers may be the possible source of toxi&6}.[

In another study, Bader and et al havaed&d the influence of bivalent ions (such as
CU*, zr**, Mn?*, C&*, Mg, trivalent metal ions ( Béand AP"), and organic solvents

like DMSO on tau aggregatidB7]. Fluorescently labeled aggregates have been detected
by employing fluorescence colaéion 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 teoligomers induced in DMSO are small and relatively sta8ig [
Additionally, Barrantes and et al have followed-tauinteraction in the absence of any
aggregation inducej88]. 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 frororaiDs or that of
thosewhich are obtained from the incubation of tau in the presence of inducers such as

heparin B8].
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All previous studies indicated that tau protein can aggregate and exhibit compact
structure under various environmental conditions and the molecular mechanigmch
this process happen might be diffiet such as conformational changes, formation of

intermolecular bonds and growth of aggregates.

1.1.2.4Methods of investigation of tau protein aggregation

In the previous subsection, we have indicated differemditions 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 strecof the tau protein. To
understand this process, it is important to characterize how these steps Toeww.are
various techniques that are used to characterize the conformation of tau proteins. In this
subsection we describe some of these teclesidgoat are often used to study tau protein
aggregatiorand indicate their limitationsA high-resolution analysis of the beta structure

of PHFs that are made from entire tau protein is difficult to be achieved-fay Xr
spectroscopic methodsAfter PHF assembly, only a small portion of the tau sequence

a d a p-sheet diructure whereas the rest of the sequence stays in a random coil
conformation, so it can't be detected byay [89,90,91,92] PHFs extracted from AD
brains andin vitro assembled tau Hrils have been studied by using scanning
transmission electron microscopy (STEMJTEM is able to visualize the arrangement of

tau within PHFs mad measure the mass per lengththe structure; both core and fuzzy

coat will be taken into accoun®3]. Fibrils assembled from the threepeat domain of

tau also have been examined by usingdsstiate NMR (ssNMR) spectroscopy, and it
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showed that tau f i br disttasds io cepeats Rl R3pdnd R4hr e e

arranged in paralle[94,95] Although these methods provided important structural
details about tau aggregates, they hayaoVWded information abouthe 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 tlaa @dectrfon

beam. Also, they can't be used to study the sample under biological condititimes.
measurements on a sample cannot be repeated many times using various conditions.
These techniques operate an ensemble averaging; they are not able &beilaustriety

of aspects implicit to individual molecules such as rare events, transient phenomena,
crowding effects, population heterogeneity, efdso, these techniques can't be used in
studying the dynamic properties of biological molecules [9bhese methods measure

final structure and do not provide information abdow these structures formThe
collapsed structures (aggregates) can be formed by a variety of pathways. Detecting the
resultant structure does not tell which pathways moleculeswiadind 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 employriepes 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
guantity 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
suh as Xray crystallography and solstate 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-f&inggespectroscopy
techniques (BITs), which vary in force and dynamical ranges, are available (Table 1
[98].

Table 1.1Comparison of numbers of singfi@rce spectroscopy techniques (SMTs) [98].

Method Force range (pN)| Dynamical range | Typical application
. . Stretching and
Magnetic tweezers 0.01-100 Ols twisting DNA
Action, DNA,
Optical tweezers >0.10 O 10 m{ molecular motors,
proteins
Action, stretching,
Microneedles 0.10 O 100 unzipping and
twisting DNA
AFM >1 6 10 o| DNA proteins,
ligand-receptor pairs
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Singleforce spectwscopy techniques (SMTs) became popular techniques in biophysical
research and provide information at the level of individual molecidgen though there

are many types of single molecule manipulation techniques (SMTs), the most
prominently used technigs are optical tweezers, magnetic tweezers, and atomic force
microscopy{97]. Even though optical tweezers have the advantage ofdhmensional
manipulation, thus performing specific interactions between a trapped object and a fixed
molecule, this adv#tage is accompanied with a number of limitations. The main
drawback and limitation of optical tweezers is sfmatialresolutiondue to instrumental
noise. Secondly, optical tweezeese limited to extremely purified sample and optically
homogeneous pparation 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 constarirce benefit of magnetic tweezer&lso, 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 assg@¥]. AFMs have the high
signatto-noise ratio that is important in single molecetadies An AFM also has the
ability to measure interand intramolecular interaction force with piconewton resolution
[99]. In contrast to optical and magnetic tweeszierallows to localize interactions with

much higher accura@nd perform measurements on saitlisecond time scale
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1.1.3.2Principles and applicationsof atomic force microscopy

The method that we develop to study the conformational dynamuesfoltied proteirs

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 sashtheir assably 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 sarbpt also for
studying the elasticity, viscosity, hydrophobicity, and the strength of chemical bonds of
macromolecules [102,103]. The AFM can be used to study biologitatigtional
complexes without significant chemical modification or mechanical damaf
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]. Measurenoentbe 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 proteinsusc h -syrsuclel, Ab-peptides, amylin, 1gG 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. Figl4ellustrates some
applications of AFM incluchg proteirsurface interaction [105], investigate the strength

of receptofligand 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 (GHCOOH, CH-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 edagkezin and
cohesin [106]. ¢) The proces$ 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 mowvetbgesample of

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