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ABSTRACT

The thesis titled “Diversification and modulation of the aggregation pathways of proteins in
the presence of external additives” presents a study of the diverse behaviour of proteins under
different environmental conditions. The key to controlling or manipulating the aggregation of
proteins lies in the mechanistic understanding of this process, and one such route is to understand
the kinetics and the thermodynamics of aggregation. The phenomenon has captured considerable
attention, majorly because of its involvement in many neurodegenerative diseases, and also
because of its undesirable, spontaneous occurrence during the processing and manufacturing of
protein-based therapeutics. A brief description of the chapters is presented below.

Chapter 1 (Introduction) presents a brief idea about the necessity of studying the process of
protein aggregation, the progresses till now in this field, various broad classes of mechanisms of
aggregation and how the models developed/improved over the course of time. It also discusses
about the intermediates in the aggregation pathway, and the various structural tools which are
available for detecting the presence of various species in the aggregation pathway. Chapter 2
(Materials and methodologies) describes the proteins used in this study, their expression and
purification protocol (as required), the procurement of the proteins and other chemicals used
throughout the study, and the instruments used in the study. Chapter 3 (Switch in the aggregation
pathway of bovine serum albumin mediated by electrostatic interactions) demonstrates that a
strong denaturant, guanidinium hydrochloride (GdnHCI), can delay and alter the inherent
aggregation pathway of bovine serum albumin (BSA) from downhill polymerization to a nucleated
polymerization. It is hypothesized that such an alteration is closely connected to the
conformational population of the protein, and ion-binding to such an ensemble. The study shows

that the behavior in GdnHCI is not unique to it, but occurs in a certain class of cosolutes- those
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which are charged and bind to BSA. Chapter 4 (A paradox in the stability and aggregation of
bovine serum albumin: uniqueness of a cosolute) works as sequel to Chapter 3, wherein the
aggregation has been carried out in the presence of urea, ethanol, and arginine. The three additives
do not show a uniform behaviour towards unfolding and aggregation. Although partial unfolding
is a prerequisite for the initiation of aggregation, this study shows that the phenomenon can be
dominated by the presence of a particular cosolute too. Chapter 5 (Modulations in the self-
assembly of bovine serum albumin by enhanced depolymerisation and condensation

induced upon stirring) shows that stirring the solution of the BSA-CTAB system resulted into a
reduced extent of aggregation, as compared to the unstirred solution. The apparent saturation phase
phase which is attained faster when the solution is stirred, is a consequence of the condensation of
aggregates predominating the aggregation pathway, beyond a certain aggregate concentration. The
rapid approach to the condensation process ultimately leads to lesser incorporation of the
monomers into the aggregates, thus reducing the aggregation. Chapter 6 (Differential influence
of additives on the various stages of insulin aggregation) describes the effect of sugars and
polyols on the aggregation of insulin which occurs by a typical nucleation-growth mechanism.
Sugars and polyols affect the lag time and the rate constant of growth to different extents,
suggesting that these additives affect both the pre- and post-nucleation processes. Sucrose and
ethylene glycol effectively reduce the aggregation, whereas mannitol is not effective in
suppressing the overall aggregation. However, it can delay the aggregation process. The varying
behaviour of different additives suggests their interference in the different stages of aggregation,
affecting the aggregation intermediates differently. In Chapter 7 (Glycerol inhibits the primary
pathways and transforms the secondary pathway of insulin aggregation), it is shown that

glycerol could transform the secondary pathway of aggregation of insulin from fragmentation to
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heterogeneous nucleation in a concentration dependent manner. Such a change in the secondary
pathway was also accompanied by the formation of longer fibrils. The analysis of the kinetic traces
suggested that the inhibitory effect was most significant on the primary pathways, although
secondary nucleation and elongation were also inhibited. Chapter 8 (Inverse effects of additives
on the fibrillation and oligomerization of a-synuclein) presents the aggregation of a-synuclein
in copper sulphate and glycerol, in the presence and absence of dopamine. Both the additives
increase the aggregation of this protein. However, it has been shown here that toxic oligomers
which are usually promoted by dopamine, do not form in the presence of copper. Glycerol,
however, promotes the formation of these toxic oligomers. We speculate that it is the binding of
copper to the fibrils which stabilizes them to such an extent that the oligomers do not persist for
long, and go all the way to form fibrils. Glycerol perhaps does not interact with the fibrils but
facilitates the dopamine-oligomer interaction, leading to the stabilization of the oligomers.
Chapter 9 (Summary and future prospects) presents the highlights of the study. It summarizes
the diverse/similar behaviour a protein can exhibit under similar/different conditions, respectively.
The pathway a protein takes, or the aggregates they form, can be manipulated by modifying the

external conditions.

IX



"STELT AT hT IUCANT | W o THATRLOT AT o fofereientor 3R Aige Ame offew o qarferothy aftReertaat & ST

o fafer SAIER 1 T TSI T AT 8| T o THATROT T HRATIT G 1 SIS 1S ol Fofl 361 STshaT ol e &wet o

fafea 8, ofit s Tar anf ® 3 S i Triaor o ST sl TWeT B1 S8 9T 4 HIhT SI AThiNd R 8, S fR

=% neurodegenerative ATt § sEeht wrflert o T, 3R A e fafsra foqm & weweron iR fmfor & e
ThT SIS, TSl HeAT o T Wi e 1 U HIerw foraor = eqa foram mm 31 steam 1 (afeerr) i westee
TSRAT T 3TEIT LA hl STTATIHAT o SR H Toh HIeTH ToreR eI AT &, 30 &1 H 3T 7 b1 W, THTHUT o6 1o~ AT

FETY I FH G o AN Wi faerféd / o g uehiieror an § qegad] o o H o == e €, SR i e

SUHAT ST TATROT AT TeAr 2 (Tt o usfortt) # fafir sonfort st suftufa @ gar @ W fow suwey €, @ steme
H W MM T AU AT 8, ITeht Afrafts 3R i Terpter (STavsdifar), T Temq § W MEF 3R 3131 W it
TiiE, 3R T § STt fohU 7T IUshvT| ST 3 (Seieefosh ST T HeAreerdT arel MisiTee Wi Ufes o Uehsftetor
unt & e ) i @ o O e fergele, wieeifem egese (STEuasiue), San-sem difemussd & e

i Teaf (sfeen) & iafifed Tweienr ant i U ~Rees TieigsTe G|t Ydia 21 § T 3@ @e & uftedd e it

TeHTcH ST § fohed & ST 53T 7, TR 3 TE % HATHRI o (T8 STAT-STEAHR] 2| LI & 7T el & foh SEregaeiea
§ R 36k e orper T 2, AfR wh ffi aoft & wrefores & S 8- St foR =t ofit sfieee @ S E § st 4
(TISTefier €T T sh FeerT 7R Uehiiehtor # U forramiTe: To ekt st fafinear) steam 3 & sureft et o &9 8 %W
T 7, o werfier gfe, sonta o sfifm it suftufa & form o 81 i aive e oik wwfer % it o s e
=aER 7 fran 8| wafy o1ifies gomar wwEfer f eeTd & T w3 8, 39 ST9R @ TaT 9o § 6 56 ae W s
foRTy sy 1 At oft &1 wedt 81 e 5 (Safa depolymerization 3R w5 w 3@ condensation gWT samsd
g Albumin s STTer- et # digae) TdT wedt § foh suau-eidiest Jorelt o GHTaT S e F 6 BT ThiHT 6

T A &8 T INOITHERET, STeTsr JHTE i qorT H| T9F Hi SROT SRYT, ST SHTe W 2 S €, S oSl § ST S €,

XI



1wk TS et TohmrT & 9, TRt A R ST fieRdT o et Sead o1 Ueh TROTH ) Haror iR o forg oSt & gfEeior

A A % G H FA e gar 3, fed wesier w0 @ S 81 ser 6 (3gfod e % e = &
additives = favash ST $HICH o THH0T W I AR Aelisiicd o T9TE T J0H al § S T Fine <eeeee-ary

BFATESITH FIT BT 2 YT TR GellSTed T o STqUe sl T S € ST STerT-3TenT form § gfig ot o€ ot s s

&, 7€ G I 8 Foh A Aok Io TR TR -=Iaiae TIRATST 1 T id ol ohiol ST TS TATsehict TehaohtoT i STt

@1 W FH FA , Tk Hol THAAT Bl G H A SIS T 3| TTeifoh, T8 Teha1toT TTeRAT bl ol ot Tehal ol TofieT aiees
 ITCHT-3TCNT SATER THAIRT o Tt =t & 37 SEaarT ol G 3 &, S Uehaohtor Hearald! T STeRT-STeRT aiieh & TwTferd

8 e 7 # (Reradier smafirer aor st Teedt 8 3R o westeRor o Atk A o afataa o ot €), 78 T s

8 Top ficreier wehmordt it alieh & forer =i ol forde & ST o Taheliehtor o ATedties T shl Siect Sehdl ol HTeafHeh Al

H 30 TE & 95 H oo THY qoh qqal b1 T3 foram T e wifst e % forwor  gaa foar fo femees s st
TES T T Fecaqul o, et mreAtie Jfaene R aere ot feawd 3 stem 8 (a-synuclein ¥ wrEfcivE s
Htfermargsee @ additives % gfdsher T4Te) iw dethe iR fieadie § a-synuclein s Tshiisror =1 s&qd i &, foad
ST T HSEt SR srgaftafa 1 M additives 38 MEH & TR # i) S, 8t 7 fewmn m @ f smd w

SrmTe SR fier SATferedt s shera feam S 7, air it suftufa # 7€ gar 1 faedia, weifs, 31 e oligomers %

TS T SGTET IAT 21 T ST TR & foh qie ohY et 3 oigedt i et Bt & S 3% Ut 71 aeh fRor et & foR stifem
oo T o fooh TEt R €, iR dqet @ fmior e o fog wft e @ S € fereiar e dqett % g anaea T2 w8
AR SromTE-SAtferTin St i gorem wer war 8, fredr shferted 3 fearfero & afg Sidt 21 seamr 9 (wwiw ok wirsr
T BMTEATY) T o T STHNUT S T 8| ¥8 fafarer / @ e i ariRid T & o T S shaen: & / i
uftfeufaat # Wefkid & JerdT 8| Teh M1 <idT |1, 7 ST Sioe BidT &, STed! el T HRTTerd sk $HehT ST fohaT ST dehal

2

XII



CONTENTS

Page No
(O] 1) oF (P I
ACKNOWIEAGEMENTS. .. .. 111
ADBStract (ENGHISN) ... ..o, VII
ADSEraCt (HINAI) . ..., XI
(O ] (=] 011 VPP X1
LISt Of FIgUI S, .ot e e e XX
LISt Of TabDIES. ..o XXXV
LISt Of SChEMES. ... XXXVII
LiSt Of ADDIEVIAtIONS. ... ...ttt XXXIX
CHAPTER 1. INTRODUCTION
I 1 € o T [ Tod o o 3
1.2 Protein aggregation Kinetics: timeline and pathways.....................coooiiinn, 8
1.2.1 Simple nucleation-elongation mechanism (homogeneous nucleation)......... 9

1.2.1.1 General equation for systems aggregating through primary

NUCTEALION. ... 11
1.2.2 Homogenous nucleation followed by secondary pathways..................... 13
1.2.2.1 Heterogeneous nucleation.................ccooeviiiiiiiiiiiiiieennn., 13
1.2.2.2 Fragmentation ..........o.ouiiininii e 14
1223 BranChing......c.couiiniiiiii i 16

1.2.2.4 General equation for systems aggregating via secondary

PATNWAYS. . .ot 17
1.2.3 Downhill polymerization.............ocoveiiiiiiii i, 19
1.24Themodelsinanutshell......... ... 21



1.3 A closer look into the NUCIUS.... ..ottt e 24

1.3.1 Free energy profile for nucleation and elongation .............................. 24
1.3.2 Critical and super critical cOncentration.....................ccuveeeueiieinannn. 26
1.3.3 Thermodynamic and structural nucleus ..................ccccoveviiiiiniinnnn.. 28
1.3.4 Prediction of size of the NUCIEUS ..............ccooeiiiiiiiiiiiiiiiiiiiaans, 30
1.3.5 Effect of seeding on the aggregation pathway...................c.ccccceeeeinnn 34
1.4 Intermediates in aggregation pathways ... 35
1.5 Time course of aggregation....................oiiiiiiiiiiiii i 36

1.5.1 Early time and late time behaviour in presence and absence of secondary

PAtWays. ... ..o 36

1.5.2 Significance of the time course of ag@regation.................c.c.oveeeininn. 39
1.6 Fitting and extracting parameters from the aggregation kinetics data............. 42
1.7 Amorphous protein aggregation.......................oiiiiiiiiiiiiii 45
1.8 Effect of external agents on the aggregation of protein................................. 46
1.9 Thermodynamic perspective of protein aggregation................................... 49
1.10 Structural tools: monitoring aggregation and its intermediates.................... 50
1.11 Origin of the problem in the context of this thesis.................................... 52
1.12 Outline of the present research problem.....................................o 55
LA ReEf@IeNCesS. .. ..o 59

CHAPTER 2. MATERIALS AND METHODOLOGIES

2. It OdUCHION . . oo 71

P2\ B 113 o 1 T 71

X1V



2.3 TeChIEQUES. ..ot 71

2.3.1 UV-VISIble SPECIrOSCOPY .......uvinii it 71
2.3.2 FlUOTESCONCE SPECIFOSCOPY ...c.evveneeeeeeeeieeerienveenieeeseesssesseesseassseesssesseenseeans 73
2.3.3 Circular dichroism SpectroSCOPY .........c..cuuueieiiiiiiiiiiiiiiiiiaeenann, 76
2.3.4 Dynamic light SCAttering ...........c.oouuiuiiuiie it 77
2.3.5 Size exclusion chromatography................coouiiiiiiiiiiiiiiiiiiiiiiiinnenn. 78
2.3.6 Native -Polyacrylamide gel electrophoresis (Native-PAGE).................. 80
2.3.7 Transmission electron MiCroSCOPY.........c.uuuuueiee it iiieaieaaieannn, 80
2.3.8 FlUuoresScence miCroSCOPY .........uuuuueu ettt e eaeeeeas 81
24 Data Analysis........ooooiiiii e 81
25 ReT@I@NCES. . ...t 85

CHAPTER 3. SWITCH IN THE AGGREGATION PATHWAY OF BOVINE SERUM

ALBUMIN MEDIATED BY ELECTROSTATIC INTERACTIONS

B INtroduction. ... ..o 89
3.2 Materials and Methods.............. ... 90
3200 CROMUECAIS ...ttt e 90
3.2.2810Ck SOIULIONS . . ..o 90
3.2.3 AGGregation KiNetiCS..........c.uuuuee i e, 91
3.2.4 Stopped-Flow FIUOTeSCENCe. ..........c.ouuueiiie it 92
3.2.5 Dynamic Light SCAttering.............ouueiuuiiiii i i eie e e 92
3.2.6 Zeta POtential. .............cooui i 92
3.2.7 Size Exclusion Chromatography.............c.uuuueieiiiiiiiiieaiiaiienaenns 93

XV



3.2.8 Transmission Electron MicrOSCODY...........ccouuuiiiiiiiiiiiiiiiiiiiniiannn, 93

3.2.9DAIA ARGLYSIS ..o oeeee e 93
3.3 Results and discusSion......... ... 94
34 ConClUSION. ... 119
B REICIENCES. ... ..ottt 123

CHAPTER 4. A PARADOX IN THE STABILITY AND AGGREGATION OF BOVINE SERUM

ALBUMIN: UNIQUENESS OF A COSOLUTE

41 INtroduction...... ..o e 129
4.2 Materials and Method.......... ... 130
421 ChemicCal..........c.ooneeii i e e e e 130
4.2.2 SOMULIONS ..o e e e 130
4.2.3 AGGregation ASSAY...........ccuuuuuiiu it 130
4.2.4 Dynamic Light SCattering..............couuiiiiiiiiiiiiiiiiiiiiiiiiiiain, 131
4.3 Result and discussion............ ..o 131
4.4 ConCIUSION. ... 140
A5 REfCIeNCES. . ... 143
CHAPTER 5.MODULATION IN THE SELF-ASSEMBLY OF BOVINE SERUM
ALBUMIN BY ENHANCED DEPOLYMERISATION AND CONDENSATION
INDUCED UPON STIRRING
ST INtroduction. ... ... 147
5.2 Materials and methods............. ... 149
5.2 CREMICAIS.......ooiiiii i 149



5.2.2 810Ck SOIUTIONS . . ... 149

5.2.3 Ag@regation KiNetiCS...........uuuuuiiii e 149
5.2.4 Fluorescence SpectrOSCOPY ........u.uuu i eens 150
5.2.5 Size Exclusion Chromatography...............couveuiiiiiiiiiiiiiiiiinninnn, 150
5.2.6 DAta ANGLYSIS ... 150
5.3 Result and discussion................o i 151
5.3.1 Modulations in the aggregation induced by Stirring.......................... 151
5.3.2 Aggregation in the presence of glycerol....................ccccoovviiiiiiini. 155

5.3.3 Each flat phase represents a reversible stage in the aggregation process.156
5.3.4 Stirring perturbs the equilibrium and increases the depolymerisation.....158
5.3.5 Monomers are depleted only at long times..................ccccviiiiiiiinnnn. 160

5.3.6 Insoluble aggregates do not seed aggregation of the BSA-CTAB system..163

5.3.7 Stirring promotes condensation of larger aggregates........................ 164
5.4 ConclUusiOnS. ... 169
S5 RE@IeNCES. ... 172

CHAPTER 6. DIFFERENTIAL INFLUENCE OF ADDITIVES ON THE VARIOUS

STAGES OF INSULIN AGGREGATION

6.1 INtroduction. ... ... ..o i 177
6.2 Materials and methods......... ... . 179
6.2.1 ChemiCals. .........coooonuiiii i 179
6.2.2 Kinetics of the aggregation of insulin using turbidity measurements....... 179
0.2.3 CD SPECITOSCOPY .. et e 180

XVII



0.2.4 Fluorescence SpeCtroSCOPY ... ......uuuuiuiee i 181

6.2.5 Effect of additives on the aggregation of insulin.............................. 181
6.2.6 Fluorescence microscopy of the aggregates................c.coueeeuiuneannn. 181
6.2.7 Measurment of density and viscosity of the additives......................... 182
6.2.8 Effect of temperature on the aggregation kinetics of insulin................. 182
6.3, ReSUILS. ... 183

6.3.1 CD spectroscopy of insulin at different temperatures in presence and

ADSENCE Of AAAIIIVES .........occuveeiieiiieiieciieieeee et 183
6.3.2 The aggregation of insulin at 333 K..........ccccoiiiiiiiiiiiiiiiiiiiiiiianin, 184
0.3.3The lag PRase..........c.c.oonn i e 188
0.3.4 The Growth PRASE...........c.ooueii it e 189
6.3.5 Extent of A@gregation..............uuuuuiiuiai i 190

6.3.6 Morphology of the aggregates in the presence and absence of additives..190
6.3.7 Kinetics of aggregation under the condition of same solvent viscosity.....192
6.3.8 Activation energy of aggregation of insulin in the presence of additives...193
6.3.9 Fluorescence spectroscopy of insulin in presence of additives.............. 195
6.3.10 Effect of NaCl on the aggregation of insulin in the presence of different
AAATIIVES .. ..o 197

6.3.11 Effect of pH on the aggregation of insulin in the presence of additives...198

0.4 DIESCUSSION . .o e 199
0.5 CONCIUSIONS . . ..ot e e, 210
0.0 R O CIICeS. .. oo, 212

XVIII



CHAPTER 7. GLYCEROL INHIBITS THE PRIMARY PATHWAYS AND MODIFIES

THE SECONDARY PATHWAY OF INSULIN AGGREGATION

T INEroduCtion. ..o 219
7.2 Materials and methods.................. 221
720 CREMICALS . ..o 221
7.2.2 St0CK SOIULIONS ... 221
7.2.3 AGGregation KiNetiCS...........uuuuuiieeee e iiiaaaea e, 222
7.2.4 Seeding experiment.............ouuuuuuuii it 222
7.2.5 Thermal denaturation of inSulin..................ccccoiiiiiiiiiiiiiiinnan... 223
7.2.6 Transmission Electron MicroSCOPY...........cccouiuiiiiiiiiiiiiiiiiinnnnnn. 223
7.2.7 Fluorescence MiCrOSCOPY ..........ouuuuiiii it 223
7.2.8 Isothermal Titration Calorimetry (ITC).............cccevvviiiiiiinnn.. 223
7.2.9 Kinetic analysis of the aggregation reactions........................co.eun.. 224
7.3 Result and discussion............ ... 226

7.3.1 Fragmentation is the operative secondary pathway in the aggregation of
TMONOMEYIC INSULIN . ... 227

7.3.2 Glycerol retards the aggregation of insulin and modifies the secondary

7.3.4 Analysis of the kinetics of insulin aggregation in the presence and absence
Of GIVCETOL. ... e 236

7.3.5 Imaging of insulin aggregates in presence and absence of glycerol........ 242

XIX



7.3.6 Species formed along the aggregation pathway also seed the aggregation of
TASULITL. ..o e 243
7.3.7 Blocking of aggregation of insulin by glycerol.......................... 246
7.3.8 Aggregates formed in absence and presence of glycerol show similar
S€CdiNG CAPACILY ... ..oovviiiii i e, 248
7.3.9 Monomer-dependent secondary pathway in presence of glycerol can be
shifted back to monomer-independent secondary pathway
(fraA@MENLALION) . .........c.ooneee e 249

7.3.10 A probable mechanism of stabilization of various species in the

aggregation pathway of insulin by glycerol.................................. 250
T4 ConClUSION. ... 254
TS RELCIEICES. .. ..o 256

CHAPTER 8: INVERSE EFFECTS OF ADDITIVES ON THE AGGREGATION AND

DISAGGREGATION PATHWAY OF a-SYNUCLEIN

8 INtroduction. ... ... 263
8.2 Materials and Method............ ... .. 265
8.2 0 MAriQls. .......oo.oonei i 265
8.2.2 Protein expression and purification....................c.ccooviiiiiiiiiiiiin. 266
8.2.3 UV VISible SPECIrOSCOPDY . .....c.eeue i, 266
8.2.4 AGGFreGaLION QSSAY .....cccuveeeueeiaiiieeiieeeieeesee ettt ettt e 267
8.3 Result and discussion..................o.. i 267
84 Conclusion........... .o 278
8BS References. ... 280



CHAPTER 9: SUMMARY AND FUTURE PROSPECTS
Summary and future ProSPects. ...........oooviiiiiiiiii i e

BIODATA

XXI



LIST OF FIGURES

Figure Caption Page
No.
1.1 Fibrillar aggregates of proteins as observed by AFM (Reference 26) (A), 4
TEM (Reference 27) (B) Fluorescence microscopy (Reference 28) (C) and
SEM (Reference 29) (D).
1.2 Combined energy landscape for protein folding and aggregation. The 5

troughs denote the numerous conformational states available for a
polypeptide chain. The light grey funnel (left) represents the intramolecular
folding process while the more rugged dark grey funnel represents the even
complex, intermolecular process of protein aggregation. Adapted from
Reference 30

1.3 Effect of filament fragmentation on actin polymerization in presence of 16
magnesium ions: Dotted lines show the curves that were calculated with the
assumption that no fragmentation occurs. Solid lines show the curves that
were calculated with the assumption that fragmentation occurs. Adapted
from Reference 57

1.4 Schematic representation of the various process in the aggregation pathway. 18
1.5 Schematic representation of the various models of aggregation 23
1.6 Free energy profiles for nucleated and downhill polymerization, as a 26

function of the number of monomers

1.7 Relative free energy of the aggregates above and below the super critical 30
concentration and the structural and the thermodynamic nuclei in these
regions

1.8 Transition from an exponential growth in presence of fragmentation to a 37

polynomial growth as the rate of fragmentation decreases. Fragmentation
rate decreases towards right in both the figures. The figure in the right shows
the expanded portion of the initial times. Curves are obtained from the
mathematical exercise of the master equation, Equation 1.11. Reprinted
from Reference 46

1.9 Hypothetical kinetic curves showing abrupt growth in presence of secondary 39
pathways as compared to primary pathways. Completion of reaction in case
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23

24

2.5

2.6

2.7

2.8

of homogeneous and heterogeneous nucleation is slower compared to
fragmentation.

Kinetic analysis of aggregation inhibition mechanisms. (A) The binding
between the inhibitor, I, and the different species in the system leads to
specific changes in the microscopic steps of the aggregation process, such
as primary nucleation, elongation, or heterogeneous secondary processes.
Redirection of the aggregation pathway into alternative off-pathway
oligomers can be considered in this scheme as an effective reduction of the
nucleation rates. (B) Model simulations of the macroscopic time evolution
of fibril formation show how changes in individual specific microscopic
aggregation events affect the observed kinetic macroscopic profile in a
characteristic way. Adapted from Reference 113

UV-absorbance spectra of BSA in 10 mM Tris, pH 7.5

(A) Fluorescence spectra of insulin, representing the fluorescence from the
tyrosine residues. (B) Fluorescence spectra of BSA representing the
fluorescence from the tryptophan residues.

(A) Increase in the tyrosine fluorescence of a-synuclein in the presence of
CTAB. (B) Decrease in the tyrosine fluorescence of a-synuclein in the
presence of copper sulphate.

(A) Red-shift of the tryptophan fluorescence of BSA in the presence of
GdnHCl indicating a less polar environment for tryptophan. (B) Blue shift
in the tryptophan fluorescence of BSA in the presence of SDS, indicating a
more polar environment for tryptophan.

Change in the ANS fluorescence upon binding to the hydrophobic patches
of insulin at pH 7. (B) Change in the DCV]J fluorescence upon binding to
the aggregates at different time points during the aggregation of BSA.

CD spectra of BSA and a-synuclein in 20 mM Tris, pH 7.5

Size of the aggregates at two different time points during the aggregation
of a-synuclein monitored by dynamic light scattering

Change in the distribution of the monomers and oligomers during the

aggregation of BSA monitored by SEC. Higher sized species are eluted at
lower volumes. The peak at 13.5 mL is for the monomer.
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33
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3.7

Comparison of the kinetics of the ThT fluorescence (A) and Rayleigh
scattering intensity (B) of 20uM BSA at 343 K, pH 7.5, in presence and
absence of 0.8 M GdnHCI. Graphs in the inset show the same at short times.
For a better comparison of the difference in the extent of aggregation, the
figures have been normalized from 1, where 1 corresponds to the lowest
intensity.

(A) Dependence of the rate of aggregation of BSA as a function of the
protein concentration. (B)hydrodynamic diameter of aggregates during the
aggregation of BSA in absence of GdnHCI. (C) hydrodynamic diameter of
aggregates during the aggregation of BSA in the presence of GdnHCI.

(A) Graph showing the relatively high increase in Rayleigh scattering,
suggesting predominantly amorphous aggregation (B) Intrinsic fluorescence
of BSA fibril in pH 7.5, 343 K, without cosolute (black) and the
disappearance of the fluorescence in presence of 0.8 M GdnHCI, pH 7.5,
343 K (blue) (C) TEM images of BSA fibrils (D) TEM images of BSA
aggregated in presence of 0.8 M GdnHCI.

(A) Concentration dependence of the aggregation of BSA in the presence of
GdnHCI. The slope of the line is -1.74. (B) Effect of addition of preformed
seeds in the aggregation of BSA at 343 K in 0.8 M GdnHCI.

Aggregation of BSA at short time scales monitored by (A) steady state
fluorescence (B) stopped flow fluorescence. (C) Aggregation of BSA in
different additives at 343 K.

Kinetics of the conformational changes of BSA at 343 K in the presence of
GdnHCI monitored by tryptophan fluorescence, ANS fluorescence and
ellipticity.

SEC profile of the aggregation of BSA in the absence and presence of
GdnHCI. (A) Change in monomer peak of BSA with increasing time during
aggregation at 343 K in buffer alone (B) Change in oligomer peak of BSA
with increasing time during aggregation at 343 K in buffer alone. Oligomers
are formed from the initial times itself (C) Change in the monomer and
oligomer content (peak area) of BSA with time during aggregation at 343 K
buffer alone. Monomer loss occurs in sync with oligomer formation. (D)
Change in monomer peak of BSA with increasing time during aggregation
at 343 K in presence of 0.8 M GdnHCI (E) Change in the monomer peak of
BSA with increasing time during aggregation at 343 K in presence of 0.8 M
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3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

GdnHCI. No oligomers were seen initially. (F) Change in the monomer and
oligomer content of BSA with time during aggregation at 343 K in 0.8 M
GdnHCI. Monomer loss occurs in sync with oligomer formation.

Existence of secondary pathways during the aggregation of BSA at 343 K
in the presence of 0.8 M GdnHCI, as seen from a good fit to the relation
A=A(cosh Bt - 1)

Determination of the primary and the secondary nucleus size from the
kinetic parameters A and x. The slope obtained for the monomer
concentration dependence of A is 1.526 and that of k is 1.501.

(A) Aggregation of BSA in the presence of urea. No lag time could be seen.
(B) Thermal denaturation of BSA in the presence of different cosolutes (C)
Aggregation of BSA in the presence of 0.8 M NaCl. (D) Aggregation of
BSA in the presence of 0.8 M urea and 0.8 M NaCl

(A) Aggregation of BSA in the presence of 0.8 M GdnHCl (inset) and CaCl
monitored by DCVJ fluorescence. (B) Aggregation of BSA monitored by
DCVI fluorescence in the absence of GdnHCL.

Occurrence of lag phase in the aggregation kinetics of BSA in presence of
0.8 M MgCl ((A) and (B)) and 0.8 MCaCl; ((C) and (D)). (E) Change in
the tryptophan fluorescence and ANS fluorescence during the aggregation
in 0.8 M CaCl> (F) Change in the tryptophan fluorescence and ANS
fluorescence during the aggregation in MgCla.

Change in the zeta potential (A) and electrophoretic mobility (B) of BSA
with increasing concentration of GdnHCI

(A) Aggregation of BSA at lower concentrations of GdnHCI. (B) and (C)

Aggregation of BSA in various concentrations of CaClz and SDS. (D) Effect
of preformed aggregates on the aggregation of BSA in the presence of CaClz

Relative change in the amyloid and Rayleigh scattering intensity during the
aggregation of BSA at different temperatures.

(A) Effect of pH on the aggregation of BSA in presence of Ca®" ions at 343
K. (B) Aggregation of BSA at pH 1.6. (C)Aggregation of BSA at pH 12.
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4.5

4.6
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4.8

4.9

downhill, without any lag phase, whereas the aggregation is nucleated (with
a lag phase) when the starting population is (b) (343 K)

(A) Aggregation of 40 uM BSA in different concentrations of urea at 343
K. (B) Rate of aggregation of BSA in different concentrations of urea.

(A) Thermal unfolding of BSA in the presence of different concentrations
of urea. (B) Chemical unfolding of BSA in the presence of urea at in 20 mM
Tris buffer, pH 7.5

Evolution of the size of aggregates of BSA formed at 343 K in the presence
of urea.

(A) Aggregation of BSA in the presence of 3 M urea at different
temperatures (B) Rate of aggregation of BSA in the presence of urea at
different temperatures.

(A) Thermal denaturation of BSA in the presence of different concentrations
of arginine (B) Aggregation of BSA in the presence of different
concentration of arginine monitored by DLS. (C) Evolution of the size of
aggregates and the rate of aggregation of BSA in the presence of different
concentrations of arginine.

(A) Thermal denaturation of BSA in the presence of urea and/or arginine.
(B) Variation in the rate and size of aggregates of BSA formed in 1 M urea
and different concentrations of arginine.

(A) Kinetics of unfolding in urea in the presence and absence of arginine
monitored by ANS fluorescence. (B) Comparison of the rate of aggregation
and rate of unfolding in urea in the presence and absence of arginine

(A) Thermal denaturation of BSA in the presence of ethanol (B)
Aggregation of BSA at 343 K in the presence of different concentrations of
ethanol (C) Change in the rate of aggregation of BSA with increasing
concentrations of ethanol.

Native-Gel electrophoresis of the aggregates of BSA formed after 1 hour in
the presence of different additives. Lane 1: No additive, time t=0, Lane 2:
No additive, Lane 3: 3M urea, Lane 4: 100 mM arginine, Lane 5: 3M
urea+100mM arginine, Lane 6: 20% ethanol

XXVII

132

132

133

134

135

136

137

137

138



4.10

4.11
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52

53

54
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5.6

5.7

Plausible changes in the energy profile in the presence of additives during
the aggregation of BSA.

Aggregation prone regions of BSA as analyzed using PASTA and
Aggrescan

Aggregation of BSA in the presence of 1.2 mM CTAB, pH 7, at 321 K (A)
without stirring (B) with stirring. Red lines show the representative fits to
Equation 5.1 (for (A)) and Equation 5.2 (for (B))

Aggregation of the BSA-CTAB system monitored at different
wavelengths.

(A) Aggregation of BSA with 1.2 mM CTAB, pH 7, 321 K at different
glycerol concentrations under stirred conditions. Red lines show the fits to
the kinetic traces. (B)Rate of aggregation in the two phases extracted upon
fitting with Equation 5.2.

(A) Aggregation of the supernatant at 321 K obtained from P1 region in the
stirred aggregation of BSA in the presence of CTAB. (B) Aggregation of
the same solution as in (A) in the presence of aggregates formed in the P1
region. (C) Aggregation (at 321 K) of the supernatant left at the saturation
phase of the unstirred aggregation (321 K). (D) Aggregation of the
supernatant at 321 K obtained from P2 region in the stirred aggregation of
BSA in the presence of CTAB. Red lines in (A), (B) and (D) are the fits to
the kinetic traces.

(A) Fluorescence spectra of BSA in the presence of CTAB (B) Fluorescence
spectra of the aggregates of BSA dissolved in fresh buffer at 321 K at
different time points (C) Native PAGE of the aggregates of BSA dissolved
in fresh buffer at 321 K at different time points

(A) BSA in the presence of CTAB was aggregated under unstirred condition
and then the solution was stirred using a magnetic bead. Growth could be
seen again. (B) BSA in the presence of CTAB was aggregated under
unstirred conditions and then agitated with a pipette for some time. A growth
phase was observed again.

Size exclusion profiles after stirring a solution of BSA in presence of CTAB
which was aggregated at 321 K under unstirred conditions. The trace for ‘0
mins’ refers to the supernatant obtained immediately upon the attainment of
saturation. (B) Size exclusion profile of the supernatant of BSA aggregation
in the presence of CTAB at 333 K

XXVIII

139

142

153

154

155

157

159

160

160



5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

saturation. (B) Size exclusion profile of the supernatant of BSA aggregation
in the presence of CTAB at 333 K

(A) Time evolution of the oligomer and monomer content of the stirred
aggregation of BSA in presence of CTAB at 321 K

Aggregates viewed under the optical microscope upon staining with Congo
red at different time points -(A) 2 minutes (B) 3 minutes (C) 5 minutes (D)
6 minutes (E) 8 minutes (F) 10 minutes

Turbidity profile of the unstirred aggregation of BSA in the presence of
CTAB at longer times

(A) Aggregation of the BSA-CTAB system with different concentrations of
aggregates added at time t=0. (B) Simulated traces of the proposed kinetic
scheme showing the effect of addition of different concentrations of
aggregates, represented as D. The parameters are used k+1=7, k.1=6, k+>=3,
k-2=0.05, k+3=3.,k3=0.05, k+4=0, k4=0. ki1 k.1, k2 k3 k4 has units of (time)™!
while the other rate constants have the unit of (Concentration)!(time)’!

(A) Simulated kinetic traces using the proposed model showing the effect of
increasing rate of condensation (k+4) on the aggregation. The parameters
used are k+1=7, k.1=6, k+2=3, k»=0.05, k+3=3,k3=0.05, k.4=0. D refers to the
insoluble oligomers of C, as given in the reaction scheme. k+ has units of
(time)! while the other rate constants have the unit of (concentration)
I(time)! (B) Effect of stirring on the aggregation of the BSA-CTAB system.
Arrow points towards increasing stirring speed.

(A) Aggregation of BSA in the presence of 1.2 mM CTAB with different
concentrations of BSA (B) Rate of aggregation of the two phases extracted
by fitting using Equation 5.2 (C) log-log plot of the half time of the two
phases versus the concentration of the protein.

(A) Aggregation of BSA in the presence of 1.2 mM CTAB at different
temperatures (B) Rate of aggregation of the two phases extracted by fitting
using Equation 5.2 (C) Activation enthalpy and activation entropy of the
aggregation extracted using the Eyring Equation.

Absorbance of the residual soluble protein remaining at the end of
stirred and unstirred aggregation. Inset shows the absorbance spectra
of the soluble protein at 280 nm
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6.11

(A)Far -UV CD spectra (B) Near UV CD spectra of insulin (15 pM) in
25mM HCI (pH 1.6) at different temperatures (C) Fraction of helices and
strands in insulin (15 uM) in 25 mM HCI (pH 1.6) at different temperatures

Aggregation kinetics of 15 pM insulin in presence of various additives at
333K

(A) Far UV CD spectra of insulin at 298 K in presence of different additives.
(B), (C) and (D) Change in the CD spectra of insulin at 333 K in presence
of different additives

Percentage loss of helicity (A) and percentage gain in the beta strands (B) at
the temperature of aggregation. Percentage change in the secondary
structure was calculated using the change in the fraction of secondary
structure at 298 K and 333 K, as obtained from the Continll fitting algorithm.

Fluorescence microscopy images of ThT stained aggregates of insulin
formed in (A) absence of any additive and in the presence of (B) 0.15 M
mannitol (C) 0.15 M sucrose (D) 0.15 M ethylene glycol

Aggregation kinetics of insulin in the presence of different additives. The
concentrations of the additive are such that the viscosity of the medium is
same.

Arrhenius plots of the lag phase and the growth phase duirng the aggregation
of insulin in the presence of different additives.

(A) Fluorescence spectra of ANS in presence of insulin (15 uM) in 25 mM
HCI (pH 1.6), 0.1M NaCl, from 283 K to 363 K. (B) Wavelength maxima
of ANS at different temperatures

Change in fluorescence spectra of ANS in presence of insulin (15 uM) in
25mM HCI (pH 1.6), at 333K in absence of additive (A) and in 0.15 M
Mannitol (B) ,0.15 M Sucrose (C) and 0.15 M Ethylene Glycol (D)

Aggregation of insulin (34 uM) in the presence of different concentration of
NaCl in the absence of any additive (A) and in the presence of (B) 0.15 M
Mannitol (C) 0.15 M Ethylene Glycol (D) 0.15 M Sucrose

Aggregation of (A)15 pM insulin at pH 4 and (B) 25 uM insulin at pH 7 in

0.1 M NaCl in the presence of different additives at 333 K, inset :aggregation
of 15 uM at pH 7 (333 K)

XXX

184

185

187

187

191

191

193

195

196

197

198



6.12

6.13

6.14

6.15
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7.1

7.2

7.3

(A) Insulin aggregation as a function of insulin concentration at 333 K in
25mM HCI (pH 1.6) and 0.1M NaCl. (B) Dependence of the apparent rate
constant on the concentration of insulin. The red line is the linear fit to the
data points. (C) Linear dependence of the scattering at 600 nm to the
concentration of protein (D) Plot of the log (lag time) versus log
(concentration of insulin) to estimate the size of nucleus.

(A) Reversibility of the unfolding of insulin at 333 K. (B) Ellipticity of
insulin at 298 K and 333 K, and the change in the ellipticity of insulin during
its aggregation at 333 K in 0.1 M NaCl, pH 1.6. as a function of time.

Check for the reversibility of aggregation. Graph A shows the scattering
response of a solution at 333 K which was already aggregated till
completion. After the completion of aggregation, the solution was cooled to
room temperature first, and then again let to aggregate (B) Aggregation at
333 K was stopped at the growth phase, cooled and then again let to
aggregate at 333 K. The graph shows the scattering response (at 333 K) of
the cooled solution (C) Aggregation was stopped at the lag phase, cooled
and then again let to aggregate.

Modulation of the energy profile in the presence of mannitol

Modulation of the energy profile in the presence of ethylene glycol and
sucrose

Presence of secondary pathways in the aggregation of insulin in 20 % acetic
acid, pH 2.0 at 323 K. Red line shows the fit to the form A= A(cosh Bt — 1)

(A) Aggregation of insulin in 20% acetic acid, 0.5M NaCl, at 323 K in
different insulin concentrations. The continuous lines show the fits to the
analytical solutions representing the fragmentation of fibrils. (B) Log-log
plot of the half time of aggregation in different concentrations of insulin.
The half time of aggregation has been extracted from the parameters
obtained from the fits to Equation 7.1

(A) Aggregation of 4 mg/mL insulin in presence of glycerol. Continuous
lines represents the fits of the curves to Equation 7.1. (b) Variation of final
ThT fluorescence with concentration of glycerol. (C) Percentage of
monomer left at the end of aggregation in different concentrations of
glycerol. (D)Variation of the lag time and the rate of aggregation in the
presence of glycerol as determined from the fit to Equation 7.1
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(A) Aggregation of different concentrations of insulin in 20% acetic acid,
0.5M NaCl, at 323 K in 2M glycerol. The continuous lines represents the
sigmoidal fits to Equation 1. (B) Log-log plot of the half time of aggregation
in presence of 2M glycerol vs the concentration of insulin. The half time has
been extracted from the parameters obtained from the fits to Equation 7.1.

(A) Existence of secondary pathways in the aggregation of insulin in 20%
acetic acid and 2 M glycerol. (B) The kinetic traces could not be fit (using
AmyloFit) to a model that considers only primary pathways.

(A) Aggregation of different concentrations of insulin in 20% acetic acid,
0.5 M NaCl, at 323 K in presence of 1% seeds and 2 M glycerol. Continuous
lines represents fits to the curves using “Amylofit” (B) Aggregation of 1
mg/mL insulin in 15 % seeds in 20% acetic acid, 0.5 M NaCl, at 323 K at
different concentrations of glycerol

Effect of glycerol on the rate of elongation of the aggregation of insulin in
the presence of 15% seeds

(A) Aggregation of 4mg/mL insulin in 20% acetic acid, 0.5M NacCl, at 323
K in varying concentrations of glycerol. The continuous lines represents
curves obtained by fitting the data to the analytical solutions for proliferation
of aggregates by both fragmentation (nc=2) and monomer-dependent
secondary nucleation (nc=n>=2), using the modified form of «x (k) which
considers both the aforesaid pathways. (B) Plot of the parameters obtained
from (A). Left axis represents the rate constants dependent on the primary
pathways and right axis represents the rate constant of the monomer-
dependent secondary pathways. Figure in the inset shows the variation of
rate constants governing the fragmentation (C) Ratio of the parameters
representing the secondary pathways and primary pathways. The relative
contribution of the secondary pathways increases drastically at higher
glycerol concentration. Graph in the inset shows the ratio at lower glycerol
concentrations

Arrhenius plots for the lag phase (A) and growth phase (B) in different
concentrations of glycerol. (C) Activation energy (D) enthalpy of activation
(E) free energy of activation and (F) entropy of activation for the lag phase
and the growth phase in different concentrations of glycerol.
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TEM images of aggregates formed in (A) absence of glycerol and (B)
presence of 2M glycerol. Fluorescence microscopy images of aggregates
formed in (C) absence of glycerol (D) and presence of 2M glycerol

Fluorescence microscopy images of species collected at different stages of
aggregation —(b) mid-nucleation (c) end-nucleation, (d)-growth phase.
These species were separately added to fresh monomeric insulin in absence
and presence of glycerol. All of them were capable of seeding the reaction.
(@) is ThT alone in 20% acetic acid and 0.5 M NacCl.

Aggregation of 1.5 mg/mL insulin in 20% acetic acid, 0.5 M NaCl, at 323
K presence of species added from various time points of aggregation in
absence of glycerol (A) and presence of 2M glycerol (B)

Blocking of aggregation by glycerol: glycerol at a final concentration of 2M
was added during the (A) mid lag phase (red dots) and equal volume was
added in the control reaction (black squares) (B) end lag phase (red dots)
and equal volume was added in the control reaction (black squares) (C)
growth phase (red dots) and equal volume was added in the control reaction
(black squares) (D) saturation phase (red dots) and equal volume was added
in the control reaction (black squares). The black dotted arrows show the
time points where glycerol was added.

Aggregation in OM glycerol (1 and 2) and 2M glycerol (3 and 4) in presence
of seeds formed in OM glycerol (black squares and blue triangle) and in
presence of 2M glycerol (red circles and green triangles)

(A) Aggregation of insulin in 20% acetic acid, 0.5 M NaCl, 323 K and 250
rpm in the presence of 2 M glycerol. Continuous lines show fits to Equation
1. (B) Concentration dependence of insulin on the half time of aggregation
(C) Fluorescence microscopy images of insulin aggregates in 2 M glycerol
formed under agitation at 250 rpm.

Thermal denaturation of insulin in the (A) absence and (B) presence of
0.25M acrylamide and different concentrations of glycerol

ITC profiles of insulin with glycerol at 323 K

Proposed energy profile of the aggregation of insulin in the presence and
absence of glycerol
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Aggregation of 35 uM a-synuclein in the presence of different additives:
(A)2 mM Cu(ll), (B)2 M glycerol and (C) 0.1 M GdnHCI.

Spectra of the adduct of a-synuclein with dopamine formed in the presence
of different additives

SDS-PAGE of a-synuclein aggregates in the presence of dopamine with or
without additives

SDS-PAGE of the a-synuclein aggregates formed in the presence of
different concentrations of copper. Lane 1 - 0 mM Copper, Lane 2 - 0.5 mM
Copper, Lane 3 - 1 mM Copper, Lane 4 - 3 mM Copper

SDS-PAGE of the aggregation of a-synuclein in the presence of dopamine
and different concentrations of glycerol

DLS of the (A) aggregates formed in the presence of dopamine and glycerol
and (B) aggregates treated with SDS for 24 hours

UV absorbance spectra of dopamine with increasing time in (A) buffer (20
mM Tris, 0.1 M NaCl, pH 7.5) and (B) Buffer and 35 uM a-synuclein.
Change in the absorbance of dopamine at 453 nm in the (C) presence and
(D) absence of 35 uM a-synuclein.

Absorbance spectra of dopamine in the presence of copper in (A) buffer (B)
buffer and 35 uM a-synuclein. (C) Change in the absorbance at 407 nm with
time in the absence and presence of a-synuclein (D) Shift of the wavelength
maxima of dopamine in buffer in the absence and presence of copper.

ATR- IR spectra of 6 mM dopamine with increasing time in the absence and
presence of copper in the different regions of the IR spectrum. Red and black
lines represent the spectra of dopamine in absence of copper at 0 minutes
and 7 minutes respectively. Blue and green lines represents the spectra of
dopamine in the presence of copper at 0 minutes and 7 minutes respectively.

Change in the absorbance of dopamine in the presence of glycerol in tris
buffer, pH 7.5, and 0.1 M NaCl with increasing time

Dopamine- induced disaggregation of the fibrils formed in absence (Lane 1)
and presence (Lane 2) of copper
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DLS Dynamic light scattering
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