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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 (GdnHCl), 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 GdnHCl 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 α-synuclein) presents the aggregation of α-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.  
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सार 

"बाहरी योजक की उपस्थिस्ि में प्रोटीन के एकत्रीकरण मार्गों के स्िस्िधीकरण और मॉडुलन" नामक िीस्िि स्िस्िन्न पयाािरणीय पररस्थिस्ियों में प्रोटीनों 

के स्िस्िध व्यिहार का एक अध्ययन प्रथिुि करिा ह।ै प्रोटीन के एकत्रीकरण को स्नयंस्त्रि करन ेया जोड़ िोड़ने की कंुजी इि प्रस्िया की यंत्रिि् िमझ में 

स्नस्हि ह,ै और एक ऐिा मार्गा ह ैस्क कैनेटीक्ि और एकत्रीकरण के ऊष्मप्रिैस्र्गकी को िमझना ह।ै इि घटना ने काफी ध्यान आकस्षाि स्कया ह,ै जो स्क 

कई neurodegenerative बीमाररयों में इिकी िार्गीदारी के कारण, और प्रोटीन आधाररि स्िस्कत्िा स्िज्ञान के प्रिंथकरण और स्नमााण के दौरान 

इिकी अिांछनीय, िहज घटना के कारण िी। अध्यायों का एक िंस्िप्त स्ििरण नीिे प्रथिुि स्कया र्गया ह।ै अध्याय 1 (पररिय) प्रोटीन एकत्रीकरण की 

प्रस्िया का अध्ययन करन ेकी आिश्यकिा के बारे में एक िंस्िप्त स्ििार प्रथिुि करिा ह,ै इि िेत्र में अब िक की प्रर्गस्ि, एकत्रीकरण के स्िस्िन्न व्यापक 

किाएं और कैिे िमय के दौरान मॉडल स्िकस्िि / िधुारा। यह एकत्रीकरण मार्गा में मध्यििी के बारे में िी ििाा करिा ह,ै और स्िस्िन्न िंरिनात्मक 

उपकरण जो एकत्रीकरण मार्गा अध्याय 2 (िामग्री और पद्धस्ियों) में स्िस्िन्न प्रजास्ियों की उपस्थिस्ि का पिा लर्गाने के स्लए उपलब्ध हैं, इि अध्ययन 

में प्रयकु्त प्रोटीन का िणान करिा ह,ै उनकी अस्िव्यस्क्त और शसु्द्ध प्रोटोकॉल (आिश्यकिानिुार), परेू अध्ययन में प्रयकु्त प्रोटीन और अन्य रिायनों की 

खरीद, और अध्ययन में इथिेमाल स्कए र्गए उपकरण। अध्याय 3 (इलेक्रोथटैस्टक इटंरैक्शन द्वारा मध्यथििा िाले र्गोजाइन िीरम एस्बबन के एकत्रीकरण 

मार्गा में स्थिि करें) दशाािा ह ैस्क एक मजबूि स्डथरूटरेंट, ग्नाइडीस्नयम हाइड्रोक्लोराइड (जीडीएनएििीएल), उिार-िढाि पॉस्लमराइजेशन िे र्गोजािीय 

िीरम एबबूस्मन (बीएिए) के अंिस्नास्हि एकत्रीकरण मार्गा को एक न्यकू्यबेूटेड पोलीमराइजेशन ऐिा प्रिीि होिा है स्क इि िरह के पररििान प्रोटीन की 

र्गठनात्मक आबादी िे स्नकटिा िे जडु़ा हुआ ह,ै और इि िरह के कलाकारों के स्लए आयन-बाध्यकारी ह।ै अध्ययन िे पिा िलिा ह ैस्क जीडीएनएििीएल 

में व्यिहार इिके स्लए अनठूा नहीं है, लेस्कन एक स्नस्िि श्रेणी के कॉथिोस्लट्ि में होिा ह-ै जो स्क िाजा और बीएिए िे जडेु़ होिे हैं अध्याय 4 

(र्गोजािीय िीरम एबबूमन की स्थिरिा और एकत्रीकरण में एक स्िरोधािाि: एक ििंुथकृििा की स्िस्शष्टिा) अध्याय 3 की अर्गली कड़ी के रूप में काम 

करिा है, स्जिमें एकत्रीकरण यरूरया, इिेनॉल और आस्र्गास्नन की उपस्थिस्ि में स्कया र्गया ह।ै िीन योजक उिरने और एकत्रीकरण के प्रस्ि एक िमान 

व्यिहार नहीं स्दखािे हैं। यद्यस्प आंस्शक खलुािा एकत्रीकरण की शरुुआि के स्लए एक शिा है, इि अध्ययन िे पिा िलिा है स्क इि घटना पर एक 

स्िशेष िंकाय की मौजदूर्गी िी हो िकिी ह।ै अध्याय 5 (उत्तेस्जि depolymerization और िंयम पर प्रेररि condensation द्वारा बोिाइन 

िीरम Albumin के आत्म-स्िधानििा में मॉड्यलू) पिा िलिा ह ैस्क बीएिए-िीटीएबी प्रणाली के िमाधान को हल करन ेके कारण एकीकरण के 

एक िीस्मि हद िक पररणामथिरूप, अनिलुझे िमाधान की िुलना में। थपष्ट िंिसृ्प्त िरण िरण, जो िमाधान प्राप्त हो जािा है, जब िेजी िे प्राप्त होिा ह,ै 
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िो एक स्नस्िि िकल एकाग्रिा िे परे, एकत्रीकरण मार्गा को प्रािस्मकिा देन ेिाल ेिमचु्िय का एक पररणाम ह।ै िंिेपण प्रस्िया के स्लए िेजी िे दृस्ष्टकोण 

अंििः मोनोमिा के िमचु्िय को कम स्नर्गलना होिा ह,ै स्जििे एकत्रीकरण कम हो जािा ह।ै अध्याय 6 (इिंसु्लन एकत्रीकरण के स्िस्िन्न िरणों में 

additives के स्ििेदक प्रिाि) इिंसु्लन के एकत्रीकरण पर शका रा और पॉलीओबि के प्रिाि का िणान करिा ह ैजो एक स्िस्शष्ट न्यकू्लेयेशन-ग्रोि 

मैकेनाइजेशन द्वारा होिा ह।ै शरु्गिा और पॉलीओबि िमय के अंिराल को प्रिास्िि करिे हैं और अलर्ग-अलर्ग स्िथिार में िसृ्द्ध की दर को प्रिास्िि करिे 

हैं, यह िझुाि देिे हैं स्क ये योजक पिूा और पोथट-न्यकू्लेयेशन प्रस्ियाओ ंको प्रिास्िि करिे हैं। ििुोज और इिाइलीन ग्लाइकॉल एकत्रीकरण को प्रिािी 

ढंर्ग िे कम करिे हैं, जबस्क कुल एकाग्रिा को दबान ेमें मस्नटोल प्रिािी नहीं है। हालांस्क, यह एकत्रीकरण प्रस्िया को देरी कर िकिा ह।ै स्िस्िन्न योजक 

के अलर्ग-अलर्ग व्यिहार एकत्रीकरण के स्िस्िन्न िरणों में उनके हथििेप का िझुाि देिे हैं, जो एकत्रीकरण मध्यििी को अलर्ग-अलर्ग िरीके िे प्रिास्िि 

करिे हैं। अध्याय 7 में (स्ग्लिरॉल प्रािस्मक पि को रोकिा ह ैऔर इिंसु्लन एकत्रीकरण के माध्यस्मक मार्गा को पररिस्िाि कर देिा ह)ै, यह स्दखाया जािा 

ह ैस्क स्ग्लिरॉल एकाग्रिा स्निार िरीके िे स्िषिु न्यकू्लेशन को स्िखंडन िे इिंसु्लन के एकत्रीकरण के माध्यस्मक मार्गा को बदल िकिा ह।ै माध्यस्मक मार्गा 

में इि िरह के बदलाि में लंबे िमय िक िंिुओ ंका र्गठन स्कया र्गया िा। र्गस्िज स्नशान के स्िशे्लषण ने िझुाि स्दया स्क स्नषेधात्मक प्रिाि प्रािस्मक 

राथिे पर िबि ेमहत्िपणूा िा, हालांस्क माध्यस्मक न्यसू्क्लयेशन और बढाि िी स्हिकिे िे। अध्याय 8 (α-synuclein के फाइस्िलेशन और 

ऑस्लर्गोमराइजेशन पर additives के प्रस्िकूल प्रिाि) कॉपर िबफेट और स्ग्लिरॉल में α-synuclein के एकत्रीकरण को प्रथिुि करिा ह,ै स्जिमें 

डोपामाइन की मौजदूर्गी और अनपुस्थिस्ि में। दोनों additives इि प्रोटीन के एकत्रीकरण में िसृ्द्ध। हालांस्क, यहां यह स्दखाया र्गया ह ैस्क आमिौर पर 

डोपामाइन द्वारा स्िषैले ऑस्लर्गोमरों को बढािा स्दया जािा ह,ै िांबे की उपस्थिस्ि में नहीं होिा ह।ै स्ग्लिरॉल, हालांस्क, इन स्िषैले oligomers के 

र्गठन को बढािा देिा ह।ै हम अनमुान लर्गािे हैं स्क िांबा की बाध्यिा उन िंिओु ंको बंधी होिी ह ैजो उन्हें ऐिी हद िक स्थिर करिी ह ैस्क ओस्लर्गोमिा 

लंबे िमय िक स्टके नहीं करिे हैं, और िंिुओ ंका स्नमााण करन ेके स्लए ििी िरह िे जािे हैं स्ग्लिरॉल शायद िंिुओ ंके िाि बाििीि नहीं करिा ह ै

लेस्कन डोपमाइन-ऑस्लर्गोमर इटंरैक्शन की िसु्िधा प्रदान करिा ह,ै स्जििे ओस्लर्गोमिा के स्थिरीकरण में िसृ्द्ध होिी ह।ै अध्याय 9 (िारांश और िस्िष्य 

की िंिािनाएं) अध्ययन के मखु्य आकषाण प्रथिुि करिा ह।ै यह स्िस्िध / िमान व्यिहार को िारांस्शि करिा ह ैस्क एक प्रोटीन िमशः िमान / स्िन्न 

पररस्थिस्ियों में प्रदस्शाि हो िकिा ह।ै एक प्रोटीन लेिा मार्गा, या जो िमचु्िय होिा है, बाहरी स्थिस्ियों को िंशोस्धि करके इिका उपयोर्ग स्कया जा िकिा 

ह ै
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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 
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6.11 Aggregation of (A)15 µM insulin at pH 4 and (B) 25 µM insulin at pH 7 in 
0.1 M NaCl in the presence of different additives at 333 K, inset :aggregation 
of 15 µM at pH 7 (333 K) 
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6.12 (A) Insulin aggregation as a function of insulin concentration at 333 K in 
25mM HCl (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. 
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6.13 (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. 
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6.14 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. 
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6.15 Modulation of the energy profile in the presence of mannitol 
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6.16 Modulation of the energy profile in the presence of ethylene glycol and 
sucrose 
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7.1 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(cosh𝐵𝑡 − 1) 
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7.2 (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 
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7.3 (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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7.4 (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.  
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7.5 (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.  
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7.6 (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 
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7.7 Effect of glycerol on the rate of elongation of the aggregation of insulin in 
the presence of 15% seeds 
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7.8 (A) Aggregation of 4mg/mL insulin in 20% acetic acid, 0.5M NaCl, 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=n2=2), using the modified form of κ (κ’) 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 
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7.9 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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7.10 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 
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7.11 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. 

(a) is ThT alone in 20% acetic acid and 0.5 M NaCl. 
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7.12 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) 

 

245 

7.13 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. 
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7.14 Aggregation in 0M glycerol (1 and 2) and 2M glycerol (3 and 4) in presence 

of seeds formed in 0M glycerol (black squares and blue triangle) and in 

presence of 2M glycerol (red circles and green triangles) 
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7.15 (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. 
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7.16 Thermal denaturation of insulin in the (A) absence and (B) presence of 

0.25M acrylamide and different concentrations of glycerol 
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7.17 ITC profiles of insulin with glycerol at 323 K 
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7.18 Proposed energy profile of the aggregation of insulin in the presence and 

absence of glycerol 
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8.1 Aggregation of 35 µM α-synuclein in the presence of different additives: 

(A)2 mM Cu(II), (B)2 M glycerol and (C) 0.1 M GdnHCl. 
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8.2 Spectra of the adduct of α-synuclein with dopamine formed in the presence 

of different additives 
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8.3 SDS-PAGE of α-synuclein aggregates in the presence of dopamine with or 

without additives 

 

270 

8.4 SDS-PAGE of the α-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 
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8.5 SDS-PAGE of the aggregation of α-synuclein in the presence of dopamine 

and different concentrations of glycerol 
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8.6 DLS of the (A) aggregates formed in the presence of dopamine and glycerol 

and (B) aggregates treated with SDS for 24 hours 

 

273 

8.7 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 µM α-synuclein.  

Change in the absorbance of dopamine at 453 nm in the (C) presence and 

(D) absence of 35 µM α-synuclein. 
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8.8 Absorbance spectra of dopamine in the presence of copper in (A) buffer (B) 

buffer and 35 µM α-synuclein. (C) Change in the absorbance at 407 nm with 

time in the absence and presence of α-synuclein (D) Shift of the wavelength 

maxima of dopamine in buffer in the absence and presence of copper. 
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8.9 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. 
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8.10 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 
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8.11 Dopamine- induced disaggregation of the fibrils formed in absence (Lane 1) 

and presence (Lane 2) of copper 
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