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1 INTRODUCTION AND OBJECTIVES 

1.   INTRODUCTION AND OBJECTIVES 
 

1.1. THE IMPACT OF AMYLOID FIBRIL AGGREGATION IN 
HUMAN HEALTH 

The correct folding in proteins is a crucial step in the conversion of 

genetic information in biologic activity in the living beings. After the 

synthesis of proteins in the cell, most of them are able to natively fold 

in their biologically active conformation, either in a spontaneous way or 

assisted by chaperons and other factors. A small part of the proteins 

are however incorrectly folded. Figure 1.1 illustrates the different 

possible fates of a polypeptide chain after its synthesis at the 

ribosome. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 1.1. General view of the possible fates of a polypeptide chain after its 
synthesis in the ribosome. 
 

Despite the existence of exigent mechanisms of control of protein 

aggregation in the cell, under certain metabolic circumstances (stress, 
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cell aging or the presence of exogenous or infectious agents) some 

misfolded proteins or peptides form highly-organized aggregates, 

which deposit extracellularly as fibrils or plaques commonly known as 

amyloids. Fibrillar aggregates structurally and morphologically similar 

to the amyloid fibrils also form inside the cells in some diseases. In 

1907 Alois Alzheimer described for the first time senile plaques and 

neurofibrillar tangles in a middle-aged woman affected by memory 

deficits. Since then, the number of diseases related with amyloid 

aggregates has increased continuously. To date, more than 30 

diseases, some sporadic and/or hereditary and some transmissible, 

have been described as associated with amyloid deposits (Table 1.1), 

[1]. This type of diseases is known under the generic name of protein 

deposition diseases. Among these, there are some of the most 

devastating neurodegenerative diseases, such as Alzheimer, 

Parkinson and Huntington diseases. In other diseases unrelated to the 

central nervous system the protein aggregates are deposited in tissues 

or organs impairing severely their function. 

 
Table 1.1. Some examples of diseases associated with amyloid deposits. 

Disease Aggregating protein or peptide 

Alzheimer Amyloid β peptide (Abeta) 

Parkinson α-Synuclein 

Huntington Huntingtin with poly-Q expansion 

Spongiform encephalopathies Prions or fragments of them 

Amyotrophic lateral sclerosis Superoxide dismutase I 

Primary Systemic AL Amyloidosis Immunoglobulin light-chain or fragments 

Haemodialysis-related amyloidosis β2-microglobulin 

Type II diabetes Amylin or islet amyloid polypeptide 

Cataracts γ-crystalline 
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This group of diseases infringes an enormous social and personal 

damage and it is crucial therefore to understand in detail the 

mechanisms of their genesis and to learn how to treat and prevent 

them. 

 
1.2. MORPHOLOGY AND STRUCTURE OF AMYLOID 

AGGREGATES AND FIBRILS 
Despite the lack of sequence homology between the peptides and 

proteins associated with each type of disease, the amyloid fibrils 

exhibit similar external morphology and internal structure. They interact 

with specific dyes such as Congo red or thioflavin T (ThT) and have 

characteristic circular dichroism (CD) and infrared spectra, typical of a 

high content in β-sheet secondary structure [2]. When observed by 

transmission electron microscopy (TEM) or atomic force microscopy 

(AFM) in vitro, the fibrils consist of a number of filaments (typically 

between 2 and 6) each 2 to 6 nm thick that twist forming rope-like 

fibrils (Figure 1.2), [3] or associate laterally to form ribbons [4]. X-ray 

fiber diffraction analysis indicates that in each filament the protein 

molecules are arranged in a highly-ordered cross-β structure forming 

β-sheets that extend throughout the entire length of the fibril [5]. The 

most recent advances in solid-state NMR spectroscopy applied to 

amyloid fibrils [6], together with the recent success in growing nano- 

and micro-crystals of short peptides with amyloid characteristics [7], 

[8], have allowed to obtain a great level of detail in the internal 

molecular structure of the fibrils (Figure 1.2). For instance, in the fibrils 

of amyloid β-peptide (Abeta) each peptide molecule contributes to two 

β-strands, each one being part of a different parallel and in-register β-

sheet [9]. Detailed information about the structure of amyloid fibrils has 

also come from amide hydrogen-deuterium studies combined with 

high-resolution NMR and mass spectrometry [10], [11]. This type of 
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analysis has helped to map at residue level those regions of the 

polypeptide chain that form the core of the fibrils. Interestingly enough, 

these methodologies have also established that amyloid fibrils are 

dynamic structures that can undergo a recycling of molecules in 

equilibrium between the bulk solution and the fibril ends [11]. This 

observation has important implications in the design of therapeutic 

strategies to treat amyloid-related disorders, especially because there 

is increasing evidence indicating that the dynamic soluble oligomeric 

species are the true toxic species to cells.  

Despite the overall similarity in amyloid fibril structures, there is a 

significant morphological variability even between the amyloid fibrils 

formed from the same protein or peptide in vitro [12, 13]. This is 

related to a heterogeneity in the nano-scale structure of the fibrils, 

which is influenced by a variety of factors related to the environmental 

conditions of their formation, such as temperature, pH, ionic strength, 

or mechanical factors such as the presence or absence of agitation 

[14]. These results suggest that, in contrast to the unique native 

conformation of natural proteins, amyloid fibrils can acquire a variety of 

structures corresponding to several energy minima in their 

conformational landscape, being the final conformation simply selected 

by the thermodynamic or, in many cases, kinetic factors that govern 

under each circumstance.  

Although the amino acid sequence can also impact on the 

particular details of each fibril structure by specific interactions 

between side chains within the fibril and change strongly the 

propensity to fibrillate, the common structural properties of amyloid 

fibrils reflect the fact that amyloid fibril formation is a generic property 

of polypeptidic chains. In fact, a number of peptides and proteins 

unrelated to any disease can form amyloid fibrils with similar 

morphology and structure to those related to disease and it has also 
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been suggested that almost any protein could be converted to amyloid 

when submitted to the appropriate conditions [15], [16]. These findings 

have opened huge possibilities to study in vitro amyloid fibrils using a 

wide range of well-characterized proteins as model systems. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Transmission electron microscopy images of amyloid fibrils of 
insulin and model of structure of an amyloid fibril formed by filaments of β-
sheets [17]. 

 

1.3. THE MECHANISM OF AMYLOID FIBRIL FORMATION  
It is nowadays well established that the conversion of a peptide or 

protein into amyloid fibrils has a kinetic mechanism of nucleation and 

growth, typical of crystallization. The time course of fibril formation 

generally shows a typical lag phase of variable length followed by an 

exponential growth [18]. The lag phase or “nucleation” phase is the 

time required for the formation of the nuclei of aggregation, being the 
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rate limiting step of the aggregation process. Once a nucleus is 

formed, it progresses toward the fibrillation by a series of elongation 

steps with addition of protein molecules to the ends of the fibrils [19]. 

As in all nucleation-dependent processes, the lag phase can be 

shortened or even removed by “seeding” the protein sample with 

preformed nuclei or fibrillar species prior to the start of the aggregation 

[20, 21]. The length of the lag phase can also be affected by changes 

in the experimental conditions or by mutations in the protein sequence 

that may accelerate the nucleation process, being sometimes no 

longer the rate limiting step [22]. In some cases, already formed nuclei 

or fibrils can catalyze the formation of additional nuclei by a secondary 

nucleation pathway, as observed for insulin [23]. Very recently, an 

analytical approach to the kinetics of fibril assembly has shown that, in 

contrast with classical homogeneous nucleation theories, secondary 

nucleation processes such as filament fragmentation can dominate the 

process for a majority of examples and conditions [24]. 

Although it is assumed that fibrils do not appear in a significant 

amount during the nucleation phase, this is a crucial stage in the 

overall aggregation process, in which a variety of oligomeric species 

are formed, many of them rich in β-sheet structure, providing nuclei for 

the assembly of larger species and finally the fibrils.  

 

1.4. CONFORMATIONAL EVENTS TRIGGERING THE 
AGGREGATION CASCADE  

It is generally believed that an amyloidogenic protein or peptide 

needs to unfold at least partially (or refold if previously unfolded) to 

attain a partially structured conformation that can establish, at least 

transiently, the necessary intermolecular interactions to nucleate 

aggregation, whereas these interactions are disfavoured in fully 

unfolded states [25, 26, 27]. Partially-folded species are favoured in 
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globular proteins by particular conditions such as acidic pH, high 

pressure, high temperature or moderate concentrations of organic 

solvents [15, 28, 29, 30]. Remarkably, aggregation of human lysozyme 

and HypF-N can be initiated by a population of less than 1% of a 

partially folded states that is in equilibrium with the native conformation 

[31, 32]. Proteins can achieve a partially-folded conformation prone to 

aggregation by a variety of structural fluctuations occurring even under 

native conditions [33, 34, 35]. In fact, recent studies have proposed 

that destabilization of the native fold results in the modulation of the 

protein conformational ensemble, disfavouring structural cooperativity 

and increasing the sampling of partially-folded amyloidogenic 

conformations [36]. In addition, significant inverse correlations have 

been reported between the propensity of proteins to aggregate into 

amyloid-like structures and the thermodynamic stability of the native 

state [37, 38, 39, 40], although in some examples it is the unfolding 

rate which correlates with fibrillation propensity [22], [41]. Although the 

amyloid aggregation usually involves a conformational change, there 

are some cases in which formation of amyloid fibrils is preceded by an 

assembly of quasi-native or native-like structures into aggregates. 

Structural conversion takes place subsequently within the aggregates 

to transform into pre-fibrillar species that may not yet be fibrillar in their 

morphologies but have some of the characteristics of amyloid-like 

structures, such as CD or FT-IR spectra typical of β-sheet structure or 

binding to Congo-red and ThT dyes [42, 43]. These pre-fibrillar 

aggregates then convert into amyloid fibrils. Natively unfolded peptides 

and proteins, as well as fragments of proteins generated by proteolysis 

and unable to fold in the absence of the remainder of the polypeptide 

chain, can also adopt conformations that are susceptible to form 

intermolecular interactions triggering aggregation under some 

circumstances, for example, if their concentrations become elevated. It 
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is more and more evident that natural sequences in proteins have 

evolved to avoid this type of conformations [44].  

 

1.5. CHARACTERISTICS OF THE PRE-FIBRILLAR 
OLIGOMERIC PRECURSORS  

During the last decade a great effort has been made to identify, 

isolate and characterize the oligomeric and prefibrillar species present 

in solution before the appearance of the fibrils. The main reason of this 

active research is based on the increasing evidence supporting that 

these oligomeric species are involved in the neurotoxic mechanisms of 

amyloid-related neurodegenerative diseases [45]. The most active 

research has been centred on the β-amyloid peptide (Abeta) because 

of its relationship with Alzheimer’s disease. The aggregation of Abeta 

is preceded by the formation of non-fibrillar, metastable species, 

known as protofibrils, visible by TEM or AFM as globular beads of 2-5 

nm of diameter, chains of beads or annular structures [20]. Similar 

species have been observed for many other proteins such as α-

synuclein [46], immunoglobulin light chain [47], transthyretin [48], β2-

microglobulin [28], horse lysozyme [49], Sso-acylphosphatase [43] or 

the PI3-SH3 domain [50]. All these prefibrillar species also possess a 

high content of β-sheet structure and interact with Congo red and ThT, 

which suggests a certain degree of structural regularity. Some of these 

protofibrillar states appear to be on-pathway intermediates in the 

fibrillation process [51], whereas others can be off-pathway [28], [52].  

Preceding the formation of protofibrils, smaller oligomeric states 

appear, generally soluble and with a low degree of structural order. 

The assembly and structural reorganization of these species leads to 

the formation of protofibrils. For example, the 40- or 42-residue forms 

of Abeta give rise to different oligomeric species in rapid equilibrium 

with the monomeric forms, with a relatively disordered structure 



 

11 

 

1 INTRODUCTION AND OBJECTIVES 

according to their circular dichroism spectra [53]. Likewise, similar 

oligomers featuring dynamic structures have been identified during 

amyloid fibril formation of the yeast prion Sup35p, phosphoglycerate 

kinase or the PI3K-SH3 domain [50, 51, 54]. These oligomers are 

capable of nucleating the formation of amyloid fibrils efficiently, 

reducing the lag phase of aggregation. These results indicate that 

disordered oligomers appear to be the key precursors of protofibrils 

and fibrils and therefore the elucidation of their physicochemical and 

conformational properties is of crucial importance in understanding the 

determinants of amyloid aggregation in order to design therapeutic 

strategies to inhibit their formation.  

Irrespective of the role of the oligomeric species and prefibrillar 

aggregates in the overall fibrillation process, the investigation of their 

mechanism of formation and structural properties is of vital importance 

because these species appear to constitute the main toxic agents in 

neurodegenerative diseases [45]. Supporting this hypothesis, some 

studies established a significant correlation between the levels of 

soluble Abeta peptide, including its oligomeric forms, and the degree of 

synaptic alteration, neurodegeneration and cognitive decline in 

Alzheimer’s disease patients, whereas a similar correlation is not 

observed for the insoluble deposits [55]. Furthermore, the neurotoxicity 

of Abeta oligomers has been demonstrated in animal brains by 

injection of purified oligomers into rat hippocampus [56, 57]. Also for α-

synuclein increasing evidence suggests that nonfibrillar dimers or 

oligomers play a major role in the disease progress of Parkinson’s 

disease [58]. Similarly, it has been shown with neuronal cell cultures 

that there is less cell death in the presence of large aggregates of poly-

Q-rich Huntingtin than when only the soluble fraction is present [59]. 

Certain non-fibrillar aggregates of transthyretin have also been shown 
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to be toxic to neuronal cells under the conditions where the native 

tetramers and the mature fibrils have no significant toxicity [60]. 

The general toxic nature of prefibrillar aggregates has been further 

underlined by the finding that certain oligomeric species of proteins 

unrelated to disease, such as HypF-N of E. coli, the SH3 domain of 

bovine phosphatidyl-inositol kinase and equine lysozyme, are highly 

toxic in fibroblast and neuron cultures, whereas the amyloid fibrils of 

the same proteins show little if any toxicity [61, 62].  

The reasons of the toxic behaviour of these prefibrillar aggregates 

to cells are currently at the front of research. This investigation is 

however hampered by the lack of structural information available for 

the toxic oligomeric species and also the mechanism of their 

pathological action remains unclear. For instance, it is possible that A-

beta neurotoxic effects are the result of an interaction between 

oligomers and neurotransmitter receptors, interfering with signalling 

pathways in the synaptic plasma membranes [45]. Other hypotheses 

imply the formation of specific ion channels or the non-selective 

permeabilization of the plasmatic membrane [63]. The main obstacle to 

this investigation is that these oligomeric states are relatively short-

lived and rapidly convert into an amyloid fibril state and, therefore, are 

difficult to detect or study. Among the few exceptions to this is a 

recently reported study, in which two types of stable oligomers of 

HypF-N with similar morphological, structural and tinctorial properties 

have been shown to have very disparate cellular toxicity. This 

difference appears to be related to their different structural flexibility 

and hydrophobic exposure that are related to their capability to 

permeabilize the cell membrane and trigger citotoxic processes [64]. 

Understanding the stability and life-time of toxic oligomers under 

physiological conditions could turn out to be a key factor in the 

progress against amyloid-related diseases.  
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Given the complexity and limited information about amyloid 

structures and the mechanisms and factors controlling their formation, 

the high stability of the fibril inclusions and the incomplete knowledge 

about the identity of the toxic species and their mechanisms of toxicity, 

designing effective strategies of therapy and prevention for these 

diseases is a very complex task. 

Current lines of action involve several different approaches [65], 

such as interfering with posttranslational modifications of proteins that 

promote protein aggregation, up-regulating molecular chaperones or 

stimulating aggregate clearance, targeting cellular pathways affected 

by protein aggregation (e.g. apoptosis, transcription) or directly 

targeting proteins that undergo misfolding and aggregation.   

 

1.6. AMYLOID AGGREGATION PROPENSITY IS STRONGLY 
DEPENDENT ON SEQUENCE 

A large body of work has established that polypeptide chains with 

different sequences have markedly different aggregation rates, even 

when the aggregation occurs from unfolded states or disordered short 

peptides. In particular, hydrophobic side chains at key positions in the 

sequence (for example, if they are important in nucleation) can 

influence strongly the rate of aggregation [66, 67]. Net charge and β-

sheet propensity of the sequence can also impact considerably on the 

aggregation rate [68, 69, 70]. Remarkably, the changes in the rate of 

aggregation of unstructured peptides and proteins following a series of 

mutations could be rationalized using a phenomenological equation, 

based on simple physicochemical principles [71]. This provides strong 

support to the idea that aggregation of polypeptide chains reflects the 

typical behaviour of a simple polymer, in contrast to the process of 

folding of globular proteins, where the folding rates are strongly 

coupled to the specific structures of the native states determined by 
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highly evolved sequences. The increasing knowledge about the 

sequence effects on aggregation has led to the development of 

algorithms to identify the regions of the sequence that promote 

aggregation within an unstructured polypeptide chain [72, 73, 74]. The 

success of this type of approach is particularly well illustrated by the 

very good agreement between the regions of the sequence predicted 

to promote the aggregation of the Abeta peptide and α-synuclein and 

those found experimentally to form and stabilize the fibril core and/or to 

play a primary role in fibril formation [73].  

 

1.7.  SPC-SH3 DOMAIN, A MODEL TO STUDY THE 
AMYLOID FIBRIL FORMATION MECHANISM 

The work body of this thesis has been focused in the α-spectrin 

SH3 domain (Spc-SH3) (Figure 1.3). This small domain of 62 residues 

has become the subject of intense investigation by many groups 

including ours and there is now a wealth of both thermodynamic and 

kinetic information available about its folding mechanism and 

conformational stability from both experimental [34, 75, 76, 77, 78, 79, 

80] and computational approaches [81, 82].  

More than a decade ago, a highly homologous SH3 domain (PI3-

SH3) was shown to form amyloid fibrils under acidic conditions [29], 

being one of the first amyloidogenic proteins unrelated to disease. 

Since then, a vast amount of data about the biophysics and structure 

of amyloid fibrils has been generated with this model system [13, 83, 

84, 50, 85]. Intriguingly, the Spc-SH3 domain did not form amyloid 

fibrils under similar conditions and the molecular reasons behind of this 

different behaviour were a subject of particular interest [86]. It was later 

described than transplanting a small sequence stretch of 6 amino 

acids from PI3-SH3 to Spc-SH3, comprising residues of the diverging 

turn and adjacent RT loop, creates an amyloidogenic protein closely 
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similar in its behaviour to the original PI3-SH3 [87]. This indicated the 

importance of specific residues or “hotspots” in controlling the 

aggregation propensity of the protein. 

 

 

 

 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 1.3. Schematic ribbon representation of the 3D structure of the Spc-
SH3 domain.  
 

During the course of previous research in our group, it was found 

that the single mutation N47A, placed at the distal turn within the 

folding nucleus of the Spc-SH3, favours the rapid formation of amyloid 

fibrils at mildly acidic conditions, under which the majority of the protein 

is natively folded [88]. The reasons of the amyloidogeneicity of the 

N47A mutation were unclear since algorithms of prediction of 
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aggregation [72, 73] did not anticipate any increased aggregation 

propensity for this mutant compared to the WT domain. 

The effect of the N47A mutation on the folding, stability and 

structural cooperativity of the Spc-SH3 domain had been studied 

previously [89, 90, 91]. This mutation produces a destabilization of the 

native state of about 2 kJ mol−1, mainly due to a decrease in the folding 

rate, without an important influence in the unfolding rate, which is 

indicative of the involvement of the distal turn in the folding transition 

state of the domain [78]. The increase in the energy barrier of folding 

produced by this mutation is, however, rather small and it could not be 

ruled out that the mutation exerts additional changes in the folding 

landscape by stabilization of alternative aggregation-prone 

conformations, thus affecting the kinetic partitioning between folding 

and aggregation. 

This previous study of amyloid formation, together with the wealth 

of kinetic and thermodynamic data available for the folding mechanism 

and the conformational stability of the Spc-SH3 domain, make it an 

ideal model protein to study the determinants of amyloid formation. 

Given the lack of a profound understanding of the molecular and 

physicochemical determinants of formation of amyloid structures and, 

particularly, of the soluble precursor species that precede the 

fibrillation process, it is required further investigation of the details of 

the mechanism of fibrillation and the factors that control it. For 

instance, it is necessary to establish unequivocal links between the 

energy landscapes controlling the folding and the conformational 

stability of proteins and those governing their aggregation. It is also 

crucial to understand how amyloidogenic early precursors and 

aggregation nuclei arise from normally folded proteins and how 

environmental variables affect their formation. And finally it is important 
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to elucidate how these early stages affect to final structure and 

morphology of the amyloid aggregates.  

The work presented in the Thesis is aimed at tackling these 

aspects of amyloid aggregation by making use of a very suitable model 

protein to analyze a variety of stages of the mechanism of amyloid 

fibrillation, ranging from the early conformational effects occurring prior 

to the nucleation to the final structure and morphology of the amyloid 

fibrils. 

All this information is essential to devise future strategies of 

therapy or prevention of these devastating pathologies related to 

amyloids. For instance, since key precursors of fibrillation appear to 

share common structural features in many proteins, including those 

unrelated to disease, their detailed structural characterization may 

serve to enlighten the design of compounds inhibiting their formation or 

even to design mimetic molecules that may act as vaccines preventing 

these disorders. Moreover, a better understanding of the influence of 

environmental conditions in vitro upon fibrillation and, especially, upon 

formation of oligomeric species, toxic to cells, may shed light on the 

way to avoid in vivo metabolic states that promote protein deposition. 

 

1.8. OBJECTIVES 
Our main hypothesis, supported by previous research in our 

group, was that, with the use of an appropriate, well-characterized 

model system such as the Spc-SH3 domain, it is possible to 

characterize in detail the kinetics amyloid fibril formation and their 

precursors and to find significant relationships between their 

properties, their structure, the environmental conditions and the 

mechanism of their formation.  

The main objective of this Thesis project was to identify and 

characterize the most relevant states of the protein during the amyloid 
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cascade in order to elucidate the mechanism of the process in detail. 

To achieve this goal, we used a wide variety of biophysical methods 

and techniques to explore structurally and kinetically all the stages of 

amyloid fibrillation, ranging from the initial conformational events that 

the protein chain undergoes under amyloidogenic conditions, to the 

final structure and morphology of the amyloid fibrils at the end of the 

process. 

The specific aims of the Thesis include:  

1. To elucidate the relationship between thermodynamic stability 

of the native Spc-SH3 domain and its amyloid aggregation propensity.  

2. To understand the effect of environmental variables 

(temperature, salt concentration and pH) on the fibrillation kinetics, the 

pathway of assembly and the final fibril morphology.  

3. To identify early intermediates and oligomeric precursors in the 

fibrillation pathway and how environmental conditions influence their 

accumulation in equilibrium and kinetics experiments. 

4. To characterize structurally at the level residue the native 

conformational ensemble of Spc-SH3 under conditions near those of 

fibrillation using amide hydrogen-deuterium exchange methods 

combined with high-resolution NMR. The structural information will be 

essential in the molecular interpretation of the early events of fibril 

formation. 

5. To analyse structurally the mechanism of the conformational 

changes triggering fibril formation using a site-directed mutagenesis 

approach probing all secondary structure elements in the Spc-SH3 

backbone. 

6. To obtain structural information about the amyloid fibril core of 

the N47A Spc-SH3 domain. 
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2. ANALYSIS OF THE RELATIONSHIPS BETWEEN NATIVE-    
STATE STABILITY AND AMYLOID FIBRILLATION 
PROPENSITY 

A number of studies have reported an inverse correlation between 

the propensity of proteins to aggregate into amyloid-like structures and 

the thermodynamic stability of the native state [1-3]. Furthermore, 

recent studies have proposed that stabilization of the native fold results 

in the modulation of the conformational ensemble favouring structural 

cooperativity and reducing sampling of partially-folded amyloidogenic 

conformations [4,5]. This has led in some cases to devise promising 

therapeutic strategies for amyloid-related diseases based on 

stabilization of the native-state by specific drugs [6]. There are 

however examples in which kinetic stability, rather than 

thermodynamic stability, controls fibrillation [7] and in some cases the 

formation of amyloid fibrils is preceded by an assembly of quasi-native 

or native-like structures into aggregates [8,9]. Thus, a detailed 

understanding of the thermodynamic and kinetic factors determining 

accumulation of amyloidogenic species in proteins still remains far 

from complete. 

In the case of the Spc-SH3 domain the amyloidogenic mutation 

N47A strongly accelerates the formation of amyloid fibrils in the 

presence of moderate salt concentration [10], whereas the fibrillation of 

the WT domain is much slower under similar conditions. The N47A 

mutation, located at the tip of the distal loop (a type II’ β-turn) within the 

folding nucleus of the domain [11], has a significant destabilizing effect 

of the native state [12,13]. We wondered whether the increased 

tendency of the N47A mutant to form amyloids relative to the WT 

domain is exclusively due to a thermodynamic destabilization on the 

native structure or it is related to other specific effects exerted by the 

mutation. 
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To answer this question we compared the thermodynamic stability 

of the native state and the amyloid aggregation propensity between the 

WT Spc-SH3 domain and several single mutants located in the 310 

helix at the A56 position (A56E and A56G, destabilizing; and A56K 

stabilizing). In addition, we compared the kinetics of fibril formation of 

the WT protein and the N47A mutant under conditions where the 

thermodynamic stability of both variants is identical.  

 

2.1. THERMODYNAMIC STABILITY OF SINGLE MUTANTS 
AND ITS CORRELATION WITH THE PROPENSITY TO 
FORM AMYLOID AGGREGATES 

The propensity to form amyloid fibrils of the WT Spc-SH3 and 

several single-point mutants was analyzed by monitoring ThT 

fluorescence under the conditions described previously for the N47A 

mutant [10], i.e., at 37 ºC in 100 mM glycine buffer pH 3.2, in the 

presence of 100 mM NaCl and a protein concentration of 8.2 mg/mL 

(Figure 2.1). The mutations in the variants analyzed are located at two 

different regions within the putative folding nucleus of the Spc-SH3 

domain [14]. Most of the variants except the A56K mutant formed 

amyloid fibrils when incubated at 37 ºC for long periods, with 

morphologies similar to those of the N47A mutant, as observed by 

TEM (not shown). The aggregation rates of the WT domain and the 

A56G and A56E mutants were quite similar but they all aggregated 

considerably slower than the N47A mutant and their kinetics presented 

longer lag phases, suggesting a slower formation of aggregation 

nuclei. 
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Figure 2.1. Kinetics of amyloid fibril growth of variants of Spc-SH3 domain 
measured by ThT fluorescence. Aggregation was followed at 37 ºC in 100 mM 
glycine buffer pH 3.2, with 100 mM NaCl, at an equal protein concentration of 
8.2 mg mL−1. 
 

The thermodynamic stability of all the variants was analyzed by 

DSC at pH 3.2 and at protein concentrations sufficiently low (0.8 mg 

mL−1) to avoid aggregation during the thermal unfolding. The WT and 

the N47A mutant were also studied by DSC at different pH values 

between 2.0 and 3.5. Under these conditions, the thermal unfolding of 

all variants was highly reversible and followed the two-state unfolding 

model. Identical DSC thermograms were obtained for some of the 

variants using different scan rates, between 1 and 2 ºC min-1 (not 

shown), indicating that the thermal unfolding occurs under equilibrium 

during the entire DSC scan.  

The thermodynamic parameters (Table 2.1) do not correlate 

whatsoever with the aggregation propensities of the mutants. For 

instance, the A56E and A56G mutants, with stabilities similar to the 

N47A mutant, form amyloid fibrils at slower rate than the latter but at 

similar rate as the more stable WT domain. In contrast, the A56K 
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mutant has practically identical stability as the WT domain but it does 

not form amyloid aggregates within the time period analyzed. 
 

Table 2.1. Thermodynamic parameters of the equilibrium thermal unfolding of 
Spc-SH3 variants determined by DSC. 
 

Variants pH Tm (ºC)
∆Hu (Tm) 

(kJ mol−1) 

∆Gu (37 ºC) 

(kJ mol−1) 

WT 

3.2

53.9 165 7.28 

N47A 50.9 149 5.59 

A56E 50.1 146 5.15 

A56G 49.3 148 4.94 

A56K 53.3 160 6.91 

WT 

2.0 43.1 125 2.19 

2.5 49.5 144 4.83 

3.0 52.4 159 6.14 

3.2 54.8 168 7.28 

3.5 58.9 182 9.31 

 

N47A 

2.0 36.8 106 -0.08 

2.5 40.0 114 1.03 

3.0 49.5 148 4.83 

3.2 51.2 152 5.59 

3.5 55.4 170 7.56 
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2.2. WT AND N47A Spc-SH3 DOMAINS: PROPENSITY TO 
FORM AMYLOIDS UNDER CONDITIONS OF IDENTICAL 
STABILITY 

A plot of the unfolding enthalpies, ∆Hu (Tm), versus the unfolding 

temperatures, Tm, measured for the different variants at pH 3.2 and for 

the WT and N47A variants at several pH values, shows a single linear 

dependence (Figure 2.2a). This indicates that the changes in enthalpy 

of unfolding are only due, within the experimental error, to its 

dependence with temperature due to the heat capacity change of 

unfolding, ∆Cp = d∆H/dT, common to all domain variants [15]. This is 

consistent with insignificant changes in the native structure produced 

by the pH or the mutations.  

Using the heat capacity change of unfolding derived from the 

slope of the plot (3.6 ± 0.1 kJ K−1 mol−1) and the thermodynamic data 

of Table 2.1, we calculated the Gibbs energy change of unfolding at 37 

ºC as described elsewhere [16] as a function of pH and determined 

that the WT Spc-SH3 domain at pH 2.78 and the N47A mutant at pH 

3.20 have the same Gibbs energy change of unfolding, i.e., identical 

thermodynamic stability (Figure 2.2b). 

Thus, to exclude the influence of the native-state stability, we 

compared the kinetics of amyloid formation of the WT Spc-SH3 

domain at pH 2.78 and the N47A mutant at pH 3.20 (Figure 2.3). 

The N47A mutant still aggregates much faster than the WT 

domain, which indicates that the amyloidogenic effect of this mutation 

is not related to a global destabilization of the native state. This 

difference is neither due to the pH difference affecting the net charge 

of the protein because the rate of fibrillation of the N47A mutant 

increases with the reduction of pH (see Chapter 3). 
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Figure 2.2. The effect of the single-point mutations upon the thermodynamic 
stability of the Spc-SH3 domain. a) Plot of the enthalpy change of unfolding, 
∆Hu (Tm) , versus the unfolding temperature, Tm, obtained from the two-state 
analysis of the DSC thermograms measured for all variants at pH 3.2 and low 
protein concentration where thermal unfolding occurs under equilibrium. 
Values were also measured for WT and N47A mutant at different pH values 
(pH 2.0, 2.5, 3.0, 3.2 and 3.5). In all cases the buffer was 100 mM glycine, 
100 mM NaCl, and the sample concentration was 0.8 mg mL-1. The solid line 
represents the linear regression of the experimental data corresponding to a 
heat capacity change of unfolding of 3.6 ± 0.1 kJ K−1 mol−1. b) pH dependence 
of the folding stability of WT and N47A Spc-SH3 at 37 ºC. The solid line was 
calculated by polynomial regression to facilitate interpolation. 
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Figure 2.3. Kinetics of amyloid fibril growth of the WT and N47A variants of 
Spc-SH3 measured by ThT fluorescence. Aggregation was followed as in 
Figure 2.1 but at pH 2.78 for WT and pH 3.20 for N47A. The inset shows an 
expansion of the first 500 min of incubation. 
 

2.3. AMYLOID FIBRIL MORPHOLOGY OF WT AND N47A 
SPC-SH3 

We compared by TEM the morphology of the aggregates 

appearing during the aggregation process of WT and N47A Spc-SH3 

under conditions of equal thermodynamic stability (Figure 2.4). At early 

times of incubation (30 min) the N47A forms protofibrillar and 

amorphous aggregates of protein (Figure 2.4a), which quickly 

reorganize after only 60 min of incubation into small curly fibrils with 

diameter of 6-7 Å and lengths between few tenths and several 

hundreds of nanometres (Figure 2.4b). These fibrils elongate further 

for longer incubation times. In the case the WT domain, at 30 min of 

incubation only few small globular and amorphous aggregates were 

sparsely visible (not shown) but a variety of irregular aggregate 

clusters form at 60 min of incubation (Figure 2.4d), which become 

reorganized later to form fibrillar structures as observed at 180 min of 

incubation (Figure 2.4e). After long incubation times both variants 
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presented a tangle of amyloid fibrils with similar apparent curly 

morphology and diameter (Figures 2.4c and 2.4f) and few mature 

amyloid fibrils already appeared in the N47A samples.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Electron microscopy images of aggregated N47A (panels a, b and 
c) and WT (panels d, e and f) Spc-SH3 variants after different times of 
incubation at 37 ºC: (a) 30 min; (b and d) 60 min; (e) 180 min; (c and f) 1 
month. Incubation conditions are identical to those of Figure 1b for each 
variant. The length of the black segments corresponds to 100 nm in all 
images. 
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It appears that for both protein variants amyloid fibril formation 

involves similar early events, i.e., an initial formation of amorphous 

prefibrillar aggregates and a subsequent reorganization of these 

aggregates into fibrils. Both events occur more rapidly in the N47A 

mutant than in the WT form. 

 

2.4. STUDY OF THE EARLY PARTICLES FORMED DURING 
AGGREGATION 

We followed by DLS the early stages of aggregation of the WT 

and N47A variants at 37 ºC under conditions of identical 

thermodynamic stability (Figure 2.5 and 2.6). The growth of the 

scattering signal for the N47A mutant had a much shorter lag time than 

for the WT form (Figure 2.6a), indicating a faster formation of 

aggregation nuclei. From the DLS data we calculated the size 

distribution of particles in the mixture as a function of the incubation 

time. The time evolution of the apparent hydrodynamic radius, Rh, for 

the two smallest peaks in the distributions are shown in Figure 2.6b. At 

the start of the incubation, the size distributions show for both protein 

variants only particles with an apparent Rh of ≈ 1.7 nm, consistently 

with the value reported for native Spc-SH3 [17]. This Rh increases from 

≈1.7 nm to ≈3.2 nm in N47A at around 100 minutes of incubation. In 

our previous work we interpreted this observation as indicative of 

oligomerisation following a conformational change in the protein [10]. 

In the case of the WT domain this event is delayed more than 300 

minutes of incubation, corresponding approximately to the duration of 

the lag phase observed by ThT fluorescence. 

Simultaneously, within few minutes from the start of the incubation 

additional species appeared with an apparent Rh starting at ≈ 7-9 nm 

and increasing progressively with the incubation time. These particles 

were identified previously as small protofilaments of 6-7 nm in 
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diameter elongating as the aggregation progresses [10]. The fibril 

elongation is slightly slower for the WT, as indicated by the slower 

increase in their average Rh, which reaches ≈40 nm at ≈300 min (≈ 

150 min for the N47A mutant). The apparent Rh of the fibrils stops 

increasing because of the lack of linear persistence of the fibrils. This 

apparent Rh would correspond to fibril lengths of about 250-500 nm 

[18]. Finally, at long incubation times larger particles with apparent Rh 

reaching up to several micrometers became developed for both 

proteins corresponding to long amyloid fibrils (Figure 2.5). 

 

a                                                    b 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. DLS analysis of the hydrodynamic radius (Rh) of the species 
present during the time evolution of the amyloid aggregation of WT (a) and 
N47A (b). Times of incubation indicated alongside each curve. Sample 
concentration is 8 mg mL-1 and the aggregation conditions are 37 ºC, 100 mM 
Gly, 100 mM NaCl, pH 2.78 for WT and pH 3.2 for N47A. 
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Figure 2.6. Aggregation kinetics at 37 ºC of WT and N47A Spc-SH3 followed 
by DLS. Experimental conditions are identical to those of Figure 1b. a) Time 
dependence of the scattering intensity for WT (blue open squares), N47A 
(magenta open squares) and WT in the presence of 10 % N47A preincubated 
for 100 min (green open squares). b) Apparent hydrodynamic radius, Rh, 
determined by DLS for the two smallest species during the course of 
aggregation at 37 ºC observed in the size distributions for WT (blue), N47A 
(pink). c) Same as in (b) for WT in the presence of 10 % N47A preincubated 
for 100 min (green). Symbols in b) and c) correspond to the maximum of each 
peak in the size distributions. The lines are drawn only for the sake of clarity. 
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To test the effect of the presence of preformed nuclei of N47A 

mutant upon the fibril nucleation of the WT protein, we preincubated an 

8.2 mg mL−1 sample of N47A mutant at 37 ºC for 100 min allowing 

formation of oligomeric species. Then, we immediately added a 10 % 

of this sample to an identical fresh sample of WT protein and 

incubated the mixture at 37 ºC while measuring the DLS signal 

(Figures 2.6a and 2.6c). 

The presence of N47A nuclei reduced significantly the lag phase 

of aggregation of WT but did not affect importantly the growth rate of 

fibrils as observed by the similar slope of the increase in the DLS 

signal. Interestingly, the formation of oligomeric species of WT Spc-

SH3 with apparent Rh of ≈ 3.2 nm was accelerated significantly, 

indicating that pre-existing N47A oligomers could catalyze formation of 

WT oligomers and facilitate nucleation. 
 

2.5. DISCUSSION 
Here we have demonstrated that the effect of mutations in Spc-

SH3 upon the thermodynamic stability of the native state does not 

correlate with the changes in the rates of amyloid aggregation. Whilst 

the destabilizing mutation N47A at the tip of the distal loop of the 

domain greatly enhances amyloid aggregation, other similarly 

destabilizing mutations at the 310 helix do not change importantly the 

aggregation propensity. We have also shown that even under 

conditions where the WT and the N47A mutant have identical stability 

their kinetics of aggregation are markedly different. These results 

demonstrate unequivocally that thermodynamic destabilization of the 

native state produced by the mutation is not the main factor favoring 

fibril formation by this small domain.  

The fibrillation presents a much shorter lag phase for the N47A 

mutant than for the WT domain, suggesting a faster formation of 
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aggregation nuclei. In addition, the rate of fibril elongation observed by 

DLS is roughly 2-fold higher for the N47A mutant than for the WT, in 

great contrast with a roughly 10-fold difference in the growth of fibril 

mass observed by ThT fluorescence. This indicates that the 

amyloidogenic effect of the N47A mutation occurs mainly at the stage 

of the conformational events previous to nucleation or at the nucleation 

step itself. In fact, the analysis by DLS shows that formation of early 

oligomers occurs earlier for the N47A mutant than for the WT and this 

event appears to be crucial in the development of fibrillar aggregates, 

thus conditioning all the subsequent fibrillation process. Indeed, for 

both variants the duration of the lag phase in fibril formation is very 

similar to that of formation of oligomers (see Figures 2.1b and 2.3). 

This suggests that these oligomers may be the competent species of 

fibril nucleation or may even constitute themselves the aggregation 

nuclei. The presence of oligomeric species in rapid equilibrium with the 

monomeric form has also been reported as critical for fibril nucleation 

as for example in Abeta [19] or yeast prion Sup35p [20] and the 

importance of their characterization is emphasized by their implication 

in a number of neurotoxic processes [21]. 

Of particular interest is the observation that preformed 

aggregation nuclei of the N47A mutant could accelerate significantly 

nucleation of the WT protein, whereas the rate of fibril elongation was 

not affected. This suggests that nuclei pre-existing in the mixture can 

catalyze formation of additional aggregation nuclei, likely through 

transient intermolecular interactions.  

Our results may appear in conflict with previous studies, which 

have found a significant inverse correlation between native stability 

and the propensity to form amyloids. For instance, several mutants of 

the B1 domain IgG-binding protein G induced amyloid aggregation in 

inverse correlation with their native stability [3,22]. Similarly, a 
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significant inverse correlation has been found between native stability 

of a series of acylphosphatase mutants and their susceptibility to 

amyloid fibrillation induced by TFE [1]. These studies concluded that 

key requirement for fibril formation was an increase in the population of 

intermediate folding conformations that become favoured by 

destabilizing the native state. On the other hand, a mutational analysis 

of the fibrillation of the thermophilic protein S6 has revealed no 

correlation whatsoever between native stability and fibril formation [8]. 

Instead, the unfolding rates correlated directly with the lag phases of 

amyloid aggregation suggesting that the nucleation occurs from a 

quasi-native state. In this case, certain amino acid residues locally 

grouped in the structure were found to act as “gate keepers” inhibiting 

the access to specific states that trigger the aggregation cascade. 

Additional evidence supporting the importance of local effects has 

been provided by the study of two amyloidogenic variants of human 

lysozyme [4,23], in which transient unfolding of a specific region of the 

protein including the beta domain and the C-helix is enhanced by the 

mutations.  

Our previous studies by native-state hydrogen-deuterium 

exchange have revealed that under native conditions at acid pH the 

Spc-SH3 domain undergoes a variety of conformational fluctuations 

ranging from local distortions of flexible regions to extensive unfoldings 

[24, 25]. Moreover, we reported that single mutations changing the 

native stability produced redistributions of the conformational 

ensemble that differed depending of the mutational position [12, 26]. 

Although both the 47 and 56 positions are located within the putative 

folding nucleus of the Spc-SH3 domain [14], they differ in 

conformational flexibility in the native state. A local destabilization at 

position A56 affects the whole domain’s core lowering the energy of 

highly unfolded states but leaving unchanged the distribution of the 
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most accessible states. By contrast, the N47A mutation destabilizing 

the flexible distal loop produces a redistribution of highly populated 

states, which may favour particular states prone to aggregation. This 

view is consistent with our finding that similarly destabilizing mutations 

such as N47A and A56G produce disparate amyloidogenic effects. 

It appears, therefore, that although transient exposure of certain 

regions of the polypeptide chain is a common and obligatory step in 

amyloid fibril formation by globular proteins, the precise details of the 

mechanism by which this event conducts to nucleation and the 

subsequent aggregation cascade may strongly differ between proteins 

and determine whether or not a correlation between stability of the 

native state and amyloid aggregation propensity is found in mutational 

analyses. In the case of the small Spc-SH3 domain, not every mutation 

destabilizing the native state are intrinsically amyloidogenic and it 

seems that the N47A mutation may produce a particular redistribution 

of the conformational ensemble of the protein leading specifically to a 

significant reduction in the energy barrier of nucleation of the fibrillation 

process. 
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3. EFFECT OF ENVIRONMENTAL FACTORS UPON THE 
FIBRILLATION KINETICS AND FIBRIL MORPHOLOGY 
As summarized in the Introduction, the kinetics of amyloid fibril 

formation generally follows a nucleation-growth mechanism, in which 

non-native forms of partially folded protein molecules slowly associate 

to form aggregation nuclei. These species grow subsequently through 

the sequential incorporation of other precursor molecules [1,2]. The 

distinctive feature of the nucleation-growth mechanism is a lag period 

followed by a rapid extension reaction. The length of the lag phase can 

be affected by changes in the experimental conditions (pH, salt ions, 

temperature, etc.) that may accelerate the nucleation process, being 

no longer the rate limiting step [3]. In addition, certain proteins appear 

to fibrillate through entirely non-nucleated processes [4,5] or by 

secondary nucleation mechanisms [6,7].  

Despite a considerable similarity in their overall structural and 

morphological properties, amyloid fibrils can be remarkably diverse. 

This heterogeneity appears to be related to significant variation in the 

nano-scale structure of the fibrils, which is influenced by a variety of 

factors related to the environmental conditions controlling their 

formation, such as temperature, pH, ionic strength, or mechanical 

factors such as the presence or absence of agitation [8-14]. 

In the previous chapter we have demonstrated that the 

amyloidogenic effect of the N47A mutation is not due to a 

destabilization of the native state of the protein but to an acceleration 

of the series of conformational events taking place during the 

nucleation stage of the fibrillation process. To achieve a better 

understanding of the nature of these early kinetic events and how 

these variables influence the morphology of the fibrils, we have 

extended the study of the fibril formation by the N47A mutant of Spc-

SH3 under a broad range of experimental conditions. We have 

systematically explored the effect of salt concentration, temperature 
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and pH using a variety of biophysical techniques that report about 

different stages and aspects of the aggregation process. 

Most of the experiments related to salt and temperature studies 

were performed by Dr. Bertrand Morel, who has collaborated intensely 

in the development of this work.  

 

3.1. EFFECT OF SALT CONCENTRATION ON THE 
MORPHOLOGY OF THE AMYLOID FIBRILS OF N47A Spc-
SH3 

Our research group has previously shown that the N47A mutant of 

the Spc-SH3 domain forms readily amyloid fibrils at mild acid pH (100 

mM glycine buffer, pH 3.2) and that an increase in NaCl concentration 

enhances the fibrillation considerably [15]. Here we examined in detail 

the morphologies of the fibrillar aggregates produced under different 

NaCl concentrations by transmission electron microscopy (TEM) 

(Figure 3.1).  

Incubating during three days a high protein concentration sample 

(20 mg mL−1) at 37 ºC and at pH 3.2 in the absence of NaCl produced 

fibrils with a curly morphology (see figure 1c in reference [15]). The 

fibrils had an approximate diameter of 6-7 nm as estimated from the 

TEM pictures and have a curly and tangled appearance similar to 

those described as protofilaments or protofibrils [16]. A complete study 

of TEM images (not shown) with the time dependence of fibril 

assembly was performed. Strikingly, after 2 months of incubation at 37 

ºC the curly fibrils had disappeared and only straight and twisted 

amyloid fibrils were visible in the samples (Figure 3.1a). These fibrils 

are formed by twisted protofilaments with an approximate diameter of 

6.9 ± 0.8 nm, similar to that of the protofibrils assembled at long 

incubation times.  
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Figure 3.1. Effect of environmental conditions upon the morphology of 
amyloid fibrils of N47A Spc-SH3. Transmission electron microscopy images 
were taken with samples incubated in 100 mM glycine buffer pH 3.2 at 
different NaCl concentration, temperature, sample concentration and 
incubation time: (a) 0 M NaCl, 37 ºC, 20 mg mL−1,  2 months; (b) 0.05 M NaCl, 
37 ºC, 8 mg mL−1, 10 days; (c) (b) 0.1 M NaCl, 37 ºC, 8 mg mL−1, 10 days; (d) 
0.1 M NaCl, 37 ºC, 8 mg mL−1, 1 month; (e) 0.2 M NaCl, 37 ºC, 8 mg mL−1, 10 
days; (f) 0.1 M NaCl, 70 ºC, 8 mg mL−1, 6 hours. The length of the black 
segment corresponds to 100 nm for each panel. 
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The amyloid fibrils have considerable linear persistence and 

several morphological subtypes characterized by different twists of a 

number of coiled protofilaments, as usually observed for many other 

amyloids [17]. 

At intermediate salt concentrations (0.05 M and 0.1 M NaCl) the 

aggregates formed at early times of incubation at 37 ºC consisted of 

only curved protofibrils reaching lengths of up to several µm [15]. The 

diameter of the filaments is about 6-7 nm (Table 3.1). Interestingly, 

after about 10 days of incubation thin curved filaments and straight 

twisted amyloid fibrils coexisted in the samples (Figures 3.1b and 

3.1c), with the latter appearing earlier in the mixture at the lower NaCl 

concentration. At long incubation times of more than 1 month the 

twisted fibrils prevailed in the samples, indicating that the curly 

filaments convert into straight and twisted fibrils (figure 3.1d). We 

cannot fully discern from these results whether the curved filaments 

can assemble directly to form the twisted amyloid fibrils or they are off-

pathway to their formation, as it has been described elsewhere [14]. 

Incubation of an 8 mg mL-1 protein sample at pH 3.2 and high salt 

concentration (0.2 M NaCl) resulted in the rapid formation (within few 

minutes) of a tangle of curved protofibrils (Figure 3.1e). The average 

diameter of these curly filaments estimated from the TEM pictures was 

4.5 ± 0.6 nm, significantly lower than that of the protofibrils formed at 

lower salt concentrations, which suggest a different internal structure. 

Importantly, these protofibrils persisted for more than one month of 

incubation under these conditions without any apparent change in 

morphology or diameter. A similar fibrillar material could also be 

obtained by incubating at 70 ºC during 6h an 8 mg mL−1 protein 

solution at pH 3.2 in the presence of 0.1 M NaCl (Figure 3.1f). 
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Table 3.1. Apparent diameter of protofibrils and protofilaments determined 
using TEM images. Data correspond to mean values of 15 measurements. 
 

Incubation time at 37ºC [NaCl] (M) Apparent diameter 
(nm) 

10 days 
0.05 6.9 ± 0.3 
0.1 6.2 ± 0.8 
0.2 4.5 ± 0.6 

1 month 
0.05 6.4 ± 0.8 
0.1 6.4 ± 0.8 
0.2 4.9 ± 0.8 

 

These results indicate that the N47A Spc-SH3 domain can form 

amyloid fibrils of different morphologies depending on the 

environmental conditions and the time of incubation. Low to moderate 

salt concentrations favour the initial formation of protofibrils with a 

diameter of about 6-7 nm that convert into long and twisted mature 

fibrils after prolonged incubation. High salt concentration promotes the 

rapid assembly of protofibrils with significantly lower diameters, which 

remain stable despite incubation for several months at 37 ºC. 

To elucidate if the different ability between each type of protofibril 

to convert into the mature amyloid fibrils may be caused by the 

conditions of incubation or by some difference in their intrinsic 

structural properties, samples of each type of curly protofibrils were 

prepared by three-day incubation at 37 ºC of 8.5 mg mL−1 protein 

samples at pH 3.2 in buffers containing either 0.05 M NaCl or 0.2 M 

NaCl. The fibrillar materials were centrifuged and the fibrils were 

resuspended in the opposite buffer, adjusting the final volume to keep 

the original protein concentration. The samples were then incubated 

during 2 months and analyzed by TEM at several time intervals (not 

shown). Interestingly, only curly fibrils were visible in both samples 

during 1 month of incubation and only after 2 months a few twisted 

amyloid fibrils appeared very sparsely in both samples. This indicates 

that the morphological conversion is much slower than that observed 
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for the protofibrils formed and incubated under moderate NaCl 

concentration, suggesting that neither type of protofibrils can in 

isolation evolve efficiently into amyloid fibrils irrespective of the buffer 

condition. It is possible that soluble species present in the supernatant 

at low NaCl concentration and removed by centrifugation are essential 

in the morphological conversion.  

These results suggest that the fibril structure appears to be 

determined and directed by the environmental conditions occurring 

during the early events of fibrillation. 

 

3.2. EFFECT OF SALT CONCENTRATION IN THE KINETICS OF 
AMYLOID FORMATION 

In order to relate the morphological effects observed with possible 

changes in the early fibrillation kinetics, we carried out an extensive 

kinetic analysis of the fibril formation by the Spc-SH3 N47A mutant as 

a function of NaCl concentration. Typically, protein samples at a 

concentration of 8.3 mg mL−1 were incubated at 37 ºC and the 

aggregation process was followed by several biophysical techniques. 

NaCl concentration was explored from 0 to 0.3 M. Figure 3.2a shows 

the CD spectra of the protein after 180 min of incubation at 37 ºC at 

several salt concentrations. At this high protein concentration the CD 

signal could be measured only from 210 nm, due to saturation of the 

instrument signal at shorter wavelengths. At time zero the spectrum of 

N47A was identical to that of the native wild-type (WT) Spc-SH3 

domain independently of the NaCl concentration (not shown). In Figure 

3.2b it is shown how as aggregation progressed during incubation at 

37 ºC under various NaCl concentrations, the far-UV CD spectrum 

changed considerably and developed a negative band at ≈ 215 nm, 

typical of β-sheets in amyloid fibrils. This band became gradually more 

intense upon prolonged incubation of the protein. 

 



 

55 
 

3 

 
 

EFFECT OF ENVIRONMENTAL FACTORS UPON THE 
FIBRILLATION KINETICS AND FIBRIL MORPHOLOGY 

 

 

                        a 
 

 

 

 

 

 

 

 

 

 

 

 

 
         b 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2. Time dependence of aggregation of N47A Spc-SH3 at 37 ºC in 
100 mM Glycine pH 3.2 at different concentrations of NaCl. (a) Far-UV CD 
spectra after incubation for 180 minutes in a 0.1 mm pathlength CD cuvette. 
(b) Time dependence of the far-UV CD signal. Colours correspond to 0 mM 
NaCl, green, 0.05 M NaCl, blue, 0.1 M NaCl, cyan, and 0.2 M NaCl, magenta. 
The green trace was obtained at 235 nm and 20 mg mL−1, whereas the other 
experiments were recorded 215 nm and 8.3 mg mL−1. 
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The rise in NaCl concentration increased dramatically the speed 

of the process. At 0 M NaCl and 8 mg mL−1 fibrillation did not take 

place after months of incubation but it occurred within 3 days if protein 

concentration was elevated up to about 20 mg mL−1 (not shown). At a 

concentration of 0.05 M NaCl, there was a considerable lag phase and 

the far-UV CD spectrum changed very slowly during the first 200 min 

of incubation and then a negative ellipticity started to evolve (Figure 

3.2b). After 24 hours of incubation, a pronounced negative band 

centred at 215 nm became developed (not shown). The presence of a 

lag phase is consistent with a nucleation-growth mechanism for the 

fibrillation process [18].  

At salt concentrations of 0.1 M and 0.2 M, the lag phase in the CD 

kinetics disappeared and the curves displayed two distinct, well-

defined phases. The kinetics could be fitted to a single exponential 

decay superimposed to a slow and approximately linear decay.  

The fast phase involves considerable changes in secondary 

structure and takes place in about 100 min at 0.1 M NaCl and about 20 

min at 0.2 M NaCl. The time constant (38 ± 9 min at 0.1 M NaCl) and 

the amplitude of the fast phase is practically independent of the protein 

concentration (figure 3.3), which suggests a first-order rate-limiting 

step for this conformational conversion. On the other hand, the rate of 

formation of additional β-sheet structures during the subsequent 

slower decay is strongly dependent on the concentration of protein, 

consistent with a polymerization process. At 0.3 M NaCl the protein 

underwent very fast amorphous aggregation as evidenced by electron 

microscopy (not shown). 
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Figure 3.3. Time dependence of aggregation of the far-UV CD signal at 215 
nm of N47A Spc-SH3 at different concentrations at 37 ºC in 100 mM Glycine 
pH 3.2 at 100 mM NaCl. 

 

The kinetics of aggregation was also followed by thioflavine T 

(ThT) fluorescence and dynamic light scattering (DLS) (see figures 

3.4a and 3.4b). In the presence of 0.05 M NaCl the development of 

ThT fluorescence and scattering intensity showed lag phases of about 

100-200 min consistent with the changes observed by CD. The 

scattering intensity is proportional to the second power of the particle 

mass and, therefore, the contribution from the larger particles 

dominates the scattering signal [19]. This indicates that during the lag 

phase the protein does not form large aggregate particles such as 

oligomers or aggregation nuclei.  

At 0.1 mM and 0.2 mM NaCl concentrations the lag times in the 

DLS and ThT fluorescence kinetics practically disappeared, indicating 

a much higher rate of nucleation of fibrils and, as a consequence, the 

mass of fibrils grew much faster. Under these conditions the kinetics 

followed by CD, ThT and DLS are highly similar indicating that the 
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process of conformational conversion is almost concomitant with the 

fibril nucleation and growth. 
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Figure 3.4. Time dependence of aggregation of N47A Spc-SH3 (8.3 mg mL−1) 
at 37 ºC in 100 mM Glycine pH 3.2 at different concentrations of NaCl. (a) 
Time dependence of thioflavine T fluorescence. (b) Time dependence of the 
scattering intensity. Colours correspond to 0 mM NaCl, green, 0.05 M NaCl, 
blue, 0.1 M NaCl, cyan, and 0.2 M NaCl, magenta. 
 

0 100 200 300 400 4000 8000

0

100

200

300

400

500

 

 

Th
T 

flu
or

es
ec

en
ce

 in
te

ns
ity

Time (min)

0 100 200 300 400 500 600 700
0

1x106

2x106

3x106

4x106

5x106

6x106

7x106

 

 

D
LS

 in
te

ns
ity

 (c
nt

/s
)

Time (min)



 

59 
 

3 

 
 

EFFECT OF ENVIRONMENTAL FACTORS UPON THE 
FIBRILLATION KINETICS AND FIBRIL MORPHOLOGY 

 

 

 

Consistent with these conclusions are the results of an experiment 

in which we followed the fibrillation process at 37 ºC by recording a 

series of two-dimensional 15N-1H-HSQC NMR spectra with an 8 mg 

mL-1 15N-labelled sample at pH 3.2 in the presence of 0.1 M NaCl. All 

the spectra showed only native signals that decreased in intensity with 

the time of incubation as aggregation progressed (Figure 3.5).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Time dependence of aggregation of the native NMR signal 
intensity for residue Leucine 10 in a sample at 8 mg mL-1of N47A Spc-SH3 at 
37 ºC in 100 mM Glycine pH 3.2 at 100 mM NaCl.  
 

The kinetic traces obtained by plotting the intensity of each signal 

against the incubation time are all identical, which indicates that the 

native protein is converted cooperatively into species with large 

molecular size, not detectable by NMR. These kinetic curves show two 

phases, a fast intensity decrease taking place within about 100-150 

min and followed by a slower intensity decrease, in good consistency 

with the CD kinetics. The fast phase could not be fitted, however, to a 

single exponential decay, suggesting complex mechanism for this 
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process, although this might be due to the effect of some delay in the 

temperature equilibration of the sample after its introduction in the 

NMR probe. The amplitude of the fast phase accounts for more than 

50 % of the initial intensity indicating that the conformational 

conversion and oligomerisation affects to a large fraction of the protein. 

The presence of the slow phase is consistent with the dissapearance 

of additional native molecules during fibril elongation. 

A detailed analysis of the DLS data allowed us to follow the 

distribution of particle size during the early times of the aggregation 

process at 37 ºC (Figure 3.6). Before incubation, only particles with the 

native hydrodynamic radius (Rh) of ≈1.6 nm were detected, 

independently of the salt concentration used. As aggregation 

progressed, larger particle radii appeared in the distributions. The 

series of events observed is however markedly different depending of 

the NaCl concentration. Figure 3.6a shows the evolution with the time 

of incubation of the average Rh for the two smallest peaks in the 

distributions. At 0.05 M NaCl, the majority of the protein remained in 

particles with native Rh for about 300 min and then there was a slight 

expansion of the apparent Rh up to about 2.5 nm, which took place 

between 200 and 400 min. Well before this event, after just about 100 

min a peak with average Rh of about 10 nm appeared in the 

distributions and grows progressively reaching up to 40 to 50 nm. 

These particle sizes had been assigned previously to small elongating 

protofibrils as shown by electron microscopy [15]. This is supported by 

the observation by TEM of few small fibrillar structures appearing at 

early incubation times (not shown). Further incubation produced 

particles of up to several µm in the size distributions and 

simultaneously the apparent Rh of the protofibrils decayed.  
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Figure 3.6. Time evolution of particle sizes determined by dynamic light 
scattering during fibrillation of N47A Spc-SH3. The average hydrodynamic 
radii of the two smallest peaks in the distributions have been plotted as a 
function of the time of incubation. (a) Effect of NaCl concentration at 37 ºC: 
0.05 M (blue), 0.1 M (cyan) and 0.2 M (magenta). (b) A 20 mg mL−1 sample 
incubated at 37 ºC without NaCl (green).  
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At 0 M NaCl and a 20 mg mL−1 protein concentration, the 

expansion of the monomeric particles to an Rh of about 2.9 nm was 

also delayed more than 250 min. The apparent Rh reached in this 

event is significantly higher than that expected for a fully unfolded 

monomer (2.3 nm) and suggests the formation of small oligomers 

under these conditions. The appearance in the size distributions of 

protofibrils with Rh starting in about 10 nm occurred just after 15 min of 

incubation (Fig 3.6b). 

The time evolution of the size distributions at 0.2 M NaCl is 

markedly different: the expansion in Rh of the native particles occurred 

within the dead time of the experiment, reaching an Rh of ≈3 nm. 

Larger particles corresponding to protofibrils also appeared 

immediately at the very beginning of the incubation and grew much 

faster than at low salt concentration. The situation observed at 0.1 M 

NaCl is intermediate between those of 0.05 M and 0.2 M, with an initial 

expansion in the Rh of the monomeric protein ending at about 100 min, 

in good agreetment with the end of the fast phase observed by CD [15] 

and an intermediate rate of growth of the protofibrils.  

These results show that the fibrillation of the N47A Spc-SH3 

domain takes place in two stages. In an early stage, a fraction of the 

native protein undergoes extensive conformational changes involving 

β-sheet formation accompanied by the formation of small oligomers. In 

a second stage, nucleated protofibrils elongate to incorporate 

additional native monomers. The increase in NaCl concentration 

strongly accelerates the first stage, which results in a dramatic 

enhancement of the overall fibrillation process.  

 

3.3 THE EFFECT OF TEMPERATURE UPON THE RATE OF 
OLIGOMER FORMATION 

The kinetic of aggregation was also analyzed at different 

temperatures of incubation by following the CD signal at 215 nm. 
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Samples of 8 mg ml−1 of protein concentration were incubated in the 

presence of 0.05 M, 0.1 M and 0.2 M NaCl. The interval of 

temperatures of incubation was chosen according to the velocity of the 

process under each salt concentration. The kinetic curves could be 

well fitted using a single exponential decay for the first phase plus a 

linear decay for the slow phase. 

The apparent first-order rate constant of the fast phase increased 

strongly with temperature indicating a high activation energy for the 

process. In contrast, the rate of the second phase did not change 

importantly with temperature, suggesting a down-hill polymerization for 

the slow phase. 

The Arrhenius plots obtained for the first phase at different salt 

concentrations are shown in Figure 3.7. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Arrhenius plot for the first phase of the conformational change of 
N47A Spc-SH3 at different NaCl concentration: 0.05 M, blue, 0.1 M, cyan and 
0.2 M, magenta. 
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The activation enthalpies are 178 ± 8 kJ mol−1 at 0.05 mM NaCl 

and 157 ± 23 kJ mol −1 at 0.1 mM NaCl, which are significantly higher 

than the total enthalpy change of unfolding of the native protein at 

similar temperatures (see Table 3.2, below). At 0.2 mM NaCl the 

activation enthalpy diminishes to 86 ± 8 kJ mol−1, being in this case 

lower than the unfolding enthalpy. These results indicate that an 

increase in NaCl concentration decreases considerably the balance of 

interactions involved in the energy barrier.  

The distributions of particle sizes followed by DLS during 

aggregation were also strongly affected by the temperature increase, 

as shown in Figure 3.8.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Effect of temperature in the time evolution of particle sizes 
determined by dynamic light scattering during fibrillation of N47A Spc-SH3 at 
0.1 M NaCl. The average hydrodynamic radii of the two smallest peaks in the 
distributions have been plotted as a function of the time of incubation. 37 ºC 
(blue), 42 ºC (magenta); 55 ºC (green). 
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It is evident that a temperature rise accelerates the shift in the 

apparent Rh of the early oligomers, in good consistency with the 

increase in the rate of the conformational change observed by CD. 

Importantly, the maximum Rh value attained after this phase 

augmented significantly with temperature. For instance, in the 

presence of 0.1 M NaCl the apparent Rh grew up to 2.5 nm at 37 ºC, 

3.0 nm at 42 ºC, and up to 7-8 nm at the very beginning of the 

incubation at 55 ºC. These observations suggest that a temperature 

increase favours the accumulation of larger oligomeric species. 

Interestingly, the Rh value decreased slightly as aggregation 

progressed, suggesting that depletion of soluble protein to form fibrillar 

aggregates may shift back the oligomerization equilibrium toward 

smaller species. 
 

3.4 THERMALLY-INDUCED FIBRILLATION AND FIBRIL 
MELTING 

In previous work [15] it was reported the potential of differential 

scanning calorimetry (DSC) to analyze thermally-induced amyloid 

formation. Here we analyzed the thermally-induced aggregation of 

N47A Spc-SH3 within the DSC instrument at pH 3.2 in 0.1 M glycine 

buffer at several NaCl concentrations. The effects of protein 

concentration were also investigated (Figures 3.9a-c). Under the 

conditions favouring fibrillation, the DSC thermograms presented a 

complicated shape containing essentially three peaks. The first peak 

may be associated with a competition between the equilibrium thermal 

unfolding and the time-dependent fibrillation. It is evident from the 

figures that the latter process is strongly favoured by the increase in 

protein or NaCl concentration, which is reflected in significant shift of 

the maximum of the peak, Tm, to lower temperature and in 

considerable decrease of its area. Assuming that at high protein 

concentration the dominant process is the fibrillation, the area under 
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the first peak is a rough estimate of the overall enthalpy change of this 

process. These amounts are in the range of 50-60 kJ mol−1 at 0.05 M 

and 0.1 M NaCl and about 45 kJ mol−1 at 0.2 M NaCl.  

 
      a                                                            b 
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Figure 3.9. DSC analysis of the N47A Spc-SH3 samples under fibrillation 
conditions. Effect of sample concentration on the DSC thermograms 
measured with native protein in the presence of 0.05 M NaCl (a), 0.1 M NaCl 
(b) and 0.2 M NaCl (c). Numbers alongside each curve indicate sample 
concentration in mg mL−1. Scan rate was 2 ºC min−1 in all experiments. The 
curves have been displaced artificially along the ordinate axis for clarity. 
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This indicates that net balance of interactions accompanying these 

transitions is much lower than that corresponding to the global 

unfolding of the protein [15] and indicates that the thermally-induced 

fibrils are formed by partially-unfolded protein molecules, consistent 

with the CD data shown above. It would also appear that an increase 

in salt concentration from 0.05 M to 0.2 M lowers slightly the net 

balance of interactions accompanying fibrillation. 

A second smaller transition appeared in the DSC thermograms 

around 65-70ºC at 0.05 M and 0.1 M NaCl and as a shoulder near 80 

ºC at 0.2 M NaCl. This transition was attributed in previous work to 

intermediate oligomers that did not have time to evolve into amyloid 

fibrils during the DSC scan [15]. It is clear that the stability of these 

species is higher at 0.2 M NaCl, in good consistency with the effect of 

NaCl enhancing oligomerisation as observed by DLS. 

Finally, the third high-temperature peak corresponds to the 

thermal melting of the amyloid fibrils to yield the fully unfolded state 

[15]. At 0.05 M and 0.1 M NaCl the normalized area under this peak 

and its Tm increased with the total protein concentration in the sample, 

reflecting the formation of higher amounts of aggregates during the 

DSC scan. At 0.2 M NaCl the area of this peak did not show any 

significant increase with the protein concentration within the interval 

investigated, which indicated that the amount of aggregates had 

reached a plateau under these conditions. The melting temperature of 

the fibrils (Tm) increased with the NaCl concentration by more than 10 

ºC indicating a considerable stabilization of the fibrils by salt. 

We also analyzed by DSC protein samples of 8 mg mL−1 

preincubated at 37 ºC for different time periods in the presence of 0.05 

M NaCl, 0.1 M NaCl and 0.2 M NaCl (Figures 3.10a-c).  
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Figure 3.10. DSC analysis of 8.3 mg mL-1 samples preincubated at 37 ºC 
during different times in 0.05 M NaCl (a), 0.1 M NaCl (b) and 0.2 M NaCl (c). 
Incubation times are indicated alongside each curve. Scan rate was 2 ºC 
min−1 in all experiments. The curves have been displaced artificially along the 
ordinate axis for clarity. 
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In the presence of 0.05 M and 0.1 M NaCl, within 3 h of incubation 

the first transition at ≈ 46 ºC reduces its area by more than 50 % and 

shifts considerably toward higher temperature reaching the 

approximate Tm of the transition of unfolding at equilibrium (see Table 

3.2, bellow). The duration of this event is largely coincident with the 

initial conformational phase observed in the aggregation kinetics and 

reflects the conversion of a large fraction of the native protein into 

oligomers or fibrils. The remaining area of this peak disappears by 

subsequent incubation at 37 ºC due to the incorporation of the native 

protein into aggregates. A similar event takes place during incubation 

in the presence of 0.2 M NaCl but at a faster rate and with a higher 

efficiency. The first transition at 40 ºC shifts to 48 ºC and is reduced by 

more than 90 % in area indicating a high degree of conversion of the 

native protein into oligomers and aggregates. At longer incubation 

times, the transition taking place at ≈ 48 ºC disappears, indicating full 

incorporation of native protein into the fibrils. The small DSC transition 

at intermediate temperature is clearly visible for samples incubated 

during short periods but disappears for long times of incubation, 

suggesting a progressive conversion of oligomers into fibrils.  

The high-temperature transition is prominent for all samples but its 

area increases significantly with the time of pre-incubation, which 

correlates with a more complete formation of amyloid fibrils. For 

samples preincubated for long time periods, in which fibril formation is 

essentially complete, the enthalpy of fibril melting is about 100 kJ mol−1 

and relatively independent of the experimental conditions. It is 

noticeable the higher Tm observed for the melting of the fibrils at 0.2 M 

NaCl concentration assembled either by preincubation at 37 ºC or by 

direct heating of the native state. This highlights the importance of salt 

in both the assembly pathway and the stability of the amyloid fibrils. 
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3.5 DEPENDENCY OF THE NATIVE STATE THERMODYNAMIC 
STABILITY WITH THE SALT CONCENTRATION AND pH 

It has been proposed elsewhere that the stability of the native state 

has a decisive influence on the formation of amyloid fibrils [13,22,23]. 

Our previous studies have shown that the thermodynamic stability of 

the Spc-SH3 domain depends strongly on the pH [24] (see also the 

Chapter 2) but the effect of salt had not been analyzed so far. To 

characterize this effect, the thermal unfolding of the N47A mutant of 

Spc-SH3 domain was followed by DSC under the conditions of the 

fibrillation experiments, but at protein concentrations sufficiently low to 

avoid significant aggregation (0.8 mg mL-1). Under these conditions, all 

unfolding curves were highly reversible and followed the two-state 

unfolding model.  

Table 3.2 highlights the thermodynamic parameters for the thermal 

unfolding of the protein under the different conditions. We also 

analyzed the effect of pH at 0.1 M NaCl concentration.  

 
Table 3.2. Thermodynamic parameters of the equilibrium thermal unfolding of 
N47A Spc-SH3 measured by DSC at different pH values and NaCl 
concentrations. Values have been obtained by two-state analysis of the 
unfolding transitions at 0.8 mg mL-1. 
 

pH 
[NaCl] 

(M) 
Tm (ºC) 

∆Hu (Tm) 

(kJ.mol-1) 

∆Cp,u (Tm)a 

(kJ.K-1.mol-1) 

 
3.2 

0 54.5 168 

 
3.67 ± 0.15 

0.05 54.8 164 
0.1 51.2 152 
0.2 49.3 144 

2.0 
 

0.1 

36.8 105.9 
2.5 39.9 114.1 
3.0 49.5 147.7 
3.5 55.4 169.9 

aThe heat capacity change of unfolding was determined by linear regression 
to all the ∆Hu vs Tm data. 
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Whilst the decrease in pH produced a strong destabilizing effect 

as previously reported for the WT Spc-SH3, there was only a moderate 

destabilisation produced by the increase in NaCl concentration. 

Nevertheless, the unfolding enthalpy does not appear to change with 

either the ionic strength or the pH, except for the expected temperature 

dependence due to the heat capacity change of unfolding, as shown 

by the single linear correlation between ∆Hu (Tm) and Tm (Figure 

3.11). This indicates that the net balance of interactions separating the 

native structure and the globally unfolded state is practically unaffected 

by these variables. We conclude therefore that the influence of salt 

concentration upon the fibrillation rate of the Spc-SH3 domain is not 

related to a significant structural destabilization of the native state 

relative to the unfolded state, which is fully consistent with the results 

described in the Chapter 2. 
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Figure 3.11. Enthalpy change (∆Hu) versus temperature (Tm) for the thermal 
unfolding of N47A Spc-SH3 under equilibrium conditions. Data correspond to 
the results of the analysis of the DSC unfolding curves using a two-state 
unfolding model summarized in Table 3.2. Experiments made at different pH 
values in the presence of 0.1 M NaCl, magenta. Experiments made at pH 3.2 
and different NaCl concentrations, blue. 
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3.6 DEPENDENCY OF THE FIBRILLATION RATE WITH THE pH 
Several studies have proposed that a critical balance between 

electrostatic repulsion and hydrophobic interactions is required to 

trigger amyloid formation [25-27]. Moreover, net charge of the 

polypeptide chain has been shown to impact considerably the 

fibrillation rates of polypeptides [28,29]. We hypothesized that salt may 

be acting by weakening repulsive electrostatic interactions via a 

Debye-Huckel screening effect or by direct ion binding [27], favouring 

oligomerization of partially unfolded species and accelerating the 

aggregation cascade. To test further this hypothesis, we have 

analyzed the effect of pH on the kinetics of formation of amyloid fibrils 

by N47A Spc-SH3. By modifying the pH in the range where the 

carboxylic groups become protonated and the net positive charge of 

the protein is changed. 

The fibrillation of the N47A Spc-SH3 mutant at 37 ºC was followed 

by ThT fluorescence at several pH values between 2.0 and 3.5, in the 

presence of 0.1 M NaCl (Figure 3.12). The rate of aggregation 

increased moderately as pH is reduced. This is in striking contrast with 

the large effects exerted by salt on the kinetics of aggregation. In 

addition, the observed effects were opposite to those expected 

according to our initial hypothesis, since an increase in positive charge 

should have resulted in higher intermolecular repulsion and less 

aggregation. At 3.5 there is some lag phase period lasting about 50 

minutes, whereas at lower pH the lag time is almost insignificant 

suggesting a higher rate of nucleation. The total mass of fibrils reached 

a plateau after about 3 days of incubation at all pH values but the 

mass of fibrils was significantly higher at lower pH according to the 

intensity in ThT fluorescence achieved. The far-UV CD spectra at 

different pH values after one day of incubation at 37 ºC also developed 

an intense negative band at around 215 nm indicating formation 
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extensive β-sheet structure (Figure 3.13). The changes in secondary 

structure also occurred in two phases as described above. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12. Time course of fibrillation of N47A Spc-SH3 at 37 ºC in 100 mM 
glycine buffer at different pH in the presence of 0.1 M NaCl monitored by 
thioflavine T fluorescence. Sample concentration was 8 mg mL-1 in all 
samples. pH 2.0, green, pH 2.5, blue, pH 3.0, cyan, pH 3.5, magenta. 
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Figure 3.13. Far-UV CD spectra of a 8 mg mL-1 N47A Spc-SH3 sample at 
100 mM NaCl after different incubation times in a 0.1 mm pathlength CD 
cuvette at different pH values. 
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The species present in solution during the aggregation process at 

different pH values were also analyzed by DLS (Figure 3.14).  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. Time evolution of particle sizes determined by dynamic light 
scattering during fibrillation of N47A Spc-SH3 at different pH values. The 
average hydrodynamic radii of the two smallest peaks in the distributions have 
been plotted as a function of the time of incubation. Sample concentration 
was 8 mg mL-1 in all samples. pH 2.0, green, pH 2.5, blue, pH 3.0, cyan, pH 
3.5, magenta. 
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The series of events were similar to those observed at pH 3.2 in 

the presence of 0.1 M. The initial expansion of the apparent Rh of the 

smallest particles reflecting the formation of small oligomers was 

accelerated by the reduction of pH but this effect was much less 

dramatic than that produced by the increase in salt concentration or 

temperature.  

As shown above, the onset of the fibrillation process was 

approximately coincident with the Rh expansion at all pH values. We 

conclude from these results that lowering the pH increases the rate of 

fibril nucleation enhancing fibrillation but to a lesser extent than the 

other environmental variables. 

We have also explored the time course of the fibrillation process 

at various pH values by TEM. Figure 3.15 shows the images obtained 

for solutions incubated at different times of incubation at 37 ºC and at 

different pH values.  

At pH 3.0 and 3.5, where the lag phase lasts longer, some 

globular an amorphous aggregates were still visible at 30 min of 

incubation (figure 3.15c). These species converted into short 

protofibrils after 60 min incubation, and then grew progressively. At 

lower pH, only protofibrillar filaments were detected at 30 min 

incubation (figure 3.15a).  

The decrease in pH resulted in a faster appearance of fibrillar 

aggregates likely due to a higher rate of formation of oligomeric 

precursors. At longer incubation times the fibrils looked very similar at 

all pH values (figure 3.15b and 3.15d). 
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Figure 3.15. Effect of pH upon the morphology of amyloid fibrils of N47A Spc-
SH3. Transmission electron microscopy images were taken with samples of 8 
mg mL−1 incubated at 37 ºC in 100 mM glycine buffer and 100 mM NaCl at 
different pH values and incubation time: (a) pH 2, 30 minutes; (b) pH 2, 30 
days (c) pH 3.5, 30 minutes; (d) pH 3.5, 30 days. The length of the black 
segment corresponds to 100 nm. 

 

3.7 DISCUSSION 
Here we have shown that the kinetics amyloid fibril formation of 

the N47A Spc-SH3 domain at low salt concentration shows the 

existence of a prolonged lag phase, indicating that the process takes 

place by a nucleation and growth mechanism under these conditions 

[1,2]. The lag phase is progressively reduced by increasing either the 

NaCl concentration or the temperature and to a lower extent by 

lowering the pH. This suggests that the processes leading to fibril 

nucleation are considerably accelerated by changes in these 

a c

b d
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environmental variables, so that the lag phase can be the completely 

abrogated if these processes are not longer rate-limiting. This has also 

been observed for Abeta fibrillation in the presence of moderate 

concentrations of trifluoroethanol, which facilitates partially folded 

helix-containing conformers that appear to be intermediates in fibril 

assembly [30].  

During the series of conformational events leading to fibril 

nucleation the native protein undergoes a remarkable conformational 

change involving substantial structural changes according to the CD 

spectra and a net balance in interactions considerably lower than that 

of the global unfolding, as evidenced by DSC. This indicates that the 

amyloidogenic species are partially unfolded states of the protein. 

When these species have accumulated sufficiently, they show a strong 

tendency to oligomerize and trigger the fibrillation process. In fact, 

under all conditions studied here the end of the lag period is 

approximately coincident with the formation of small oligomeric species 

with average hydrodynamic radii ranging between 2.5 and 8 nm 

depending of the conditions as detected by DLS. The rate of fibril 

growth increases strongly after this event indicating that oligomer 

formation is crucial in the mechanism of fibrillation. 

Fibrillation via soluble oligomeric species is a common theme in 

the mechanism of amyloid formation and oligomerization appears to 

play a crucial role in amyloid nucleation. More than one decade ago, 

small metastable protofibrillar aggregates were already described as 

transient intermediates of the Abeta-40 and Abeta-42 fibrillation 

pathway [31]. Further work [32] has shown that Abeta-40 and Abeta-42 

form earlier and smaller oligomeric assemblies with a distribution of 

molecular sizes including monomer, dimer, trimer, tetramer and higher-

order oligomers, with the latter strongly favoured for Abeta-42 relative 

to Abeta-40. The relative tendency to oligomerize of the two Abeta 

variants appears to be crucial in their different fibrillation propensity. 
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Transient oligomeric intermediates have also been detected for 

example during the lag phases of fibrillation of alpha-synuclein [33,34], 

mouse prion protein [35] and human insulin [36]. Formation of distinct 

morphological types of fibrils of β2-microglobulin by either nucleated or 

non-nucleated mechanism also occurs via the transient formation of a 

range of oligomeric species [37]. When fibrillation takes place from 

stable and well-populated soluble oligomers, as it occurs in barstar 

fibrillation, there kinetics do not show any lag phase indicating that 

nucleation is no longer a rate limiting step [38]. The importance of 

oligomeric species is further supported by the observation that amyloid 

formation by a tandem repeat of the PI3-SH3 domain, highly 

homologous to the Spc-SH3 domain, is strongly accelerated by the 

presence of preformed amorphous oligomers with a critical size of 

roughly 20 molecules [39]. This so-called “molten oligomer” state has 

been proposed to facilitate the structural conversion of the protein into 

small amyloid-like structures that then act as templates for fibril growth. 

Similarly, the prion protein Sup35 has been shown to form structurally 

fluid oligomeric species that are crucial intermediates in nucleating 

amyloid fibrils [40]. Interestingly, these authors also report a 

remarkable independence of the rate of fibril nucleation with protein 

concentration, as we also show here for the Spc-SH3. Although in 

principle this concentration independence may suggest that the rate 

limiting step of the nucleation process is a monomolecular partial 

unfolding previous to a rapid oligomerization, other explanations may 

also be possible, such as a conformational conversion taking within 

preformed oligomers or nuclei [40,41]. Our results do not allow 

discerning between these alternative interpretations, given that under 

our conditions the conformational change and the formation of 

oligomeric species are practically simultaneous processes. 

An increase in NaCl concentration or in temperature of incubation 

accelerates dramatically the fibrillation process by increasing the rate 
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of the structural change of the protein and favouring the subsequent 

formation of oligomeric species. This results in a drastic reduction of 

the lag phase (nucleation step). Likewise, the amyloidogenic effect of 

the N47A mutation is also mainly due to an increase in the rate of 

formation of aggregation nuclei relative to the WT domain, as we have 

shown in the previous Chapter [42]. Lowering the pH from 3.5 to 2.0 

while keeping constant all other factors also leads to some increase in 

the aggregation rate and a decrease of the lag phase but the effect of 

pH is much less intense than that of the salt or temperature. These 

results are in marked contrast with the strong reduction in stability 

observed for this domain as pH decreases, as compared with the 

moderate destabilizing effect exerted by the increase in salt 

concentration.  

Whilst destabilising the native conformation has been shown to 

increase the propensity of several proteins to aggregate into amyloid 

fibrils [22,23,43,44], no correlation between native stability and 

fibrillation propensity has been found in a mutational analysis of the 

fibrillation of the thermophilic protein S6 [3] and even a direct 

correlation between protein stability and amyloid formation 

enhancement by salts has been recently reported for an 

immunoglobulin light chain [45]. These results together with those of 

Chapter 2 indicate that amyloid formation in the Spc-SH3 domain is 

not directly correlated with the native-state thermodynamic stability. 

Accordingly, the enhancement of amyloid formation by environmental 

factors must have physicochemical reasons different from the 

destabilization of the native state. 

It has been shown in recent studies that a critical balance between 

electrostatic repulsion and hydrophobic interactions is required to 

trigger amyloid formation at acidic pH [25-27]. This balance could be 

altered by the presence of ions, pH, temperature, co-solvents, 

pressure, etc. The effect of salt ions is the most extensively studied. In 



 

80 
 

3 EFFECT OF ENVIRONMENTAL FACTORS UPON THE 
FIBRILLATION KINETICS AND FIBRIL MORPHOLOGY

general, an increase in salt concentration accelerates fibrillation, 

although the extent of this effect is strongly dependent on the 

aggregating protein and the type of salt. Several possible mechanisms 

by which salts exert aggregation triggering effects have been 

proposed. Salts may favour intermolecular interactions by weakening 

repulsive electrostatic interactions via a Debye-Huckel screening effect 

or by direct ion binding [27]. They could also perturb the hydration shell 

of the protein molecule [45,46]. A combination of both direct protein-

salt interactions and changes in water structure has also been 

proposed [47] and saline ions may even interact directly as structural 

ligands with fibrils where they coordinate charges and assist in 

formation of new fibrils [12]. In general all these studies have related 

the amyloid-enhancing effect of salt ions with their influence upon the 

establishment of protein-protein interactions. 
On the other hand, the results of our work indicate that salt 

appears to affect mainly the stage of an initial conformational change 

that the protein must undergo to favour the nucleation of fibrils. Salt 

also influences the fibril elongation step to some extent, although this 

effect could be just the result of a higher availability of amyloidogenic 

precursors. If the the rate-limiting step of nucleation were a first-order 

conformational change as observed by CD, an enhancement of 

intermolecular association by screening of charge-charge repulsion 

would not be crucial in triggering fibrillation, in agreement with the 

observation that increasing the net positive charge of the protein by 

lowering pH does not result in less aggregation but just in the opposite 

effect. It is thus possible that the role of salt in enhancing fibrillation is 

related to its influence upon the hydration shell of the protein or to a 

direct interaction of salt ions with the protein groups. Nevertheless, our 

data did not allow us to establish a complete kinetic mechanism for the 

conformational change-nucleation process. 
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An important result of this work is that an increase in the NaCl 

concentration lowers considerably the activation enthalpy of the 

conformational change that leads to the accumulation of 

amyloidogenic oligomers. Interestingly, the events occurring during 

early fibrillation processes of a number of proteins usually have 

relatively high activation energies, as it happens with our system. An 

activation energy of 95 kJ mol−1 was determined for the fibril elongation 

rate of Abeta-40 at acid pH, where fibrils appear to grow from a 

micellar precursor [48]. Higher values have been measured for non-

nucleation-dependent fibrillation of mouse prion protein (130 kJ mol−1) 

[35] and barstar (100 to 120 kJ mol−1) [38]. Activation energies for 

nucleation and elongation of alpha-synuclein amyloid fibrils were 

determined to be 75 and 84 kJ mol−1 respectively [49]. Insulin 

fibrillation also shows an activation energy of about 105 kJ mol−1 [50]. 

These values are of a similar magnitude as those measured in this 

work, although there may be additional variability related to the 

different protein systems, as well as the different experimental 

conditions and methods of analysis used in each study. In general, 

these high activation energies have been attributed to the complex 

molecular changes accompanying the early events of fibrillation. 

The existence of robust enthalpic activation barriers in protein 

folding has been recently attributed to desolvation of protein surfaces 

[51]. These barriers have been associated with the cooperative 

desolvation of relatively large protein surface areas that is needed to 

establish intramolecular interactions during protein folding. From the 

point of view of protein unfolding, the barrier could be viewed as 

arising from an asynchrony between water penetration and the 

disruption of internal interactions and in this case it would be described 

as a solvation barrier [52]. The typical experimental activation 

enthalpies of folding-unfolding of small globular proteins fall in the 
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range of 70 to 160 kJ mol−1, comparable to those measured for 

amyloid formation and also to the values reported here. Since amyloid 

formation of natively folded proteins is usually accompanied by partial 

unfolding, as in the case of the Spc-SH3 domain, it is likely that 

activation enthalpies of both types of processes share a common 

physicochemical origin. Likewise, formation of intermolecular contacts 

in nucleation and fibril formation also require the desolvation of 

extensive protein surface areas, which would also result in 

considerable enthalpy barriers as it is observed experimentally.  

We speculate here that the reduction of activation enthalpy 

produced by the increase in salt concentration might then be related to 

its influence upon the protein hydration shell. Salt ions may act by 

altering the structure and the cooperativity of the solvation layer of the 

protein, either by a direct ion binding to the protein surface that would 

change the effective protein surface or by interacting with the water of 

the first hydration layer [53]. In support of each of these two 

mechanisms are the observations that the effects of different salt ions 

upon amyloid formation rates of some proteins correlate well with the 

electroselectivity series [47], whereas in other cases they correlate 

with the Hofmeister series [45] [46]. In any case, the alteration of the 

cooperativity of protein hydration by salt may have dramatic 

consequences in the energy landscape of the protein, promoting 

alternative folding or unfolding pathways accessible to the polypeptide 

chain and then leading to amyloidogenic species as we observed in 

this work. 

It should be also underlined that salt concentration and 

temperature of incubation affect significantly the morphology of the 

finally formed fibrils by the N47A Spc-SH3 domain. Under conditions 

where the rate of the conformational change that leads to nucleation is 

low, curly fibrils are initially favoured but well-ordered, straight and 

twisted fibrils dominate the mixture at long incubation times. This is 
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observed at low and intermediate NaCl concentration. At high salt 

concentration or high temperature only curly filaments are obtained 

and these remain for long incubation times. These filaments appear 

thinner and shorter than those formed at intermediate salt 

concentration suggesting a different internal structure between them. 

Despite their different morphologies, all these types of fibrils have been 

shown to be amyloid-like. The pH does not appear to affect however 

the apparent final morphology of the mature fibrils within the interval 

analyzed.  

High resolution electron microscopy images have revealed in the 

past that the fibrils of many different proteins show a high degree of 

polymorphism, in many cases modulated by environmental conditions 

[9,11-14,25,54]. These observations has been often used to support a 

linear hierarchical mechanism of fibril assembly, in which less-ordered 

fibrillar aggregates, such as the curly protofibrils described here, would 

be on-pathway kinetic intermediates of the long and twisted amyloid 

fibrils that constitute the most thermodynamically stable ones [55]. 

Although this hypothesis would be apparently supported in this work by 

the early appearance of protofibrils that gradually convert into the 

twisted amyloid fibrils at intermediate salt concentrations, the 

protofibrils do not convert efficiently into amyloid fibrils under any of the 

conditions studied if they are separated from the soluble species. This 

suggests that the soluble oligomeric species play a crucial role in the 

morphological conversion. 

On the other hand, the coexistence of different fibril morphologies 

has also led to the alternative hypothesis that there are alternative 

competing pathways of assembly, which would be selected by the 

influence of environmental conditions upon the energy landscape. This 

has been established for instance for β2-microglobulin [14], in which 

assembly of different kinds of fibrils can occur by two diverging routes 

depending on the conditions of their formation: a first route occurs with 
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characteristics non-nucleation dependent growth kinetics and results in 

the formation of the short, seemingly flexible fibrils with low linear 

persistence. This route is favoured at pH 3.5 in the presence of 0.2 M 

NaCl or using a high temperature of incubation, where the native 

protein is predominantly unfolded. By contrast, in the absence of salt at 

similar or lower pH the formation of long and straight fibrils that are 

comprised of several twisted filaments occurs via a nucleation-

dependent kinetics involving a considerable lag phase [2]. These 

results are highly similar to those obtained by us suggesting that this 

type of mechanism may also hold for the Spc-SH3 domain. It is thus 

likely that high salt concentration promotes an alternative fibrillation 

pathway by altering the conformational landscape accessible to the 

polypeptide chain at the early conformational events prior to 

nucleation. 
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4. STRUCTURAL CHARACTERIZATION OF THE 
CONFORMATIONAL ENSEMBLE OF THE SPC-SH3 
DOMAIN UNDER AMYLOIDOGENIC CONDITIONS 

Structural characterization of intermediate states in conformational 

processes in proteins is a very complicated task and even more 

challenging if aggregation is involved. There are however a number of 

approaches that can be used to circumvent this problem and to obtain 

structural information at the level of residue about the states key in the 

fibrillation process. One approach is to analyze the soluble states 

using methods that are mainly based on the use of hydrogen-

deuterium (H/D) exchange detected by NMR (see chapter 8) under 

amyloidogenic conditions but minimizing aggregation by a choice of 

the appropriate experimental variables. 

The patterns of H/D exchange protection under native conditions 

indicate that protein structures fluctuate in such a way that many 

amide groups are exposed to the solvent as a result of local or sub-

global unfolding events [1]. Our research group has previously shown 

using NMR-detected H/D exchange that under mild acid conditions the 

Spc-SH3 domain undergoes a variety of conformational changes, 

which range from local fluctuations affecting flexible regions of the 

domain to extensive unfolding affecting most of the domain structure 

[2-6]. Although these studies were made under conditions disfavouring 

amyloid aggregation, it was hypothesized that some of these 

conformational fluctuations may be involved in triggering the amyloid 

cascade. 

The aim of this research was elucidate if the factors favouring 

amyloid formation modify the conformational landscape of the Spc-

SH3 domain in such a way that a population of partially folded 

conformational states may result enhanced and trigger the formation of 

misfolded states or amyloid aggregation precursors. 
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4.1. NMR CHEMICAL SHIFT ANALYSIS 
To explore possible conformational changes in the Spc-SH3 

structure induced by the N47A mutation or by the different 

experimental conditions, the assignments of the NMR chemical shifts 

of the backbone amide groups were made for the WT and the N47A 

variants under conditions approaching those of fibrillation but avoiding 

significant aggregation during the experiments. We achieved this goal 

by decreasing the protein concentration and temperature to values (1 

mg mL-1 and 30 ºC), where aggregation is not significant during the 

course of the experiments. We measured the two-dimensional 15N-1H 

HSQC NMR spectra for both proteins in 100 mM glycine buffer, in the 

presence of 100 mM or 200 mM NaCl under conditions of equal 

stability (pH 3.20 for N47A and pH 2.78 for WT). Figure 4.1 shows the 

changes in chemical shifts produced by the N47A mutation and by the 

increase of NaCl concentration. The chemical shift changes were 

calculated using equation 4.1. 

 

( ) ( )22

6.51N
NHδ ∆∆ = ∆ +      (4.1) 

 

Where ∆δ is the global chemical shift change, ∆HN and ∆N are the 

chemical shift changes for the amide proton and nitrogen, respectively, 

all expressed in ppm. 

Under the two conditions analyzed the N47A mutation results in 

very small chemical shift changes. Significant changes are only 

observed at the place of mutation and the adjacent residue (positions 

47 and 48) at the distal turn, and smaller changes are visible for 

residue 41 in the β3 strand and residue 18 in the RT-loop. The 

increase of NaCl concentration does not have a significant effect on 

the chemical shifts. These results indicate that the amyloidogenic 
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factors do not produce significant changes in the native structure of the 

Spc-SH3 domain. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Effect of the N47A mutation and the NaCl concentration on the 
backbone NMR chemical shifts of the Spc-SH3 domain, as indicated in each 
panel. 
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4.2. CHANGES IN GLOBAL STABILITY. 
We investigated the thermodynamic magnitudes of global 

unfolding of the N47A mutant and the WT Spc-SH3 domain at each 

different salt concentration under the same conditions described 

above. In all cases both domains unfolded reversibly according to a 

two-state model. Table 4.1 contains the relevant thermodynamic 

parameters of unfolding as determined from the two-state fittings of the 

DSC thermograms (not shown). 

 
Table 4.1. Thermodynamic parameters of the equilibrium thermal unfolding of 
N47A and WT Spc-SH3 measured by DSC at different salt concentrations 
under the same stability conditions. The values have been obtained by two-
state analysis of the unfolding transitions. 
 

Variant pH [NaCl] 
(M) Tm (ºC) 

∆Hu (Tm) 

(kJ.mol-1)

∆Cp,u (Tm)a 

(kJ.K-1.mol-1)

∆Gu (30ºC) 

(kJ.mol-1) 

N47A 3.20 
0.1 50.9±0.8 149±3 

3.67 ± 0.15 

7.1±0.4 
0.2  48.7±0.8  144±3  6.4±0.4 

WT  2.78 
0.1  50.8±0.8  149±3  7.1±0.4 
0.2 48.8±0.8 146±3 6.5±0.4 

aThe heat capacity change of unfolding was determined by linear regression 
to all the ∆Hu vs Tm data. 

 

As expected, the stability of the two variants is the same at each 

salt concentration. In both domains we observed a decrease in stability 

with the increase of the NaCl concentration, as observed before (see 

Chapter 3). 

 
4.3.  AMIDE H/D EXCHANGE IN THE NATIVE STATE UNDER 

AMYLOIDOGENIC CONDITIONS 
To investigate in more detail the changes in conformational 

stability and cooperativity of the Spc-SH3 variants and their 

relationship with the amyloid fibril formation, we analyzed the H/D 

exchange of the N47A mutant and the WT Spc-SH3 under conditions 
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approaching those of fibrillation but avoiding aggregation during the 

experiments as described in Section 4.1. The H/D exchange kinetics 

was measured for each variant by NMR at 30 ºC in the presence of 

100 mM NaCl (Figure 4.2a) and 200 mM NaCl (Figure 4.2b). In all 

cases studied the H/D exchange process occurred in all residues with 

exponential decays of proton occupancies within less than one day. 

The data were analyzed assuming an EX2 mechanism of exchange to 

calculate the apparent Gibbs energies of exchange per residue (∆Gex), 

as described elsewhere [4]. The Gibbs energy changes of global 

unfolding (∆Gu) (Table 4.1) have been represented in Figures 4.2 for 

comparison’s sake. 

We also represented the most protected residues against 

exchange on a schematic drawing of the native Spc-SH3 structure to 

obtain a direct observation of the differences between the two variants 

when the exchange Gibbs energy was compared with the ∆Gu global 

obtained by DSC under the same conditions (Figure 4.3 and Figure 

4.4). 

There is significant variability in the values of the apparent Gibbs 

energies of exchange, ∆Gex, along the polypeptide chain for both 

protein variants. The exchange profiles are similar for both variants 

under each concentration of salt, consistent with the similar stability of 

the two variants.  

The most protected regions are mainly coincident with the 

secondary structures, whereas the N- and C-terminal ends and the 

different loops show less protection. In particular, residues 1-8 at the 

N-terminus and residues 47 and 48 the distal turn exchanged 

completely within the dead time of the experiment for both protein 

variants. 
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Figure 4.2. Histogram plot showing the apparent Gibbs energies  of exchange 
per residue of N47A and WT Spc-SH3 at 1 mg/mL, 100 mM Gly and a) 100 
mM NaCl and b) 200 mM NaCl at 30 ºC. N47A mutant at pH 3.20, magenta. 
WT variant at pH 2.78, blue. The estimated errors of these quantities are 
represented above each bar. The global unfolding Gibbs energy at 30 ºC is 
indicated by a horizontal continues line and the estimated errors are 
represented in dashed lines. The missing bars marked with asterisk 
correspond to residues for which H/D exchange could not be measured, either 
because they are proline residues or because they are overlapping in the 
spectrum. The rest of the bars not shown correspond to residues for which the 
exchange occurred during the dead time of the experiment. 
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                      a 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      b 
                     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Schematic ribbon representations of the protein native structure 
showing in red colour residues with Gibbs energies of H/D exchange higher 
than the global unfolding Gibbs energy obtained by DSC under the same 
experimental conditions, i.e, 100 mM NaCl, 100 mM Gly and 30 ºC. a, N47A 
mutant at pH 3.20 and b, WT variant at pH 2,78. 
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Figure 4.4. Schematic ribbon representations of the protein native structure 
showing in red colour residues with Gibbs energies of H/D exchange higher 
than the global unfolding Gibbs energy obtained by DSC under the same 
experimental conditions, i.e, 200 mM NaCl, 100 mM Gly and 30 ºC. a, N47A 
mutant at pH 3.20 and b, WT variant at pH 2,78. 
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Remarkably, for a significant number of residues the apparent 

Gibbs energies of exchange are clearly higher than the global 

unfolding Gibbs energy, ∆Gu. This effect is more evident for the N47A 

mutant than for the WT form at 100 mM NaCl and becomes even more 

pronounced at 200 mM NaCl for both domain variants. Most super 

protected residues are grouped in the secondary structure elements, 

except for some of them located at the RT loop and n-src loop (Figure 

4.3 and 4.4). 

This superprotection against H/D exchange of considerable areas 

of the polypeptide chain has not been observed in our previous studies 

of H/D exchange of Spc-SH3 under similar conditions but in the 

absence of NaCl, where amyloid formation is very slow [2-4]. 

The differences in the Gibbs energies of exchange (∆∆Gex) per 

residue between each pair of domains are relatively small under the 

two conditions studied and many of these differences do not exceed 

the uncertainty in the measurements (Figure 4.6). Nevertheless, at 100 

mM NaCl, groups of residues at the β-strands 1, 3 and 4 and the 310 

helix show significant increases in ∆Gex of more than 1 kJ/mol for the 

N47A mutant relative to the WT form. At 200 mM NaCl the differences 

are more homogeneous but smaller in magnitude despite few 

residues, which show higher ∆∆Gex values but they are affected by 

great errors.  

These results suggest that the N47A mutation has a relatively 

small but significant impact on the distribution of conformational states 

in the native-state ensemble under conditions of equal overall stability. 
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  a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Effect of the mutation N47A on the apparent Gibbs energies of 
H/D exchange (∆∆Gex) measured by NMR under the same conditions 
indicated in Figure 4.2. a, differences at 100 mM NaCl and b, differences at 
200 mM NaCl. Error bars correspond to the sum of the uncertainties in the 
∆Gex values for each mutant. 
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4.4. DISCUSSION 
In this study we have compared the effect of amyloidogenic 

factors, i.e. the N47A mutation and the increase in NaCl concentration, 

upon the native state conformational dynamics and cooperativity of the 

Spc-SH3 domain  

NMR chemical shift analysis clearly indicates that the N47A 

mutation does not produce significant changes in the solution structure 

of the SH3 domain, consistently with previous data [5], which confirms 

further that structural distortion of the native state structure is not the 

cause of amyloid aggregation.  

Under our experimental conditions, the H/D exchange of the N47A 

and WT variants has allowed us mapping the regions of the domain 

that are either largely unstructured or involved in local unfolding, as 

well as those regions protected against exchange by persistent native 

structure. Overall, the H/D exchange profiles of protection are 

consistent with previous analyses in the absence of NaCl [2-4] and 

indicate a remarkable structural cooperativity in the Spc-SH3 domain 

under the experimental conditions studied [5,6]. Our results here 

support the proposal that native-state H/D exchange in Spc-SH3 

occurs via a wide distribution of conformational fluctuations extending 

even above the transition state barrier of folding [7]. 

The similarity in the ∆Gex profiles between the two variants 

indicates that the amyloidogenic mutation has a relatively low impact 

on the structural cooperativity of the domain and does not produce any 

important increase in the population of specific partially unfolded 

species that may be amyloidogenic. This is in contrast with the results 

obtained with human lysozyme amyloidogenic pathogenic mutants [8], 

for which the reduction in global cooperativity produced by the 

mutations results in an increased population of transiently, partly 

unfolded intermediates that trigger the aggregation process. 
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In contrast to our previous studies, the N47A mutation and 

presence of a moderate NaCl concentration have favoured for many 

residues to have ∆Gex values higher than the global unfolding Gibbs 

energy, ∆Gu. This situation, usually called super protection, has often 

been attributed to the presence of residual structure in the unfolded 

ensemble [9, 10, 11]. The term residual structure needs not to be 

related to any specific stable structure but rather to an ensemble of 

transient and dynamic structures that may impair solvent accessibility 

to amide protons. 

The existence of compact denatured states involving both native-

like and non-native dynamic interactions has been described for the 

drkN-SH3 domain [12]. Also, the amyloid-forming, acid-denatured state 

of the PI3-SH3 has been found by pulsed-gradient NMR methods to be 

significantly more compact than the GdnHCl-denatured state and, 

moreover, the presence of moderate concentrations of salts decreased 

even further the apparent hydrodynamic radius [13]. A more recent 

NMR study of the acid-denatured conformational ensemble of the PI3-

SH3 domain under amyloidogenic conditions has reported reduced 

mobility for several regions corresponding to some of the β-strands 

and the RT loop, which appear to be involved in non-native long-range 

interactions [14]. 

It is possible therefore that the amyloidogenic factors analyzed 

here could be favouring a more compact conformation of the unfolded 

ensemble of the Spc-SH3 domain that may be more prone to 

intermolecular association. In fact, Radford and coworkers have 

recently shown that the amyloid aggregation of β-microglobulin at acid 

pH is determined by a competition between intra- and intermolecular 

interactions mediated by residual structure at the acid-denatured state 

[15]. Reduced hen lysozyme also has a residual structure involving 

long-range interactions, which affect amyloid formation [16] and, 

similarly, several recombinant human lambda6 immunoglobulin light 
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chains have shown a relationship between residual structure in a 

highly denatured state at pH 2 and amyloid aggregation propensity 

[17]. 

The results presented here support our discussion of Chapter 3, in 

which we hypothesized that salts may favour aggregation by altering 

the energy landscape of the protein due to its effects upon the 

hydration of the protein groups. 
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5. DETECTION OF EARLY FOLDING INTERMEDIATES THAT 
MAY BE AMYLOIDOGENIC 

It is widely accepted that amyloid fibril formation requires the 

accumulation of a critical concentration of partially folded protein 

species [1]. These protein states are usually favoured by mutations or 

environmental conditions that destabilize the native state, such as for 

instance, extreme pH, high ionic strength, high temperature, moderate 

concentration of denaturant agents or organic solvents, etc. These 

factors have been described to act by decreasing the structural 

cooperativity of the native structure and favouring the critical states in 

the amyloid fibril formation [2], [3].  

In spite of this, we have shown in previous Chapters that the 

amyloidogenic effect of the N47A is neither related to its destabilizing 

effect upon the native state or to any significant decrease in the 

cooperativity of the SH3 structure that may result in an increase of the 

population of amyloidogenic states under equilibrium conditions. We 

have shown however that the amyloidogenic mutation and the 

environmental conditions that favour fibrillation increase the rate of 

conformational events that lead to oligomerization and fibril nucleation 

and these events seem to be crucial in determining the amyloid 

formation cascade. 

We questioned ourselves if the precursor states of fibrillation were 

only transiently populated or if their population was too low so that they 

were silent under the conditions investigated so far.  

The folding and unfolding of the WT Spc-SH3 domain and many 

mutant variants was extensively studied in the past under low ionic 

strength conditions [4], [5], [6]. The process was described as a two-

state process following first-order kinetics without any significantly 

populated intermediate states. We decided to investigate if the N47A 

mutation and/or the presence of moderate concentrations of salt 
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induced the accumulation of partially folded forms that may be 

amyloidogenic. With this aim we analyzed the equilibrium and kinetic 

folding and unfolding processes of both the WT Spc-SH3 domain and 

the N47A mutant under the conditions that favoured amyloid 

aggregation. This study was carried out in collaboration with Prof. 

André Matagne in the Center of Protein Engineering of the University 

of Liege (Belgium). 

 

5.1. EQUILIBRIUM FLUORESCENCE STUDIES TO DETECT 
INTERMEDIATE STATES 

To elucidate whether partially folded species may become 

populated under equilibrium by effect of the N47A mutation, we carried 

out equilibrium urea unfolding experiments of the two Spc-SH3 domain 

variants in the presence of 25 µM ANS following simultaneously both 

the intrinsic tryptophan (Figure 5.1a) and the ANS fluorescence signals 

(Figure 5.1b). To avoid fibrillation during the experiments the protein 

concentration was kept low (0.2 mg mL−1) in the samples. The 

experiments were conducted at 37 ºC under conditions were both 

variants have identical stability (see Chapter 2 and [7]), i.e., 100 mM 

NaCl, 100 mM Gly, pH 2.78 for WT and 3.20 for N47A.  

The unfolding profiles monitored by intrinsic Trp fluorescence did 

not show any significant difference, with very similar [urea]1/2, for the 

two variants. In the case of the unfolding profiles followed by ANS 

fluorescence, there was a slight increase in ANS fluorescence at low 

urea concentrations for the N47A mutant relative to the WT, but the 

data were not very conclusive because the fluorescence signal was 

very low in these measurmements. This indicates that under 

equilibrium at 37 ºC the population of partially folded species is very 

low for both variants.  
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                                                                                              a 

 

 

 

 

 

 

 

b 

 

 

 

 

 

 

Figure 5.1. Equilibrium urea unfolding of WT (blue) and N47A (magenta) at 
37 ºC in 100 mM glycine buffer, 100 mM NaCl, pH 2.78 and pH 3.20 
respectively. The protein concentration was 0.2 mg mL−1 in both cases. (a) 
Intrinsic Trp fluorescence; (b) ANS Fluorescence. 
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We also made thermal unfolding experiments following intrinsic 

tryptophan fluorescence and ANS fluorescence at the same time using 

different protein concentrations and different NaCl concentrations. The 

buffer conditions were 100 mM glycine, 25 µM ANS at pH 3.20 for 

N47A and 2.78 for WT, (Figure 5.2). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Thermal unfolding profiles monitored by intrinsic Trp fluorescence 
and ANS fluorescence. a) and b) represent N47A and WT respectively at 100 
mM NaCl and at a concentration of protein of 0.8 mg mL-1. c) and d) represent 
N47A and WT respectively at 200 mM NaCl and at a concentration of protein 
of 0.6 mg mL-1. 
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In the presence of 100 mM NaCl, the unfolding profiles followed 

by intrinsic Trp fluorescence showed a single reversible transition with 

a Tm value similar to that measured by DSC, indicating that the 

majority of the protein unfolds and refolds in a two-state transition. In 

contrast, the thermal unfolding profiles followed by ANS fluorescence 

showed a small but significant signal increase at intermediate 

temperatures, with a maximum around 60 ºC. This effect was 

considerably more pronounced for the N47A mutant relative to the WT 

form. These increases in ANS fluorescence indicate the formation a 

small population of partially-unfolded species at intermediate 

temperatures during the heating. Interestingly, the enhancement did 

not occur during the cooling indicating that the partially-unfolded 

species cannot not be efficiently formed from the unfolded protein. 

At higher salt concentration (200 mM) the increase in ANS 

fluorescence at intermediate temperatures was strongly enhanced for 

both variants and shifted to higher temperatures but the thermal 

unfolding and refolding followed by intrinsic fluorescence were not 

completely reversible, indicating that, even at this low protein 

concentration (0.6 mg mL−1), the higher salt concentration could have 

favoured partial aggregation of the protein. 

Once again, the partially-unfolded species did not form during the 

cooling, suggesting that these species are not kinetically accessible 

from the unfolded state within the time scale of these experiments. 

These results indicate that the factors favouring amyloid 

formation, i.e., the N47A mutation and the increase in salt 

concentration, also enhance the transient accumulation of partially 

unfolded species during the thermal unfolding of the native protein. 

This suggests an implication of these species in the amyloid cascade 

for the Spc-SH3 domain. 
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5.2. FOLDING AND UNFOLDING KINETICS OF THE N47A 
MUTANT 

On the basis of our previous observations we hypothesized that 

the transient formation of partially-folded species favoured by 

amyloidogenic factors may become reflected in the folding or unfolding 

kinetics and, if these species were prone to associate intermolecularly 

as we have observed before, there would be a significant effect of 

protein concentration on the kinetics. 

To investigate this effect we used stopped-flow fluorescence to 

reinvestigate the folding and unfolding kinetics of WT Spc-SH3 and the 

N47A mutant under the buffer conditions that induced amyloid 

formation.  

Initially, the folding-unfolding kinetics of the N47A mutant were 

studied at 4 different protein concentrations under the same 

experimental conditions (Figure 5.3). 

The kinetics fitted quite well to single-exponential functions (Table 

5.1), except for small deviations during the first 100 ms. A small 

increase with the protein concentration was observed in the rate 

constant of unfolding , whereas the folding rate constant changed only 

slightly. 

Nevertheless, a closer look to the folding and unfolding kinetics 

indicates significant deviation from two-state behaviour. According to 

the two-state folding model, the ratio between the folding and the 

unfolding amplitudes should be close to 1 and the signal level at time 

zero in each kinetic trace should be approximately coincident with that 

of the end point of the other. The amplitude ratio was however 

significantly higher than 1 and increased with the protein 

concentration. In addition, the fluorescence intensity level at time zero 

in the unfolding kinetics (Figure 5.3, black) was considerably lower 

than that of the end point of the folding trace corresponding to the 
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native protein (Figure 5.3, red). These effects are incompatible with a 

two-state folding-unfolding process and suggest that there may be an 

accumulation of partially folded states during the dead time of the 

unfolding kinetics. 

 

 

     a         b 

  

 

 

 

  

 

     c                                                                 d 

 

 

 

 

 

 

 

Figure 5.3. Folding (from 6 M to 0.55 M urea, red) and unfolding (from 0 M to 
5.45 M urea, black) kinetics of N47A Spc-SH3 at 25 ºC at different protein 
concentrations: a) 1 mg mL-1, b) 0.35 mg mL-1, c) 0.1 mg mL-1 and d) 0.02 mg 
mL-1.  
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Table 5.1. Kinetic parameters derived from fittings to single-exponential 
functions of the curves represented in Figure 5.3. 

 

We also analyzed the folding and unfolding kinetics for both the 

WT and N47A Spc-SH3 variants over a wide range of urea 

concentrations under the same stability conditions using a protein 

concentration of 0.15 mg mL−1 (Figure 5.4). The kinetics fitted well to 

single-exponential functions for both variants and the chevron plots 

complied well with the two-state unfolding model (Table 5.2). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Chevron plots for the folding and unfolding kinetics of the WT 
(blue) and N47A (magenta) Spc-SH3 variants with 100 mM NaCl at 25 ºC 
under conditions of identical stability (pH 2.78 and 3.20 respectively). The 
protein concentration used was 0.15 mg mL−1 in all experiments. The lines 
correspond to the best fit according to the two-state model. 
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Table 5.2. Kinetic and thermodynamic parameters of the folding and unfolding 
of WT and N47A Spc-SH3 under amyloidogenic conditions. 
 

Variant Conditions k≠-U (s−1) k≠-N (s−1) m≠-U (M−1) m≠-N (M−1) 
[urea]1/2 

(M) 

N47A 
100 mM NaCl, 

pH 3.20, 25 ºC 
2.47±0.11 0.13±0.02 −0.99±0.06 0.41±0.03 2.1±0.3 

WT 
100 mM NaCl, 

2.78, 25 ºC 
5.38±0.24 0.48±0.04 −1.00±0.05 0.30±0.02 1.9±0.2 

N47A 
200 mM NaCl, 

pH 3.20, 25 ºC 
3.3±0.3 0.12±0.03 -0.92±0.09 0.43±0.05 2.5±0.6 

N47Aa 100 mM NaCl, 

pH 3.20, 37 ºC 
4.3±0.5 1.1±0.12 -1.23±0.23 0.23±0.03 1.0±0.4 

a These parameters correspond to the analysis of the rate constants of the 
major kinetic phase. 
 

Figure 5.5 represents the dependence of the amplitudes of the 

kinetics with the concentration of urea as compared with the 

predictions of the two-state model. For the N47A mutant the 

amplitudes of unfolding are markedly decreased (about 30%) 

compared to those of folding. This confirms a clear deviation from the 

two-state model since the amount of native protein at the start of the 

unfolding reaction seemed smaller than the amount of unfolded protein 

that folds into native. In the case of the WT Spc-SH3 the decrease in 

the amplitudes of the unfolding traces is smaller, indicating a less 

pronounced deviation from two-state behaviour.  

These results indicate that the N47A mutant is accumulating 

intermediate states different from the native and the unfolded states, 

which appear to be only accessible from the native state. These states 

appear to be silent in the standard kinetic experiments detected by 

intrinsic Trp fluorescence, since the kinetic traces fit well to single 

exponential decays and the chevron plots do not show any apparent 

deviation from the shape predicted by the two-state model. 
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Figure 5.5. Relative amplitudes of the folding and the unfolding kinetics of the 
N47A (a) and the WT (b) Spc-SH3 variants under the experimental conditions 
of Figure 5.4. The solid lines correspond to the predictions of the two-state 
model. In red, data of the refolding curves; in black, data of the unfolding 
curves. 

Once we obtained clear evidence of the presence of intermediate 

states during the unfolding kinetics of the N47A mutant, we tried to 

establish if these species are related to the enhanced propensity of the 

N47A mutant to amyloid fibril formation. We made additional folding 

and unfolding experiments under conditions that accelerate fibrillation, 
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i.e., a higher temperature of 37 ºC (Figure 5.6a) and a higher salt 

concentration of 200 mM (Figure 5.6b). These experiments were 

performed at low protein concentration to avoid significant aggregation 

during the kinetics.  

 

              a 

   

 
 
 
 
 
 
 
 
 
 
 
 
              b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Chevron plots for the folding and unfolding kinetics of the N47A 
Spc-SH3 mutant at 25 ºC in the presence of 200 mM NaCl (a) and at 37 ºC in 
the presence of 100 mM NaCl (b). The lines correspond to the best fit 
according to the two-state model. Protein concentration was 0.15 mg mL-1 in 
both cases and pH was 3.20. In panel b, the kinetic traces were fitted to a 
double exponential decay and only the data corresponding to the first 
exponential (filled circles) were fitted to a two-state model.  
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In the presence of 200 mM NaCl at 25 ºC, the kinetics could also 

be well described by single exponential decays and the chevron plots 

were in apparent agreement with two-state behaviour (Figure 5.6a and 

Table 5.2) but the amplitudes of the unfolding traces decreased even 

more pronouncedly than at 100 mM NaCl (Figure 5.7a), indicating that 

the increase in salt concentration favours the early accumulation of 

partially unfolded species during the dead time of the unfolding 

kinetics. 

Interestingly, both the folding and unfolding kinetics recorded at 37 

ºC could only be fitted using a two exponential decay function. The 

chevron plot of the rate constants of the fast phase complied well with 

the V-shape expected for two-state folding (Figure 5.6b) and the 

amplitudes of this phase accounted for most part of the total 

amplitudes of the kinetics (see Figure 5.7b). This indicates that the fast 

phase corresponds to the folding and unfolding process of the majority 

of the protein. Nevertheless, as observed for the other conditions, the 

amplitudes of the unfolding traces were considerably smaller than that 

of the folding traces, due the presence of a burst phase. 

The rate constants of the slow phase do not follow a V-shape in 

the chevron plot, suggesting a non-cooperative character for this 

event. This slow phase may be related to slow proline cis-trans 

isomerisation, as it has been described elsewhere [8], but we cannot 

discard from these data a different origin. The amplitude of the slow 

phase is very small, except at intermediate urea concentrations, where 

it is quite significant.  
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Figure 5.7. Normalized amplitudes of the folding and unfolding kinetics of the 
N47A Spc-SH3 mutant at 200 mM NaCl at 25 ºC (a) and at 100 mM NaCl at 
37 ºC (b). The solid lines correspond to the predictions of the two-state model. 
Protein concentration was 0.15 mg mL-1 in both cases and the pH was 3.20. In 
red, data of the refolding curves; in black, data of the unfolding curves. In 
panel b, filled symbols correspond to the amplitude of the first phase in the 
double exponential decay and open symbol correspond to that of the second 
phase. Green symbols corresponds to the sum of both amplitudes. 
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These results confirm that the conditions that accelerate amyloid 

fibril formation augment the population of intermediate states during 

the dead time of the unfolding kinetics, which gives clear evidence of 

the relationship between these species and the trigger of the amyloid 

fibril formation. 

 

5.3. FOLDING-UNFOLDING KINETICS IN THE PRESENCE OF 
ANS 

The evidence obtained so far about the presence of partially-

folded species accumulated during the dead time in the unfolding 

kinetics comes from deviations of the relative amplitudes of the kinetic 

traces from the predictions of the two-state folding-unfolding model. To 

attempt to directly detect these species, we acquired the folding and 

unfolding kinetics at 25 ºC in the presence of ANS by monitoring 

simultaneously the fluorescence of the dye and the intrinsic Trp 

fluorescence. To explore if the presence of ANS was affecting 

somehow the folding and unfolding kinetics, we repeated the 

experiments at three different ANS concentrations (30, 50 and 150 µM) 

(not shown) and compared the data with the kinetics obtained 

previously in the absence of ANS at the same urea concentrations. In 

these experiments we compared the N47A and the WT variants under 

identical stability conditions, i.e, 100 mM Glycine, 100 mM NaCl, pH 

3.2 for N47A and pH 2.78 for WT. 

Figure 5.8a and 5.8b shows some examples of the several kinetic 

traces obtained in the presence of 50 µM of ANS. It is interesting that 

the folding curves detected by ANS fluorescence show negligible 

amplitude, consistently with the absence of partially folded species 

during the folding process. In contrast, the unfolding curves showed a 

considerable ANS fluorescence decrease corresponding to the 

unfolding of species formed during the dead time of the kinetics.  
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We fitted the all curves to single exponential functions to obtain 

the kinetic parameters (Table 5.3).   

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Folding (a) and unfolding (b) kinetics measured by fluorescence of 
ANS at 485 nm for the N47A mutant (lines) and the WT Spc-SH3 (dots) at 25 
ºC at 0.2 mg mL-1 in the presence of 50 µM ANS. The folding experiments 
were made at 0.6 M urea (black), 1.3 M urea (red) and 2.7 M urea (green). 
The unfolding experiments were made at 5.3 M urea (blue), 3.8 M urea (cyan) 
and 2.9 M urea (magenta).  
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Table 5.3. Kinetic parameters derived from fittings to single-exponential 
functions of the folding and unfolding kinetics of the WT and N47A variants 
followed by intrinsic fluorescence (kint) at different ANS concentrations and 
followed by ANS fluorescence (kANS) in the case of the unfolding. 

 

Variant Kinetic 
Process 

Urea 
concentration 

(M) 

ANS 
concentration 

(µM) 
ln kint, ln kANS 

N47A 

Folding 

0.6 
0 0.50 -- 
30 0.56 -- 
50 0.55 -- 

150 0.59 -- 

1.3 
0 0.33 -- 
30 0.31 -- 
50 0.31 -- 

150 0.36 -- 

2.7 
0 -0.22 -- 
30 -0.34 -- 
50 -0.31 -- 

150 -0.31 -- 

Unfolding

5.3 
0 0.41 -- 
30 0.46 0.33 
50 0.44 0.28 

150 0.47 0.29 

3.8 
0 -0.21 -- 
30 -0.14 -0.85 
50 -0.18 -1.10 

150 -0.10 -1.40 

2.9 
0 -0.36 -- 
30 -0.47 -2.21 
50 -0.46 -2.41 

150 -0.36 -2.53 

WT 

Holding 

0.6 
0 1.25 -- 
30 1.31 -- 
50 1.31 -- 

150 1.36 -- 

1.3 
0 1.06 -- 
30 1.09 -- 
50 1.01 -- 

150 1.02 -- 

2.7 
0 0.69 -- 
30 0.58 -- 
50 0.60 -- 

150 0.67 -- 

Unfolding

5.3 
0 0.98 -- 
30 1.02 0.39 
50 1.02 0.20 

150 1.04 0.31 

3.8 
0 0.59 -- 
30 0.54 -0.97 
50 0.58 -0.99 

150 0.60 -0.99 

2.9 
0 0.37 -- 
30 0.34 -2.21 
50 0.38 -2.12 

150 0.45 -2.41 
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The folding and unfolding kinetics of both variants followed by 

intrinsic Trp fluorescence in the presence of ANS are only slightly 

higher than those obtained in the absence of this dye and they do not 

depend on the ANS concentration (Table 5.3). This means that the 

presence of ANS is not affecting significantly the population distribution 

of the species present in solution during the experiment timescale. 

The unfolding kinetics of the N47A mutant followed by ANS 

fluorescence corresponds to a process clearly different from the 

unfolding of the native protein that is observed by intrinsic 

fluorescence. The rate constants derived from the kinetic unfolding of 

these species are much lower than those obtained by intrinsic Trp 

fluorescence. This difference is more pronounced at low urea 

concentration. In fact, the ANS kinetic curves do not follow a 

monoexponential decay, by contrast the process seems to be affected 

by two different decays, the unfolding of the native protein and the 

unfolding of the intermediate states. We have studied the amplitude 

contribution of both processes by fitting ANS unfolding kinetics to a two 

exponential decay fixing the rate constant corresponding to the native 

protein unfolding as measured by intrinsic Trp fluorescence (Figure 

5.9). At high urea concentration the process is dominated by the 

unfolding of the native protein, but when the urea concentration 

decreases the unfolding of the intermediate states is dominant.  

The data are consistent with a rapid accumulation of ANS-binding 

species during the dead time of the experiment. These species unfold 

at much slower rate than the native protein, suggesting that they may 

constitute a kinetic trap for the unfolding pathway.  

The WT protein showed similar results but the ANS intensity and 

the amplitude of the curves were considerably smaller, indicating a 

lower population of intermediate states than for the N47A mutant 

(Figure 5.8b and 5.9). It is interesting that the unfolding rate constants 
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derived from the ANS fluorescence kinetics are very similar for both 

variants, indicating that the intermediate species that we are observing 

in both cases have the same kinetic characteristics. 

Accumulation of partially unfolded species is not evident during 

the folding process since the ANS fluorescence intensity is very small 

for both variants (Figure 5.8a). 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Unfolding amplitudes of a two exponential decay fitting for the 
N47A and the WT Spc-SH3 variants in the presence of 50 µM ANS at urea 
concentrations indicated in the figure. In solid colour, the first phase that 
corresponds to the native species unfolding. In stripped colour, the second 
phase that corresponds to the unfolding of intermediate states. 

 

5.4. DISCUSSION 
In this work we have tried to elucidate the molecular events that 

take place during the initial stages of the amyloid fibril formation of the 

Spc-SH3 domain and the factors that trigger the aggregation cascade. 

A comparative characterisation of the folding and unfolding kinetics of 

the N47A and WT Spc-SH3 domains under amyloidogenic conditions 

has provided evidence of the transient accumulation of partially 

unfolded species. 
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Most previous studies have indicated that the Spc-SH3 domain 

folds and unfolds following a two–state model [4], [5], [6], [9], [10],. 

However, more recent studies have demonstrated that the process can 

deviate from two-state behaviour and may involve intermediate states 

under specific conditions, i.e, high protein concentration [11] or 

physiological pH and isotonic concentration of salt [12]. Molecular 

dynamics simulations have also inferred the existence of low-

populated intermediates during the folding of Spc-SH3 [13]. 

Although under conditions favouring amyloid fibril formation the 

thermal unfolding of the N47A mutant and the WT domain followed by 

intrinsic fluorescence showed a single two-state reversible transition, 

ANS fluorescence reveals a small and transient accumulation of 

partially unfolded species at temperatures around 60 ºC. Trapping 

intermediates occurring during the thermal unfolding pathway of 

proteins is in general difficult but has been described for some proteins 

such as the cardiotoxin-III all-beta-sheet protein [14] and the Bacilus 

subtilis lipase [15]. 

The kinetic experiments shown here demonstrate unequivocally 

that the unfolding process of the amyloidogenic N47A mutant of the 

Spc-SH3 deviates significantly from the two-state model, while this 

effect is less evident for the WT protein, even when studied under 

conditions where both variants have the same thermodynamic stability.  

The observation of a burst phase in the unfolding kinetics of the 

N47A mutant followed by intrinsic Trp fluorescence suggested the 

formation during the dead time of the experiment of states of the 

protein different from the native and the unfolded ones. These states 

become favoured by the increase in protein concentration due to 

mass-action effect, indicating that they become stabilized by 

oligmerization.  
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Direct detection of these states was achieved in the unfolding 

kinetics when followed by ANS fluorescence. The fact that these 

species bind ANS implies that they expose hydrophobic clusters, 

consistently with a partially-unfolded or a collapsed conformation. 

ANS-binding of aggregation-prone intermediate states present during 

unfolding have been described for the marble brain syndrome-

associated mutant H107Y of human carbonic anhydrase II [16].  

Although these species were also present during the unfolding of 

the WT protein, the ANS intensity observed in the kinetics was smaller 

than for the N47A mutant, indicating a decreased population of 

intermediates under the same experimental conditions. This 

observation is in good correlation with a slower amyloid fibril formation 

of the WT domain compared to the N47A mutant [7] and suggests a 

direct relationship between the formation of these partially-unfolded 

species and the mechanism of amyloid fibrillation. This conclusion is 

further supported by the fact that increasing the salt concentration and 

the temperature also enhance the accumulation of partially-unfolded 

species and they also increase the rate of amyloid fibrillation (see 

Chapter 3.2). The presence of intermediate states populated during 

unfolding has been described in several amyloidogenic or aggregation 

prone proteins, such as the yeast prion protein Ure2 [17], alpha-

amylase from mung beans [18] or the germ line human lambda6 light-

chain protein [19]. 

In this study we never found significant evidence of the 

accumulation of these species during the folding processes, either in 

equilibrium (Figure 5.2) or kinetic folding experiments (Figure 5.8). This 

indicates that the partially-unfolded species are only kinetically 

accessible from the native state and never from the unfolded state. 

Furthermore, the low rate constants of unfolding for these species 

measured from the ANS-fluorescence kinetics suggest that they may 
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constitute kinetic traps for the unfolding process and therefore be off-

pathway intermediates. Nevertheless, establishing unequivocally the 

position of these intermediates in the kinetic folding and unfolding 

pathway is a difficult task and needs a much more exhaustive 

investigation than that presented in this study. 
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6. MUTAGENIC ANALYSIS OF THE MECHANISM OF 

AMYLOID AGGREGATION OF SPC-SH3 

As described in Chapter 2, we have found that the WT Spc-SH3 

domain and several single mutants, in addition to the N47A mutant, 

can also form amyloid fibrils at acid pH, although at much slower rates 

when compared to the latter [1]. We have demonstrated that this 

difference is not due to a thermodynamic destabilization of the native 

state of the domain, but to an increase in the rate of the conformational 

processes that conduce to fibril nucleation.  

Our results showed that mutations destabilizing the native state 

need not to be necessarily amyloidogenic but their effect on fibrillation 

may depend on how they influence the early conformational events 

during nucleation. These events consist of a conformational change 

implying partial unfolding of the protein immediately followed by 

formation of oligomeric species that appear to be critical in nucleating 

the fibrillation cascade. 

Here we have employed a mutagenesis approach to analyse the 

mechanism of fibril formation. This approach has been widely used to 

investigate the molecular mechanism of protein folding [2].  

We prepared a series of double-mutants using the single mutant 

N47A as our reference protein in this study (See chapter 8). Mutations 

have been made on selected positions of the polypeptide chain to 

probe every structural element of the protein (Table 6.1) (Figure 6.1).  
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Table 6.1. Second mutations made on the N47A mutant and their location on 
the structural elements of the protein. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Schematic ribbon drawing of the Spc-SH3 domain structure 
showing each place of mutation in magenta. N47A mutation is showed in 
blue. 

MUTATION POSITION 

L10A β strand 1 

R21D RT loop 

K27A Diverging turn 

T32A β strand 2 

N38A n-src loop 

K43A β strand 3 

V46A β strand 3 

D48G Distal turn 

V53A β strand 4 

A56G 310 helix 

V58A β strand 5 
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6.1. DSC ANALYSIS OF THE THERMODYNAMIC STABILITY OF 

THE DOUBLE MUTANTS 
Our first step was to perform a set of DSC experiments to 

evaluate the changes in the stability of the native state produced by 

the mutations. The experiments were made in the buffer used in the 

aggregation experiments (100 mM Gly, 100 mM NaCl, pH 3.2) but at 

low protein concentration (1 mg mL-1 approximately) to avoid 

aggregation during the thermal unfolding (Figure 6.2). Under these 

conditions, the thermal unfolding of all mutants, except K43A, V53A 

and V58A, was highly reversible as we observed in the second heating 

scan (not shown). Mutants K43A, V53A and V58A did not show a clear 

unfolding transition, indicating that they are mostly unfolded under 

these experimental conditions, and therefore their DSC thermograms 

were not analyzed quantitatively. The thermograms of the rest of the 

mutants followed very well the two-state unfolding model, from which 

we obtained the thermodynamic parameters of the process (Table 

6.2).  

Mutations L10A, N38A, T32A, V46A, A56G and K27A had a 

significant destabilizing effect, whereas the R21D and D48G mutations 

stabilized the protein. Mutations K43A, V53A and V58A destabilized 

completely the native state. 

A plot of the unfolding enthalpies, ∆Hu, versus the unfolding 

temperatures, Tm, measured for the different variants at pH 3.2, shows 

a single linear dependence (Figure 6.3). This indicates that the 

changes in enthalpy of unfolding were only due, within the 

experimental error, to its dependence with temperature due to the heat 

capacity change of unfolding, ∆Cp = d∆H/dT, which appears to be 

common to all domain variants, 3.67 ± 0.15 kJ K-1 mol-1  [3]. This value 

is fully consistent with that shown in Chapter 2 and those previously 
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published for the Spc-SH3 domain [4, 5] and indicates that these 

mutations do not induce significant changes in the native structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. DSC experiments of the double mutants samples under fibrillation 
conditions at 0.8 mg mL-1 protein concentration. Scan rate was 2 ºC min−1 in 
all experiments.  
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Table 6.2. Thermodynamic parameters of the equilibrium thermal unfolding of 
all the variants determined by DSC.  
 
 

VARIANT Tm (ºC) ∆Hu (Tm) (kJ mol-1) ∆Gu (37 ºC) (kJ mol-1)a 

N47A 50.9 149 5.28±0.4 

N47A-L10A 30.3 77 -1.97±0.3 

N47A-R21D 53.5 156 6.33±0.4 

N47A-K27A 46.7 129 3.37±0.4 

N47A-T32A 41.6 108 1.46±0.3 

N47A-N38A 38.6 100 0.50±0.3 

N47A-K43A -- -- -- 

N47A-V46A 42.3 114 1.75±0.3 

N47A-D48G 55.7 164 7.34±0.5 

N47A-V53A -- -- -- 

N47A-A56G 46.1 146 3.68±0.4 

N47A-V58A -- -- -- 

 

a Unfolding Gibbs energy at 37 ºC of each double mutant calculated by using 
a common heat capacity change of unfolding, ∆Cp,u  of 3.67±0.15 kJ K-1 mol-1 

that was determined by linear regression to all the ∆Hu (Tm) vs Tm data. 
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Figure 6.3. Plot of the enthalpy change of unfolding, ∆Hu, versus the 
unfolding temperature, Tm, for all the mutants obtained from the fittings of the 
DSC traces using two-state model. The line corresponds to the linear 
regression (Adj. R-Square=0.95) to all data from which a heat capacity 
change of unfolding (slope of the plot) of 3.67 ± 0.15 kJ K-1 mol-1 is derived. 
 

 

6.2. STRUCTURAL CHANGES INDUCED BY THE MUTATIONS. 
To check if the second mutations produced important structural 

effects in the domain, we acquired the far-UV CD spectra of the double 

mutants. Spectra were registered in the aggregation buffer (100 mM 

Gly, 100 mM NaCl, pH 3.2) at low protein concentration (0.3 mg mL-1 

approximately) at 25 ºC and at the temperature of the aggregation 

experiments (37 ºC) (Figure 6.4). The spectra of the K43A mutant 

could not be recorded due to lack of sample. 

At 25 ºC all the mutants, except V53A and V58A, showed spectra 

typical of native Spc-SH3 (as in the case of the single N47A mutant) 

domain. At 37 ºC, the changes in the CD spectra produced by the 

mutations rank approximately according to their relative stability, 
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indicating that at this temperature a significant fraction of protein is 

unfolded depending on the Tm of the transition. V53A and V58A 

presented CD spectra at both temperatures very similar to that 

observed for the unfolded Spc-SH3 domain [4]. These data are 

therefore fully consistent with the thermodynamic parameters obtained 

from the DSC analysis. 
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Figure 6.4. Far-UV CD spectra for N47A and the double mutants in the 
aggregation buffer at a protein concentration of 0.3 mg mL-1 in a 0.1 cm path 
length CD cuvette at (a) 25 ºC and (b) 37 ºC. 
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6.4. KINETICS OF AMYLOID FIBRILLATION OF THE DOUBLE 

MUTANTS 
The kinetics of formation of amyloid fibrils of the double mutants 

was analyzed by ThT fluorescence under the conditions described 

previously for the N47A mutant [6], i.e., at 37 ºC in 100 mM glycine 

buffer pH 3.2, in the presence of 100 mM NaCl and a protein 

concentration of 8.2 mg mL-1 (Figure 6.5).  

All variants except the L10A and D48G mutants formed amyloid 

fibrils to different extents when incubated at 37 ºC for long periods. The 

time dependence of the ThT fluorescence signal could be fitted to an 

exponential phase plus a second slower exponential or linear phase 

[6].  

As discussed in Chapter 3, under these fibrillation conditions the 

rate limiting step of early fibrillation is a conformational change of the 

protein that leads to the rapid formation of aggregation nuclei and 

subsequently to fibrils. This explains the lack of a significant lag phase 

in the ThT kinetics. 

From these fittings we obtained the apparent first-order rate 

constant (k) and the amplitude (A) of the nucleation process. The 

amplitude of the nucleation phase would be approximately proportional 

to the amount of fibrillation nuclei formed after this phase, since the 

ThT fluorescence is considered proportional to the mass amount of 

fibrils [7]. The slope of the second phase gives information about the 

rate of fibril growth after nucleation (Figure 6.6a, 6.6b).  
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Figure 6.5. Kinetics of amyloid fibril growth of N47A and the double mutants 
of Spc-SH3 measured by ThT fluorescence. Aggregation was followed at 37 
ºC in 100 mM glycine buffer pH 3.2, with 100 mM NaCl, at an equal protein 
concentration of 8.2 mg mL-1.  
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Figure 6.6. Kinetic parameters of the fibrillation of the set of double mutants 
and N47A obtained by fitting the ThT fluorescence profiles using a 
monoexponential growth (nucleation stage) plus an exponential or linear 
slower phase (elongation stage). a) Nucleation rate constant. b) Nucleation 
amplitude. c) Total ThT fluorescence at the end of the experiment  
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We observed that the thermodynamic parameters (Table 6.2) do 

not correlate whatsoever with the fibrillation propensities of the double 

mutants, as we demonstrated before for a set of single mutants 

(Chapter 2) [1]. For instance, the strongly destabilizing mutation L10A 

inhibits almost completely amyloid formation, whereas mutations N38A 

and K27A, which destabilize less the native state, increased 

considerably the nucleation rate relative to the N47A mutant, but 

reduced significantly the total amount of fibrils. Likewise, mutations 

that fully destabilized the native state (K43A, V53A and V58A) had a 

dissimilar effect upon the fibrillation kinetics. To determine if the 

different fibrillation propensities of the mutants are related with the 

effect of the each mutation on the intrinsic propensity of the 

polypeptide chain to aggregate, we calculated the theoretical 

aggregation rate of every mutant as described elsewhere [8]. The 

equation used to predict these values was equation 6.1. 

log( ) 0 hydr pat pHchk hydr I pat I I Ech pH
ionic concE Econcionic

α α α α α

α α

= + × + × + × + ×

+ × + ×
     (6.1) 

 

where log(k) is the logarithm to base 10 of the aggregation rate 

constant k, in units of s-1. Factors intrinsic to the amino acid sequence 

are denoted as I, while extrinsic, condition-dependent, factors are 

denoted as E. Ihydr represents the hydrophobicity of the sequence, 

calculated as the sum of the hydrophobic contributions of each 

residue, normalized by the number of amino acid residues in the 

sequence, N. The Roseman scale of hydrophobicity was used to 

estimate these propensities at neutral pH, using the data from Cowan 

and co-workers to adjust the changes in hydrophobicity experienced 

by amino acid residues at different pH values [9, 10]. Ipat takes into 

account the existence of patterns of alternating hydrophobic–
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hydrophilic residues; a factor of +1 was assigned for each pattern of 

five consecutive alternating hydrophobic and hydrophilic residues in 

the sequence [11]. Ich is the absolute value of the net charge of the 

sequence. EpH accounts for the pH of the solution in which aggregation 

occurs and Eionic defines the ionic strength of the solution, given in 

millimolar units. Finally, Econc refers to the polypeptide concentration C 

(in millimolar units) in the solution, represented here as log(C + 1), an 

always positive term for any value of C. 

We corrected these values with a stability factor that gives the 

fraction of protein that is unfolded at the aggregation temperature. This 

factor takes into account that the intrinsic aggregation rates are 

calculated for unstructured polypeptide chains. In fact, most of the 

predicted changes in aggregation rates are due to this stability factor, 

whereas the sequence changes have a very small effect. 

Figure 6.7 compares the changes in fibrillation rates predicted by 

this calculation relative to the N47A with those observed 

experimentally. We have found that the relative changes in nucleation 

rates for many of the mutants are similar to those predicted 

theoretically, whereas for few mutants the predictions cannot explain 

the experimental data. No correlation is observed however with the 

effects on the amplitudes of the nucleation phase or with the variations 

in the total amount of aggregates (Figure 6.6b and 6.6c). These results 

are consistent with our conclusions derived from the analysis of single 

mutants presented above (chapter 2), [1]. 

 

 

 

 

 

 



 

145 

 

6 

 

MUTAGENIC ANALYSIS OF THE MECHANISM                           
OF AMYLOID AGGREGATION OF SPC-SH3 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.7. Comparison between changes produced by mutations on the 
experimental rate constants of the nucleation stage (magenta) and the 
theoretical aggregation propensities corrected by a stability factor of the 
mutants (blue). The asterisks indicate no fibrillation for the corresponding 
mutants. 
 

According to these results, the effect of mutations on the rates of 

fibril nucleation of Spc-SH3 cannot be rationalized solely as the result 

of either the changes in native state stability or the changes in the 

intrinsic aggregation rate of the polypeptide chains. There must be 

therefore additional factors contributing to the observed effects on 

fibrillation.  

 

6.4. AGGREGATION STAGES OF THE DOUBLE MUTANTS 
FOLLOWED BY DLS 

The results presented here and our previous conclusions derived 

from the analysis of single mutants indicated that mutations alter the 

fibrillation propensity due to their effect on the rate of the fibril 
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nucleation phase. To understand better this event, we followed by DLS 

the early stages of aggregation of the double mutants at 37 ºC. 
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Figure 6.8. Aggregation kinetics at 37 ºC of the double mutants and the N47A 
mutant followed by monitoring the scattering intensity. Experimental 
conditions are identical to those of Figure 6.5. 
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The rates of growth of the scattering signal were quite consistent 

with the ThT fluorescence kinetics (Figure 6.5). Mutants L10A and 

D48G did not show a significant growth in scattering intensity 

indicating the absence of aggregate particles during the first 250 min. 

The rest of the mutants showed a considerable scattering increase but 

differed in the presence or absence of a significant lag phase. The 

R21D mutant in addition to the single mutant N47A had a significant 

lag, indicating a delay in the appearance of aggregate particles in the 

mixture. For the rest of mutants, no lag phase was observed, 

consistently with the ThT fluorescence data.  

From the DLS data we calculated the size distributions of particles 

in the aggregation mixtures as a function of the incubation time. The 

time evolution of the apparent hydrodynamic radius, Rh, for the two first 

peaks observed in the distributions are represented in Figure 6.9.  

At the start of the incubation, the size distributions of the N47A 

mutant presented only one peak with an apparent Rh of approximately 

1.7 nm, consistently with the value reports for native Spc-SH3 [12]. 

The Rh of this peak expanded to approximately 3.2 nm at around 100 

minutes of incubation. This event was interpreted previously as 

indicative of oligomerisation following an initial conformational change 

in the protein [6]. After about 10 minutes from the start of the 

incubation additional species appeared with an apparent Rh starting at 

approximately 7–9 nm and increasing progressively with the incubation 

time up to approximately 40 nm at 150 min. These particles were 

identified previously as small protofilaments of 6–7 nm in diameter 

elongating as the aggregation progresses. The apparent Rh of the 

fibrils stops increasing because of the lack of linear persistence of the 

fibrils. This apparent Rh would correspond to fibril lengths of about 

250–500 nm. Finally, at long incubation times larger particles with 
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apparent Rh reaching up to several micrometers (not shown) became 

developed corresponding to long amyloid fibrils. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9. Time evolution of the apparent hydrodynamic radii (Rh) for the two 
smallest peaks in the particle size distributions measured by DLS during the 
course of fibrillation of the double mutants.  
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The behaviour of the size distributions for the double mutants was 

markedly different depending on every mutant. For instance, mutants 

L10A and D48G presented only particles with an apparent Rh of 2 nm 

and 1.6 nm respectively during all the course of the experiment (not 

shown), in agreement with their lack of aggregation. These radii were 

consistent with that of the native monomer for D48G and with a 

mixture of native and unfolded monomers for L10A, which is in good 

agreement with the DSC and CD data for these mutants.  

The R21D mutant presented a very similar behaviour to the N47A 

single mutant but the events occurred at a slower pace, with native 

particles at the beginning of the incubation that expand to about 3.2 

nm at about 150 minutes of incubation. The appearance and growth of 

protofilaments was also delayed for a few minutes relative to the N47A 

mutant, consistently with a longer lag phase in the fibrillation kinetics 

observed by ThT fluorescence.  

For a subset of mutants (K27A, N38A, V53A, A56G) the size 

expansion of the peak corresponding to monomeric particles occurred 

considerably faster than for N47A, in agreement with their faster 

nucleation rates and the absence of lag phase in the fibrillation 

kinetics, as described above. Protofibrillar aggregates of about 7-9 nm 

appeared in the mixtures from the very beginning of the incubation for 

these mutants although their growth is in general slower than for 

N47A. 

Mutants V46A and T32A underwent a relatively slow expansion of 

the apparent Rh of the native particles, similar to that of N47A, and 

their protofibrils grew also at lower rates than the N47A mutant. Of 

note is the natively unfolded V58A mutant, which shows from the 

beginning of the incubation particles of about 2.5 nm, likely unfolded 

monomers, and particles of about 15-20 nm. These particle sizes 
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remain invariant for about 150 min but then oligomerisation and fibril 

growth appear to start simultaneously.  

Taken together, these results show that the fibril nucleation 

process is the result of a subtle balance between a series of events, in 

which the proteins need to undergo conformational changes and 

oligomerisation prior to their further assembly into larger fibrillar 

aggregates. This balance is modulated considerably by the mutations, 

which act differentially on each of these steps resulting in considerable 

changes in the fibrillation efficiency. 

 

6.5. MORPHOLOGY OF THE AGGREGATES FORMED BY THE 
DOUBLE MUTANTS. 

To explore the morphology of the aggregate particles appearing 

during the fibrillation process, we analyzed by TEM samples of all the 

double mutants during the time course of aggregation. As described 

previously [1, 6] (see chapter 2) at early times of incubation (30 min) 

the N47A mutant formed protofibrillar and amorphous aggregates, 

which quickly reorganized after only 60 min of incubation into small 

curly fibrils with diameter of 6–7 nm and lengths ranging between few 

tenths and several hundreds of nanometres. These fibrils elongated 

further for longer incubation times.  

Similar events occurred for the R21D mutant, which showed a 

longer lag phase in the fibrillation kinetics. At 30 min of incubation only 

few small globular and amorphous aggregates were visible in the TEM 

images (not shown) but a variety of irregular aggregate clusters and 

small fibrillar structures were sparsely visible at 60 min of incubation, 

which became reorganized later to form fibrils, as observed at 240 min 

of incubation (Figure 6.10a-c).  
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Figure 6.10. Electron microscopy images of aggregated R21D (panels a-c) 
and K43A (panel d-f) double mutants after different times of incubation at 37 
ºC as indicated in each image. Incubation conditions are identical to those of 
Figure 6.5 for each variant. 
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For those mutants without any lag phase in the fibrillation kinetics, 

such as K43A mutant, small fibrils were already observable even after 

30 minutes of incubation (Figure 6.10d). After long incubation times, all 

variants, except L10A and D48G, presented a tangle of amyloid fibrils 

with similar apparent curly morphology and diameter independently of 

the initial state and stability of the mutant. It appears that for all protein 

variants amyloid fibril formation involves similar early events, i.e., an 

initial formation of amorphous prefibrillar aggregates and a subsequent 

reorganization of these aggregates into fibrils, but these events occur 

at different speeds depending on the mutant. 

 
6.6. DISCUSSION 
In this study, we have made a series of mutations placed at every 

secondary structure element of the N47A Spc-SH3 domain. These 

mutations changed to different extents the thermodynamic stability of 

the native state as well as the intrinsic propensity of the polypeptide 

chain to aggregate but these effects did not correlate in general with 

the changes in the rates of amyloid fibril formation.  

Our results may appear in conflict with previous studies which 

have found a significant inverse correlation between native stability 

and the propensity to form amyloids [13, 14, 15, 16, 17]. For instance, 

mutations L10A and D48G, which are destabilizing and stabilizing 

respectively (see Table 6.2), both inhibited amyloid fibril formation.  

Previous studies have described that a key requirement for fibril 

formation is an increase in the population of partially folded 

conformations that become favoured by destabilizing the native state. 

This was observed in GAL and BIF monoclonal light chains [14], 

whose fibril formation is predominantly controlled by thermodynamic 

stability. The results allowed a rational strategy to inhibit amyloidosis 

based on the design of high affinity ligands stabilizing the native 
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protein. A similar tendency was also observed in mutational analysis of 

Acylphosphatase [13, 16], where all stabilizing mutations decreased 

the amyloid fibril rate and vice versa. It was concluded that the stability 

of the native state of globular proteins is a major factor preventing the 

in vivo conversion of natural proteins into amyloid fibrils. 

On the other hand, a mutational analysis of the fibrillation of the 

thermophilic protein S6 revealed no correlation whatsoever between 

native stability and fibril formation [18]. Instead, the unfolding rates 

correlated directly with the lag phases of amyloid aggregation 

suggesting that the nucleation occurs from a quasi-native state. 

Additional evidence supporting the importance of local effects has 

been provided by the study of two amyloidogenic variants of human 

lysozyme [19], in which transient unfolding of a specific region of the 

protein including the beta domain and the C-helix is favoured by the 

mutations. 

Some other studies have supported that the propensity of a 

protein to form amyloid fibrils has a significant dependence on the 

polypeptide chain sequence as is the case of Acylphosphatase (AcP) 

and its mutants [16, 20]. In these studies it was described that amyloid 

fibril formation is modulated by aminoacid hydrophobicity, β-sheet 

propensity and the total net charge of the protein. In a subsequent 

work [8] an approach was described to predict from the amino acid 

sequence the in vitro aggregation rates of a wide range of unstructured 

peptides and proteins considering a set of simple physicochemical 

parameters of the polypeptide chains and their environment. As we 

have described above, we used this approach to predict the effects of 

the mutations on the aggregation rates and corrected the obtained 

values by the contribution of the stability of every mutant (see Figure 

6.7). Although the predictions were in agreement with the observed 

effects for some of the double mutants, they failed to explain other 
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changes. It is remarkable the case of the L10A mutation, which was 

predicted to produce one of the highest intrinsic aggregation 

propensities but inhibited completely amyloid fibril formation.  

Our results indicate that the inhibitory or potentiating effect of 

amyloid formation exerted by the mutations occurs mainly at the stage 

of the conformational events leading to nucleation or at the nucleation 

step itself. In fact, our analysis by DLS clearly shows that formation of 

early oligomers occurred earlier for the mutants having a faster and a 

more efficient nucleation such as K27A, N38A, V53A and A56G, 

leading generally to a more extensive fibrillation. In contrast, 

oligomerisation never occurred for L10A and D48G, none of which 

form amyloid fibrils in spite of their different stabilities. It appears 

therefore that oligomerisation following a conformational change of the 

protein is crucial in the development of fibrillar aggregates, thus 

conditioning all the subsequent fibrillation process. This is in 

agreement with the fact that in all mutants studied here the duration of 

the lag phase in fibril formation is very similar to that of formation of 

oligomers (see Figures 6.8 and 6.9). This suggests that these 

oligomeric species may be the competent species of fibril nucleation or 

may even constitute themselves the aggregation nuclei.  

The presence of oligomeric species in rapid equilibrium with the 

monomeric form has also been reported as critical for fibril nucleation 

as for example in Abeta [21] or yeast prion Sup35p [22] and the 

importance of their characterisation is emphasized by their implication 

in a number of neurotoxic processes [23]. 

This and our previous studies [1, 6] support the view that fibril 

nucleation is preceded by an initial conformational change followed by 

or concomitant to rapid formation of soluble oligomers, which nucleate 

the fibrillation process. Indeed, it has been described in a wide variety 

of protein systems, such as the B1 lg-binding domain of protein G (β1) 
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[15], several lysozyme variants [24] and transthyretin (TTR) [25], that 

the key requirement for fibril formation is to choose conditions where 

the population of certain partially folded intermediate conformations is 

maximized. The apparent rate constant of the first exponential phase 

could be then associated to the rate limiting step of the nucleation 

reaction and the amplitude of the first phase would be proportional to 

the relative amount of fibrillation nuclei. 

Double mutants containing the N47A mutation (our reference in 

this study) were designed to produce stability changes in the protein by 

alteration of specific interactions at the different structural elements. 

Since the changes in stability produced by the mutations were 

evaluated by DSC as changes in the Gibbs energy of unfolding, ∆Gu, 

measuring the changes in the nucleation kinetics we could perform an 

analysis similar to the ‘phi’ analysis of protein folding rates by site-

directed mutagenesis [26]. 

Using simple transition-state theory, the rate constant of the rate- 

limiting step of nucleation, kagg, would be related to the height of the 

energy barrier according to the following equation: 

 

 
RT
G

h
Tkk aggB

agg

≠∆
−⎟

⎠
⎞

⎜
⎝
⎛= lnln                                                    (6.2) 

 

where ∆G≠
agg is the activation Gibbs energy of the nucleation process. 

Assuming that under the aggregation conditions the native and the 

unfolded state are in rapid equilibrium and taking the fully unfolded 

state as the energy reference for all mutants, each mutation will 

change the average Gibbs energy of the monomeric species (the 

bottom of the energy barrier) as: 
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where ‘wt’ refers here to our reference protein, i.e., the N47A 

single mutant, and ‘mut’ refers to each double mutant. mutG∆∆  can 

be evaluated for each double mutant from the stability measurements 

made by DSC at low concentrations (see Table 6.2). 

For those mutations that fully destabilize the protein, the mutants 

will fibrillate directly from the unfolded state. The fraction of native state 
mut
Nx will be then equal to 0 and the average Gibbs energy change will 

be equal to: 
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 (6.4) 

 

The height of the activation barrier would change with each 

mutation according to its relative effect on the mutG∆∆  value and 

upon the energy the transition state of nucleation. 
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Using to these equations, a specific mutation may be classified 

into different limiting classes, as follows: 
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Class 1: 
RT
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k
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∆∆

−≈∆ ln
 

 

These mutations would affect native interactions that are not 

longer present in the transition state structure. Then the change in the 

rate-limiting step of fibrillation will reflect principally the change in 

stability of the native state due to the mutation.  
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Class 2: ≈∆ aggkln  0 

 

These mutations change the stability of the transition state 

similarly to that of the native state. This would be the case if the 

transition state had native-like structure at the place of the mutation. 

Then, the net change in energy barrier for the conformational change 

would be zero, and the rate constant would not change even if the 

native state stability were affected. 
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Class 3: 
RT
G

k
mut

agg
∆∆

−>∆ ln    

 

These mutations change the stability of the transition state 

oppositely to that of the native state. This situation would occur if the 

mutation modifies a non-native interaction present in the transition 

state. A mutation destabilizing the native state but stabilizing the 

transition state results in a change in the activation barrier of 

nucleation of the same sign but of a larger magnitude than mutG∆∆ . 

On the other hand, a mutation stabilizing the native state but 

destabilizing the transition state yields a change in the barrier opposite 

to the sign of mutG∆∆ . 
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Table 6.3 summarizes the effects of the mutations on the 

nucleation rate constants and on folding stability and classifies the 

mutants under each class. 
Table 6.3. Effect of second mutations additional to N47A on the native state 
stability and activation energy barrier of fibril nucleation. 

Mutation to 
N47A 

Structural 
element 

∆ln(kagg/min−1)a 
mut
uG∆  b 

(kJ mol−1)

/mutG RT− ∆∆ c 

(kJ mol−1) 
Classd 

L10A β strand 1 -- -1.97±0.3 2.04±0.3 (inh) 

R21D RT loop 0.2 ± 0.6 6.33±0.4 -0.45±0.3 2 

K27A Diverging turn 1.4 ± 0.3 3.37±0.4 0.77±0.3 3 

T32A β strand 2 1.3 ± 0.3 1.46±0.3 1.44±0.3 1 

N38A n-src loop 1.9 ± 0.4 0.50±0.3 1.69±0.3 1 

K43A β strand 3 0.86 ± 0.24 (unf) 2.04±0.4 1-2 

V46A β strand 3 1.4 ± 0.6 1.75±0.3 1.35±0.3 1 

D48G Distal turn -- 7.34±0.5 -0.87±0.4 (inh) 

V53A β strand 4 1.9 ± 0.3 (unf) 2.04±0.4 1 

A56G 310 helix 2.04 ± 0.25 3.68±0.4 0.66±0.3 3 

V58A β strand 5 1.1 ± 0.5 (unf) 2.04±0.4 1-2 

aCalculated by fitting of the aggregation kinetics followed by ThT fluorescence 
using a double exponential decay. 
bUnfolding Gibbs energy at 37 ºC of each double mutant measured by DSC 
by using a common heat capacity change of unfolding, ∆Cp,u  of 3.67±0.15 that 
was determined by linear regression to all the ∆Hu (Tm) vs Tm data (see 
Table 6.2). Double mutants labelled (unf) are fully unfolded under fibrillation 
conditions. 
cCalculated using equations 6.3 or 6.4 and using an unfolding Gibbs energy 
change of 5.28 kJ mol−1 for the N47A single mutant. 
dMutations labelled (inh) inhibited completely fibrillation. 
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Figure 6.11 shows a comparison of the changes produced in the 

stability of the domain by the mutations and the changes in the 

aggregation rate constants. 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 6.11. Changes in nucleation rate constants (∆ln(kagg/min-1),blue) with 
the effects in native state stability (-<∆∆G>/RT, magenta). 

 

Figure 6.12 shows the location of mutated residues on a 

schematic ribbon representation of the Spc-SH3 structure. Each 

residue has been coloured according to its class. Class 1 mutations 

(T32A, N38A, V46A and V53A) and mutations classified as 

intermediate between class 1 and class 2 (K43A and V58A) are 

located in or near the core of the domain. According to our 

interpretation, these regions would be partially or completely unfolded 

in the transition state of fibril nucleation. Strikingly, these residues are 

in regions that have been described as part of the main structural motif 

of the folding transition state of the SH3 domain. In particular, 
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formation of the β3-β4-hairpin has been described as an obligatory 

step during folding of Spc-SH3 [27] and the central three-stranded β-

sheet is largely folded in the transition state of Src-SH3 [28]. On the 

other hand, class 2 and 3 mutations, probing respectively native-like 

and non-native structure in the transition state of nucleation are 

located at the rest of structural elements, i.e., the long RT loop, the 

diverging turn and the 310 helix. Most these regions have been shown 

to have low phi values (low structural order) in mutagenesis analysis of 

the folding transition state, whereas they would keep structural order in 

the transition state of fibril nucleation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12. Schematic ribbon drawing of the Spc-SH3 domain structure 
showing each place of mutation coloured according to its class. Green, class 
1; cyan, class 1-2; blue, class 2; magenta, class 3; red, inhibited fibrillation. 
N47A mutation is showed in white.  
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It appears therefore that the transitions states of folding and 

fibrillation have markedly different structural features. While folding 

occurs by early formation of the distal β-hairpin followed by 

subsequent ordering of the rest of the structure around this motif, the 

conformational barrier leading to fibril nucleation does not follow the 

opposite but rather a completely different pathway, i.e., an unfolding of 

the central three-stranded β-sheet, while the other structural elements 

remain native-like or in non-native conformations. Accordingly, native 

folding and fibrillation of the Spc-SH3 domain take place on different 

regions of the conformational landscape. 

This conclusion is of chief importance since it has been proposed 

that the sequences of native proteins have evolved to facilitate fast and 

efficient folding while setting high energy barriers that avoid fibrillation 

[29]. 

Despite their markedly different effect on the stability of the native 

state, mutations L10A and D48G abolished completely fibrillation, 

precluding their classification. Their inhibitory effect of fibrillation could 

be due to a particularly dramatic destabilization of the aggregation 

nuclei, to a large increase in the activation energy barrier of fibril 

nucleation or to a combination of both effects.  

Mutation D48G has been described previously as strongly 

stabilizing the native state due to its effect on releasing steric strain at 

the distal turn, which facilitates formation of the distal β-hairpin and 

results in an increased folding rate [30]. Since nucleating fibrillation 

requires the selective unfolding of the distal β-hairpin, part of the 

central β-sheet, it is not surprising that this mutation precludes 

aggregation. 

The effect of mutation L10A is even more remarkable. This 

mutation renders the Spc-SH3 domain highly unstable and at the same 

time abolishes fibrillation completely. It is possible that the hydrophobic 
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leucine sidechain is crucial to stabilize the structure of the transition 

state leading to nucleation. Another possibility is that L10 may be 

essential in structure of the aggregation nuclei and removal of the 

hydrophobic leucine sidechain may render nucleation energetically 

unfavourable. In any case this result indicates that this region of the 

domain is implicated in the specific interactions that occur during the 

initial steps of nuclei formation that trigger the aggregation cascade. 

This is in agreement with some studies in which it has been described 

the existence of specific intramolecular interactions between certain 

parts of the domain in the initial stage of the fibrillation process [31], 

[32]. This also happens in S6 protein, where certain amino acid 

residues locally grouped in the structure were found to act as ‘‘gate 

keepers” inhibiting the access to specific states that trigger the 

aggregation cascade [18]. Also, in human β2-microglobulin the kinetics 

of fibril formation seems to be regulated by a few key residues, with 

the rest of the sequence providing a scaffold for encouraging profitable 

interactions [33]. 

Also remarkable is the case of three mutants, K43A, V53A and 

V58A, which are initially unfolded under aggregation conditions and 

show fibrillation processes similar to that of folded mutants resulting in 

the same final fibrillar structures. This is also observed in the protein 

human β2-microglobulin since the fibrils formed commencing from a 

highly denatured state or a native-like precursor are apparently 

indistinguishable, suggesting that their assembly pathways must 

converge to a similar fibrillar product. This could occur either by 

unfolding of native β2-microglobulin to allow reorganisation of the 

protein structure, or by refolding of the highly dynamic polypeptide 

chain to a more structurally ordered intermediate species [34]. 

Taken all together, this mutagenic analysis clarifies the molecular 

mechanism of amyloid fibril formation and provides information about 
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which regions of the polypeptide chain are directly involved in the 

aggregation process. 
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7.  STRUCTURAL ANALYSIS OF AMYLOID FIBRILS 
Nowadays there is a lack of detailed information on the relationship 

between structure and stability of amyloid fibrils that may shed light 

about the determinants of their formation.  

In our preliminary results of monitoring fibrillation of Spc-SH3 by 

high-resolution NMR, only signals corresponding to the native protein 

were observed to gradually disappear during the course of aggregation 

and no other signals were observed, possibly due to extensive line 

broadening (chapter 3). This indicates that during the fibrillation 

pathway the native protein is incorporated into large species that 

cannot be observed by solution NMR.  
H/D amide exchange combined with NMR spectroscopy 

constitutes a powerful technique to probe which regions of proteins are 

involved in stable structure at single-residue resolution. Recent 

applications of this approach to amyloid fibrils have shown that 

valuable structural information can be obtained about which regions of 

the polypeptide chain are involved in persistent hydrogen-bonded 

structure or excluded from solvent, providing a way to map the core 

structure of fibrillar assemblies.  

Amyloid fibrils can be isolated from soluble material by 

centrifugation and resuspended in deuterated buffer allowing H/D 

exchange to occur. At several time points the exchange process can 

be quenched by freezing followed by lyophilization. The fibrils are then 

dissolved in d6-DMSO, where H/D exchange is very slow and proton 

occupancy for each residue can then be measured in a 2D-HSQC 

NMR spectrum. The degree of protection against exchange compared 

with that of the fully disordered polypeptide chain informs about the 

residues involved in stable interactions within the fibrils. This 

procedure has been successfully used to characterize the regions of 

the protein chain involved in the amyloid fibril structures of several 

proteins [1, 2, 3, 4].  
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In an attempt to obtain structural information about the amyloid 

fibril core of the N47A Spc-SH3 domain, we have applied the 

methodology described above (see chapter 8 for details). We have 

analyzed the degree of protection against H/D amide exchange of 

amyloid fibrils preformed at different incubation times under our 

standard fibrillation conditions. We have compared the exchange 

profiles per residue of the polypeptide chain with those measured for 

the native state under the same experimental conditions (see Chapter 

4).  

 

7.1. ASSIGNMENT OF THE BACKBONE NMR 
RESONANCES OF THE DMSO-UNFOLDED PROTEIN  

Prior to the H/D exchange experiment itself, it was necessary to 

assign the amide 1H and 15N NMR resonances in the DMSO-unfolded 

protein (see chapter 8). To achieve this goal, we prepared a 8 mg mL-1 

sample of N47A Spc-SH3 in 95 % d6-DMSO and 5 % H2O at pH* 5.3 

(direct pH-meter reading) and recorded an 1H-15N HSQC spectrum at 

25 ºC. All backbone resonances in this spectrum are located in a quite 

limited range of HN chemical shifts from 7.7 to 8.9 ppm, suggesting 

that the protein was highly denatured (Figure 7.1). 

We unambiguously assigned the backbone resonances of the 62 

residues in the HSQC spectrum by using a set of triple resonance 

experiments (see chapter 8 for details). This task was achieved with 

the valuable help of Dr. Nico van Nuland and of Jose Luis Ortega 

Roldán. There is considerable overlapping between peaks in the 

HSQC spectrum, which precluded the measurement of the H/D 

exchange protection for a significant number of residues. 
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Figure 7.1. 1H-15N HSQC spectrum of N47A Spc-SH3 in 95% d6-DMSO, 5% 
H2O at pH 5.3 and 25ºC. The assignment of each backbone resonance is 
indicated by the residue number. 
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7.2. HYDROGEN-DEUTERIUM EXCHANGE ANALYSIS OF 
N47A SPC-SH3 AMYLOID FIBRILS. 

We prepared amyloid fibrils by incubation of two identical 8 mg 

mL−1 fresh protein samples of 15N-labelled N47A Spc-SH3 during 10 

days and during 1 month at 37 ºC [5]. The experimental conditions of 

fibril formation were 100 mM glycine buffer pH 3.2 and 100 mM NaCl. 

After incubation the fibrils were isolated by ultracentrifugation at 4 ºC 

and resuspended in ice-cold deuterated buffer and then the H/D 

exchange process was left to occur at 25 ºC for 7 days and 15 days. At 

time zero of exchange an identical sample aliquot was taken a 

reference sample. Exchange was stopped by freezing in liquid N2 and 

lyophilization. Samples were redissolved in d6-DMSO and the amide 

proton occupancy for each residue was measured by acquiring a 

series of 1H-15N-HSQC spectra, as described in Chapter 8. The proton 

occupancies at each time of exchange were compared with those of 

the reference sample in which no exchange was left to occur. The 

degrees of protection against H/D exchange of every residue at the 

two times of exchange have been plotted in Figure 7.2. The protection 

profiles have also been represented in colour code on ribbon 

representations of the native structure of the Spc-SH3 (Figure 7.3).  

For the sake of clarity, Figure 7.4 shows TEM images of the 

amyloid fibrils formed at the two incubation times evaluated in this 

study, i.e. 10 days and 1 month, in order to relate the amyloid fibril 

morphology and the structural observations obtained with the H/D 

exchange method. As described in Chapter 3, fibrils incubated for 10 

days are mainly curly and have low degree of order and low linear 

persistence, whereas fibril samples incubated during 1 month are 

mostly composed of well-ordered, straight and twisted amyloid fibrils. 
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Figure 7.2. Patterns of protection against H/D exchange of amyloid fibrils of 
N47A Spc-SH3 incubated during 10 days (A) and 1 month (B). Proton 
occupancies per residue relative to a non-exchanged fibril sample correspond 
to 7 days of H/D exchange (green) and 15 days (blue). Missing proton 
occupancies correspond to residues for which peaks in the HSQC spectrum 
measured in d6-DMSO were overlapping.  
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a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3. Schematic representation of the N47A Spc-SH3 structure showing 
the proton occupancy of each residue in the amyloid fibrils atfer 15 days of 
H/D exchange. The thresholds of proton occupancy used for residue coloring 
are: red, I/I0 ≥ 0.8; yellow, 0.8≥ I/I0 ≥0.6; and blue, I/I0≤ 0.6. H/D exchange 
could not be measured for residues coloured in gray due to peak overlapping 
in the HSQC spectrum measured in d6-DMSO. a) refers to 10 days incubation 
fibrils and b) refers to 1 month incubation fibrils. 
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Figure 7.4. Electron microscopy images of amyloid fibrils prepared by 10 
days of incubation (a) and 1 month of incunbation (b). The scale bar 
represents 140 nm.  

Figure 7.2 shows the H/D exchange profiles for the two types of 

fibrils analyzed at 7 and 15 days of exchange. For a few residues the 

proton occupancies are higher than 1, suggesting some systematic 

errors in the measurement of the intensities of the NMR spectra. This 

is due to the intrinsic difficulty of these experiments, which required 

extensive sample manipulation. Nevertheless, it is immediately evident 

that the degree of protection against H/D exchange for the protein 

backbone within the fibrils is very high. In addition the protection 

patterns of the two fibril types are different, which is suggestive of a 

different internal structure.  

In the case of fibrils incubated for 10 days the pattern of protection 

is relatively homogeneous and barely changed between 7 and 15 days 

of exchange. For a large subset of residues the proton occupancy 

ranges between 0.6 and 0.8, except for four residues (Gly5, Tyr13 and 

to less extent Ser19 and Thr37) that have decreased occupancies 

after 15 days of exchange. On the other hand, there are some 

stretches of residues showing a high protection, with proton 

occupancies near 1. These residues are located in region 7-16, 

corresponding in the native structure to the β1-strand and the 
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beginning of the RT-loop, region 44-49, at the end of the β3-strand and 

at the distal turn, and few residues near the diverging turn and the first 

part β2-strand. 

The H/D exchange pattern of amyloid fibrils incubated for 1 month 

is different to some extent. After 7 days of exchange, the regions of the 

protein backbone that remained fully protected against the exchange 

overlap partially with those observed in 10-days-old fibrils. These 

regions are residues 8-14, corresponding to the β1-strand and the 

initial residues of the RT-loop, residues 29-32, located at the diverging 

turn and the first half of β2-strand, and residues 44-48, corresponding 

to the end of β3 strand and the distal turn. In addition, there is high 

protection at the N-terminus (residues 2-7) plus residue 40 at the n-src 

loop. Other regions show considerably less protection than in fibrils 

incubated for 10 days. In particular, part of the RT-loop, the 310 helix 

and the β4 and β5 strands. After 15 days of exchange the proton 

occupancy of few of the most protected residues decreased to about 

0.8, but for the rest it changes little in general. 

 

7.3. DISCUSSION 
Here we have obtained a first direct observation of the residues 

involved in the structure in two different types of fibrillar states of the 

Spc-SH3 domain. The results reveal that the protection against H/D 

exchange of the protein backbone in the fibrils is dramatically different 

from that of the native Spc-SH3 domain under similar experimental 

conditions (see chapter 4). 

In the soluble native protein the H/D exchange occurs through an 

EX2 mechanism, with exponential decays of proton occupancies in all 

residues taking place within few days at 25ºC (see chapter 4 and [6]). 

In contrast, in the fibrillar state the proton occupancy of most residues 

remained relatively high and quite stable for more than two weeks.  
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The patterns of H/D exchange protection are also highly different 

between the native protein and the fibrillar state. In the native protein, 

residues 1-7 at the unstructured N-terminus exchanged completely 

within the dead time of the experiment. Fast exchange also occurred 

for unprotected residues 47 and 48 at the distal turn and the other 

loops and C-terminal end, whereas residues involved in stable 

secondary structures showed the highest protection degree. In 

contrast to this, in both types of fibrils the N-terminus and the residues 

at the distal turn were highly protected, indicating their participation in 

the fibril structure. Other residues with low or no protection in the 

native protein were also protected considerably in the fibrils. 

Accordingly, the regions of the N47A Spc-SH3 chain participating in 

the structure of the fibrillar states are markedly different to those in the 

native state. 

Similar differences between the H/D mechanism of the soluble 

protein and the fibrillar state has been observed in Aβ peptides [7]. In 

this case all backbone amide hydrogens of the monomeric state 

undergo very rapid H/D exchange, consistent with the absence of 

protective structure within the molecule. On the other hand, Aβ 

incorporated into fibrils undergoes much slower exchange with 

complex kinetics having at least three classes of backbone amides in 

fibrils: those that exchange as rapidly as the backbone amide 

hydrogens of the monomer, those that exchange at intermediate rates, 

and those that do not exchange even after long times of exposure to 

D2O, being about 50 % of the Aβ peptide backbone residues in this 

highly protected, rigid core structure of the fibrils. 

A similar conclusion has been described in a H/D exchange study 

of β2-microglobulin, in which most residues in the middle region of the 

molecule, even in the loop regions in the native form, were strongly 

protected from the H/D exchange [1]. Using a similar method to study 

transthyretin amyloid fibrils a model of the fibril core was proposed, in 
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which some of the β strands in the native structure are preserved from 

exchange whereas some loops, connecting parts and the rest of the β 

strands are exposed [8]. 

In the case of mature amyloid fibrils of the PI3-SH3 the pattern of 

H/D exchange measured at pH 1.6 suggested that the protected region 

of the amyloid fibrils encompasses much of the protein sequence (Ala 

5 to Tyr 78) except few residues at the N- and the C-termini [2], even 

though previous models of the PI3-SH3 fibrils indicated that about 40% 

of the protein sequence is contained within the fibril β-sheet core. 

These observations bear some resemblance with our results. To 

explain the relatively homogeneous exchange pattern and the complex 

kinetics of H/D exchange in the amyloid fibrils of the PI3-SH3 domain, 

Dobson and coworkers proposed a molecular recycling mechanism of 

H/D exchange [2], in which the ensemble of molecules within the fibrils 

is in dynamic equilibrium with a pool of soluble protein molecules. 

Under these conditions, most of the amide hydrogens in the protein 

monomer are protected by their packing in the fibril structure but they 

fully exchange with the solvent upon monomer dissociation from the 

fibril ends. This dissociation-exchange-reassociation mechanism would 

then result in a slow and homogeneous change in the distribution of 

the proton occupancies within the fibril, as observed experimentally.  

Our results with N47A Spc-SH3 amyloid fibrils also show H/D 

exchange patterns with a large part of the protein chain showing 

proton occupancies between 0.6 and 0.8, which suggest that the 

molecular recycling mechanism described for the PI3-SH3 domain 

may at least partially influence the exchange in these fibrils. 

Nevertheless, there are sequence regions with almost full protection 

even for long times of exchange, indicating that they are involved in 

highly persistent structure. In addition, significant differences between 

the exchange patterns observed for the two types of fibrils may be 

related with their morphological differences. 



 

181 
 

7 

 
 

STRUCTURAL ANALYSIS OF AMYLOID FIBRILS 
 

Both types of fibrils share similar regions in their persistent core 

structures, including the β1-strand and the initial residues of the RT-

loop, the diverging turn and first half of β2-strand, and the end of β3 

strand and the distal turn. The 1-month-old mature fibrils incorporate 

additionally the N-terminal residues to the persistent core, whereas the 

two C-terminal β-strands become more solvent exposed. This shift in 

the fibril core structure is clearly manifested in the structural order and 

morphology of the fibrils. 

In a very recent study using a pulsed-labelling H/D exchange 

method combined with electrospray-ionization mass spectrometry, 

Dobson and coworkers have obtained significant detail about the 

protected structure of amyloid fibrils of the PI3-SH3 domain formed by 

different conditions, favouring either protofibrillar or amorphous 

intermediates [9]. Despite the different mechanism of assembly, the 

two types of fibrils also share a considerable similarity in the protected 

core structure as we observe here. In the PI3-SH3 fibrils the most 

protected residues are at the RT-loop and the diverging turn and other 

regions have partial protection. Small differences between the fibrils 

were observed such as a higher protection at the N-terminus in one of 

them, as we observed here for the 1-month-old mature fibrils. These 

authors explained this additional protection by differences in the way 

the protofilaments interact within the higher-order structure of the 

mature fibrils. 
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8. MATERIALS AND METHODS 
 

8.1. PREPARATION OF PROTEIN SAMPLES  
Large quantities of protein were required for the proposed research 

due to the high concentrations necessary for the aggregation 

experiments and the impossibility to recover most of the samples used.  

The plasmids with the DNA encoding the WT Spc-SH3 and the 

N47A Spc-SH3 domains were kindly provided by Dr. Luis Serrano and 

Dr. Jose C. Martínez respectively whereas the DNA of all the double 

mutants was obtained using a QuickChange Site-Directed 

Mutagenesis kit (Stratagene) using primers designed to insert the 

desired mutations in the DNA of the N47A Spc-SH3 mutant, which was 

used as template (Table 8.1). The PCR program used is described in 

Table 8.2. 

The melting temperature of the primers (Tml) was calculated with 

the equation described in the QuickChange Site-Directed Mutagenesis 

kit instruction manual (Equation 8.1). 

 

81.5 0.41 (% ) 675 / %mlT GC N mismatch= + × − −                     (8.1) 

 

Where %GC is the total percentage of guanidines and cytosines in 

the primer; N is the number of nucleotides of the primer and 

%mismatch is the percentage of nucleotides of the primer differing 

from the original DNA. 

The DNAs obtained were inserted into pET3d plasmids for WT 

Spc-SH3 and pBAT4 plasmids for the rest of the mutants [1], all 

containing the ampicillin resistance gene. E. coli XL10-GOLD cells 

(Novagen) were transformed with the plasmids to amplify the DNAs. 

The plasmidic DNAs were then purified using a kit from Qiagen and 

sequenced at the sequencing facility of the Institute “López Neyra” 
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(CSIC, Granada). Once checked, the plasmids were then inserted into 

E. coli BL21/DE3 cells (Novagen) to over express the proteins. 

 
Table 8.1. Forward and reverse primer sequences used for site-directed 
mutagenesis upon the N47A mutant. 

 

 

 

 

 

 

Mutant Primers 
Primer melting 
temperature, 

Tml  (ºC) 

L10A 
5’-GAGCTTGTGGCAGCACTCTATGATTACC-3’ 

3’-GGTAATCATAGAGTGCTGCCACAAGCTC-5’ 
69.70 

R21D 
5’-CAAGAGAAGAGTCCTGACGAGGTGACTATGAAG-3’ 

3’-CTTCATAGTCACCTCGTCAGGACTCTTCTCTTG-5’ 
72.00 

K27A 
5’-GGTGACTATGAAGGCAGGAGATATTCTAACCC-3’ 

3’-GGGTTAGAATATCTCCTGCCTTCATAGTCACC-5’ 
71.80 

T32A 
5’-GGAGATATTCTAGCCCTGCTCAACAGC-3’ 

3’-GCTGTTGAGCAGGGCTAGAATATCTCC-5’ 
74.00 

N38A 
5’-GCTCAACAGCACCGCCAAGGACTGGTGG-3’ 

3’-CCACCAGTCCTTGGCGGTGCTGTTGAGC-5’ 
76.60 

K43A 
5’-CAAGGACTGGTGGGCGGTTGAAGTTGCC-3’ 

3’-GGCAACTTCAACCGCCCACCAGTCCTTG-5’ 
75.14 

V46A 
5’-GGAAGGTTGAAGCTGCCGATCGTCAGGG-3’ 

3’-CCCTGACGATCGGCAGCTTCAACCTTCC-5’ 
77.00 

D48G 
5’-GTTGAAGTTGCCGGTCGTCAGGGCTTTG-3’ 

3’-CAAAGCCCTGACGACCGGCAACTTCAAC-5’ 
77.25 

V53A 
5’-GTCAGGGCTTTGCACCAGCTGCCTATG-3’ 

3’-CATAGGCAGCTGGTGCAAAGCCCTGAC-5’ 
77.00 

A56G 
5’-GCTTTGTACCAGCTGGCTATGTGAAAAAAC-3’ 

3’-GTTTTTTCACATAGCCAGCTGGTACAAAGC-5’ 
73.43 

V58A 
5’-CCAGCTGCCTATGCGAAAAAACTAGATTAG-3’ 

3’-CTAATCTAGTTTTTTCGCATAGGCAGCTGG-5’ 
73.44 
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Table 8.2. PCR program used for mutagenesis. 

Process Time Temperature (ºC) Cycles 

Initial DNA denaturation 30 sec 95 1 

DNA denaturation 30 sec 95  

20 Primers annealing 1 sec T=Tml-5 

DNA chain extension 10 min 68 

DNA elongation completion 3 min 68 1 

Storage End 4 1 

 

Prior to overexpression of the proteins, the optimal conditions 

were checked for all the double mutants doing expression tests at 

different temperatures and using different IPTG induction times. The 

expression conditions used for WT and N47A Spc-SH3 domains were 

those already tested by Dr. Ana R. Viguera in her previous research [2] 

(Table 8.3). In all cases the optimal incubation temperature was 37 ºC. 

The unlabelled proteins were expressed in cell cultures using 

standard LB medium and purified as described elsewhere [3]. The 15N-

labelled and the 15N-13C-doubly labelled proteins were expressed in 

cultures grown in minimal media M9 and purified as described 

elsewhere [4]. 

Prior to experiments at low protein concentration, the samples 

were thoroughly dialyzed against the appropriate buffer using dyalisis 

membranes with a 3500 Da MW-cutoff (Spectra/Por), whereas for 

aggregation experiments the lyophilized protein was directly dissolved 

in the buffer and the pH was checked after dissolution. In all cases the 

protein samples were centrifuged for 2 minutes at 14440 g in a micro-

centrifuge (Hettich) and filtered through a 0.2 µm filter (Millipore). 
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Table 8.3. Optimal expression conditions for the Spc-SH3 variants. 

Spc-SH3 
Variant 

Optimal expression conditions 

WT IPTG addition when O.D = 0.7, cell cultures 

collection after 14 hours of the IPTG addition. 

N47A IPTG addition at the beginning, cell cultures 

collection after 24 hours of the IPTG addition. 

N47A L10A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A R21D IPTG addition when O.D = 0.7, cell cultures 

collection after 14 hours of the IPTG addition. 

N47A K27A IPTG addition at the beginning, cell cultures 

collection after 24 hours of the IPTG addition. 

N47A T32A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A N38A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A K43A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A V46A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A D48G IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A V53A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

N47A A56G IPTG addition when O.D = 0.7, cell cultures 

collection after 14 hours of the IPTG addition. 

N47A V58A IPTG addition when O.D = 0.7, cell cultures 

collection after 3 hours of the IPTG addition. 

 

The protein concentration was determined by measurement of 

absorbance at 280 nm in a Lambda-25 (Perkin-Elmer) or Cary-50-Bio 

(Varian) spectrophotometer using extinction coefficients, ε280 = 15512.0 
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M-1 cm-1 and ε280 = 15220.2 M-1 cm-1, for the WT and the N47A variants 

respectively, previously determined by other group members using the 

method of Gill and von Hippel [5]. For the double mutants the 

extinction coefficient of the N47A mutant was used without correction 

since any of the mutants imply change in the aromatic aminoacids. 

 

8.2. FLUORESCENCE SPECTROSCOPY 
Fluorescence consists in a photon emission that occurs when 

species excited by absorption of electromagnetic radiation decay to the 

ground level. The aromatic side chains of phenylalanine, tyrosine and 

tryptophan contribute to the intrinsic fluorescence emission of proteins 

in the UV-visible spectrum region [6-9]. Among these aromatic 

aminoacids, tryptophan presents the highest fluorescence intensity 

and its emission spectrum is the most sensitive to changes in its close 

environment. This allows the observation of changes in the tryptophan 

fluorescence emission spectra as a result of conformational processes 

in proteins (subunit association, ligand binding processes, or protein 

folding-unfolding). These changes can be observed as a wavelength 

shift of the fluorescent emission band and/or as a change in the 

intensity of fluorescence [10]. 

Apart from the intrinsic fluorescence of proteins, it is possible to 

study conformational changes in proteins by monitoring the 

fluorescence of dyes or fluorescent compounds that interact 

specifically with certain states or conformations of the protein. In this 

study we have used two of these compounds, i.e., Thioflavine T (ThT) 

(Sigma), which interacts specifically with amyloid aggregates 

increasing strongly its fluorescence [11], and 8-Anilino-naphthalene-1-

sulfonic acid (ANS) (Fluka), which is an aromatic compound that 

specifically interacts with solvent-exposed hydrophobic patches in 

proteins with a strong fluorescence enhancement. ANS is commonly 

used to identify and characterize partially folded states in proteins [12]. 
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8.2.1. Folding-unfolding kinetics  
The folding and unfolding reactions of small globular proteins take 

place in a time scale that typically varies between a few milliseconds 

and a few seconds. The folding kinetic curves of single domain 

proteins usually follow a single exponential decay, which means that a 

unique activation energy barrier exists separating the native and the 

unfolded states. Proteins formed by several domains or with alternative 

conformations during the processes, can display more complicated 

kinetic mechanisms. 

The observation of fast conformational events occurring in the time-

scale of milliseconds to seconds, leading to the formation of partially-

unfolded species and early aggregation precursors needs the use of 

fast techniques, such as stopped-flow spectroscopy and rapid mixing 

methods.  

In this work we used either an Applied Photophysics SX.18MV-R 

or a Bio-Logic (Claix, France) SFM-3 stopped-flow spectrometers, both 

equipped with fluorescence detection (Figure 8.1).  

Under drive activation, the two small volumes of solutions are 

driven from high performance syringes through a high efficiency mixer. 

The resultant mixture passes through a measurement flow cell and into 

a stopping syringe. As the solution fills the stopping syringe, the 

plunger hits a block, causing the flow to be stopped instantaneously. 

Using appropriate techniques, the kinetics of the reaction can be 

measured in the cell. 

In these experiments the protein folding or unfolding process 

starts after the rapid mixing of an unfolded or a native protein solution, 

respectively, with an excess volume (usually 10–fold) of buffer 

containing different concentrations of denaturant (urea). After this 

event the fluorescence signal is registered during the time course of 

the process. The dead time of the stopped-flow instruments was 

estimated to be in the range of 3-4 ms. 
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Figure 8.1. Schematic representation of a stopped-flow device. 

 

The native protein samples were dissolved in the proper buffer, 

whereas the unfolded protein samples were dissolved in the same 

buffer containing a urea concentration of around 8 M. The different 

urea concentration samples were prepared by mixing different 

amounts of buffer and urea solution. The final urea concentration in all 

the solutions was determined by measurement of the refractive index 

with an Abbe refractometer (Atago) using Equation 8.2 [13]:  

 

[ ] 2 3urea   117.66  n  29.753  ( n)  185.56  ( n)= × ∆ + × ∆ + × ∆      (8.2) 

 

where ∆n is the difference between the refraction index of the 

urea solution and that of the pure buffer.  

 All the solutions were filtered and thermostatized at the proper 

temperature prior to each experiment. 
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The changes in the intrinsic tryptophan fluorescence were 

followed by monitoring the total fluorescence above 320 nm (using a 

cut-off filter), with excitation at 295 nm (8 nm bandwidth). The changes 

in the fluorescence of ANS were followed by measuring the total 

fluorescence above 420 nm, with excitation at 370 nm. The time scales 

were adjusted depending on the duration of the folding and unfolding 

kinetics. The photomultiplier voltage was set to a constant value for 

each set of experiments made to be compared. Typically, an unfolding 

or refolding kinetic trace was obtained by averaging 5 shots under 

identical conditions.  
Unless stated, the averaged kinetics was fitted to an exponential 

decay function to obtain the kinetic parameters (rate constant, 

amplitude, starting and ending point). To obtain a ‘Chevron’ plot, the 

neperian logarithm of the apparent kinetic constants (kurea) was 

represented against the urea concentration (Equation 8.3) and the 

curve was analyzed with Origin software (OriginLab, Northampton, 
MA) according to the two-state model to obtain different magnitudes of 

the folding-unfolding reaction (folding and unfolding rate constants in 

the absence of urea (k╪-D and k╪-N), folding and unfolding branch 

slopes (m╪-D and m╪-N), urea concentration at the transition midpoint, 

unfolding Gibbs energy, etc.) [14].  

 

[ ]( )( ) [ ]( )( )D D N Nurealn k  = ln exp m exp mk urea k urea− − − −
⎡ ⎤
⎢ ⎥⎣ ⎦× × + × ×╪ ╪ ╪ ╪

       
(8.3) 

 

8.2.2. Thioflavin T binding assay 
ThT binding assays were performed to monitor the kinetics of 

amyloid fibril aggregation [15]. The ThT fluorescence is considered as 

approximately proportional to the mass of amyloid aggregates and is 

one of the most extended probes in the study of the kinetics of amyloid 

formation [11]. 
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These fluorescence experiments were performed using a Perkin 

Elmer LS-55 spectrofluorimeter (Perkin Elmer, Shelton, CT, USA) and 

a Cary Eclipse spectrofluorimeter (Varian Inc.).  

A typical fluorimeter includes a light source, a specimen chamber 

with integrated optical components, and high sensitivity detectors. The 

most common light sources for fluorimeters are lamp sources, such as 

xenon arc lamps. These lamps provide a relatively uniform intensity 

over a broad spectral range from the ultraviolet to the near infrared. 

The optical paths of the excitation and the detection light paths are 

along the orthogonal axis. The orthogonal arrangement ensures 

minimal leakage of excitation light into the detection side. High 

sensitivity photodetectors such as photomultipliers or charge coupled 

device cameras are commonly used. For spectral measurement, 

monochromators or bandpass filters are placed in the excitation and 

emission light paths to select a specific spectral band. 

To perform studies of aggregation kinetics, a 1.1 mM (8 mg/mL) 

protein sample was incubated at 37 ºC in the appropriate buffer to form 

amyloid fibrils [16]. At different incubation times aliquots of 10 µL were 

taken from the solution and rapidly frozen in liquid nitrogen. A 250 µM 

stock solution of ThT was freshly prepared in 25 mM potassium 

phosphate buffer (pH 6.0). Protein aliquots (10 µL) were diluted into 25 

mM phosphate buffer at pH 6.0 (940 µL) and 50 µL of ThT solution 

were added obtaining a final volume of 1 mL. The fluorescence 

emission spectra were recorded between 450 and 600 nm (5 nm band 

width) at 25 ºC in a 10 mm path-length cuvette using an excitation 

wavelength of 440 nm (2.5 nm band width). The ThT fluorescence 

intensity was evaluated from the emission spectra by integration of the 

area under the spectrum curve. 
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8.2.3. Equilibrium urea-induced unfolding experiments 
Intrinsic and ANS fluorescence measurements were performed to 

follow the unfolding of the protein under equilibrium. Protein samples 

(30 µM) were prepared with different concentrations of urea (0–8 M) in 

the appropriate buffer and equilibrated at 25 ºC overnight. To measure 

ANS fluorescence the solutions contained 25 µM of ANS.  

Tryptophan fluorescence measurements were performed at 25 ºC 

recording the emission spectra from 300 to 400 nm (2.5 nm band 

width) with an excitation wavelength of 295 nm (5 nm band width). 

ANS fluorescence emission spectra were recorded from 400 to 600 nm 

(5.5 nm band width) using an excitation wavelength of 370 nm (7.5 nm 

band width). Relative fluorescence intensity values were evaluated 

from the area under the spectra and plotted against molar 

concentration of urea. 

 

8.2.4. Equilibrium thermal unfolding experiments 
Intrinsic and ANS fluorescence measurements were performed to 

follow the thermal unfolding of the protein. These fluorescence 

experiments were performed using a Cary Eclipse spectrofluorimeter 

equipped with a temperature controller Peltier system (Varian Inc.). 

Protein samples at concentrations sufficiently low to avoid 

aggregation were prepared in the proper buffer containing 50 µM of 

ANS. Both intrinsic fluorescence at 350 nm and ANS fluorescence at 

480 nm were simultaneously measured during the temperature scans 

(from 10 ºC to 100 ºC). Excitation wavelengths were 295 nm and 370 

nm for intrinsic and ANS fluorescence respectively. 

 

8.3. DYNAMIC LIGHT SCATTERING 
Dynamic light scattering (DLS) gives information about the 

molecular size of the particles present in a solution. The intensity of the 

light dispersed by a small volume of a particles solution is not constant 



 

195 
 

8         MATERIALS AND METHODS 

but it rapidly fluctuates with time. These fluctuations are due to the 

thermal Brownian motions of the particles that produce variations in 

the distance between them. Interferences between the light waves 

dispersed by neighbour particles give rise to the intensity fluctuations 

in the plane of detection, containing information about these 

movements. Analysing the relationship between the intensity 

fluctuations and time allows us obtaining the translational diffusion 

coefficient of the particles, D. Using the Stokes-Einstein equation 

(Equation 8.4) it is possible to calculate the apparent hydrodynamic 

radius of the particles, supposed these approximately spherical.  

 

T
6 R

Bk
D

π η

×
=

× × ×
                                                                             (8.4) 

 
kB is the Boltzmann constant, T is the absolute temperature, η is 

the viscosity of the solution and R is the ideal gases constant. 

A DLS instrument provides the correlation function of the 

dispersed light intensity during a period of time. This function is 

obtained by measuring the similitude between a signal acquired at a 

time and the same signal measured after a delay. The correlation 

function expresses the fluctuation rate of the dispersed light intensity 

due to the Brownian movements of the particles.  

In DLS there are two correlation functions of two properties of the 

particle solution. The first one is obtained from the photon flow 

(Equation 8.5) and the second one from the magnetic field that comes 

from the light spectrum Fourier transformed (Equation 8.6). These two 

correlation functions are then combined to give the final correlation 

function, which takes into account the phase similitude between them 

[17, 18]. 
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2

0
( ) ( ) ( ) ( ) ( )G i t i t i t i t dtτ τ τ

∞
=< + >= +∫                       (8.5) 

 
1 *( ) ( ) ( )G B t B tτ τ=< + >                                                                   (8.6) 

 

G1 and G2 represent the two correlation functions, i represents the 

photon flow, B is the magnetic field and τ is the lag time between the 

acquisitions of both properties (i and B) at two different times.  

When τ = 0, G2 and G1 are completely in phase so the final 

correlation function is big. When τ increases, G2 and G1 become out of 

phase so the final correlation function decreases. This correlation 

function is a single exponential decay if there is a unique particle size 

in the solution or a multiple exponential decay for more complicated 

mixtures. 

DLS measurements were performed with a DynaPro MS-X 

instrument (Wyatt Technology Corporation, Santa Barbara, CA, USA) 

equipped with Peltier temperature control of the sample (Figure 8.2).  

 

 

 
Figure 8.2. Schematic representation of a DLS instrument. 
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A dynamic light scattering instrument contains a light source that is 

a laser, a spectrometer containing the optical components, a detector 

that is usually a photomultiplier, a signal analyzer and a computer with 

software for analysis. 

The protein solutions and the buffers were centrifuged and filtered 

through 0.02 µL Anotop filters (Whatman plc, Brentford, Middlesex, 

UK) immediately before the measurements. DLS measurements were 

made using a 30 µL quartz sample cuvette at constant temperature 

(typically 37 ºC in the aggregation kinetic experiments). DLS data were 

acquired during 5 seconds and averaged every 45 seconds. Data were 

recorded as a function of time until saturation of the scattering signal. 

Prior to the start of the experiment the laser power was adapted to the 

sample characteristics to avoid early saturation of the instrument. 

Dynamics software (Wyatt Technology Corporation, Santa Barbara, 

CA, USA) was used in data collection and processing to obtain the 

distributions of hydrodynamic radii in the solution during the 

aggregation process. Hydrodynamic radius, scattering intensity and 

mass percentage of all the species in the solution were plotted against 

the incubation time.  

 
8.4. CIRCULAR DICHROISM 
Circular dichroism spectroscopy (CD) measures the wavelength 

dependence of the differential absorption of the left and right-handed 

circularly polarized light. The left- and right-handed components of a 

polarized beam of light interact differently with the chiral centres of an 

optically active chromophore. This interaction results in a decrease of 

the velocity of wave propagation and its absorption, which depends on 

the wavelength (Equation 8.7 and 8.8). 
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 ( )   ( ) –   ( )  [  ( )  ( )]           Abs AbsL AbsR L R c lλ λ λ ε λ ε λ∆ = = − × ×             (8.7) 

 

 ( ) Abs c lλ ε∆ = ∆ × ×                                                       (8.8)  

 

being AbsL(λ) and AbsR(λ) the absorbances of the sample of the 

left- and right-handed circularly polarized light respectively, c the 

sample concentration in molar, l is the light path length in cm and εL(λ) 

and εR(λ) the molar extinction coefficients for every type of light in L 

mol-1 cm-1. This phenomenon results in a difference in amplitude and 

phase between the two components of the polarized light so that the 

vector sum of the two components rotates following an elliptical helical 

path proportional to the ∆Abs(λ) that is measured in ellipticity units (θ) 

(degrees). The normalized CD spectra are expressed as molar 

ellipticity [θ] in degree cm2 dmol-1.  

Circular dichroism is a useful technique to study protein and 

nucleic acids conformational properties in solution [19]. The CD bands 

observed in proteins are situated in two regions of the electromagnetic 

spectrum, in the far-UV, between 170 and 250 nm, where most 

contributions absorption bands come from the peptide bonds, and in 

the near-UV, between 250 and 320 nm, where the bands arise from 

the aminoacids with aromatic groups in their side chains.  Each region 

gives different and complementary information about protein structure. 

The far-UV CD spectroscopy has high sensitivity to changes in the 

different secondary structure elements in proteins: α-helix, β-sheets, β-

turns, random coils [20] (Figure 8.3), whereas the near-UV CD 

spectroscopy gives information about changes in the tertiary structure 

of the protein. 

CD experiments were performed on a Jasco J-715 (Tokyo, Japan) 

spectropolarimeter equipped with a Peltier-thermostated cell holder 

(Figure 8.4).  
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Figure 8.3. Typical CD spectra of pure secondary structure elements in 
proteins and polypeptides. Red, α-helix; blue, antiparallel β-sheet; green, type 
I β-turn and orange, random coil. 

 

 

 

 

 
Figure 8.4. Schematic diagram of the components of a CD instrument. 
 

 

A CD instrument produce a periodic variation in the polarization of 

the light beam induced by the polarization modulator through all 
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ellipticities from left circular through elliptical, unchanged linear and 

elliptical to right circular. This polarized light passes through the 

sample to a photomultiplier detector.  

Measurements of the far-UV CD spectra (260–190 nm) were made 

using a 0.1 mm path length quartz cuvette. The resulting spectrum was 

the average of eight scans at 100 nm/min, 0.5 nm step resolution, 1 

second of response and 0.5 nm of band width. A nitrogen flow of 9 

L/min was used to purge and refrigerate the system. 

To monitor the time course of aggregation, 70 µL of freshly 

prepared protein sample were introduced in the cuvette and incubated 

at constant temperature (37 ºC). The CD signal at 215 nm was 

measured as a function of time with 20 seconds step resolution, 4 

seconds of response and 1.0 nm of band width. 
 
8.5. TRANSMISSION ELECTRON MICROSCOPY 
Transmission electron microscopy (TEM) uses an electron beam to 

visualize objects with sizes in the range of nm to µm. This technique is 

widely used to obtain morphological information about the aggregates 

formed during the amyloid fibrillation process.  

TEM measurements were made in a Zeiss 902 electron 

microscope was used operating at 80 kV (Figure 8.5). The main parts 

of an electron microscope are: the electron gun that provides the 

electron beam that interacts with the specimen and becomes 

dispersed creating an augmented image; the magnetic lenses that 

direct and focus the electron beam, a high vacuum system that 

prevents the dispersion of electrons by the air molecules; an image 

recording system consisting in a photographic film or a electronic 

sensor interfaced to a computer. 

To prepare samples for TEM observation during the aggregation 

process, 20 µL aliquots were taken from the aggregating sample and 

rapidly frozen in liquid nitrogen. Just before measurement the samples 
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were diluted 10-fold with buffer and 15 µL aliquots were placed on top 

of a formvar (polyvinyl formal polymer for support films) coated grid 

and left for 4 min. The grid was then washed twice with distilled water 

and stained with 1 % (w/v) uranyl acetate (a powerful electron 

dispersion dye) during 1 min. The samples were dried during 6 

minutes at 40 ºC and then observed in the microscope. The negatives 

images were digitalized to follow the morphological changes of the 

aggregates during the fibrillation kinetics. 

 

 
Figure 8.5. Scheme of a transmission electron microscope. 

 

8.6. NUCLEAR MAGNETIC RESONANCE 
The conformational changes of the soluble states of the protein 

(native state and low-order oligomers) may be characterized in real 

time by NMR at high resolution under favourable conditions. 1H and 
15N chemical shift changes can be easily measured for the backbone 
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with 2D 1H-15N HSQC (Heteronuclear Single-Quantum Correlation) 

spectra [21], constituting a very sensitive probe of the conformation of 

the protein in solution. 

For fast time-resolved measurements, 2D 1H-15N SOFAST-HMQC 

(band-Selected Optimized Flip-Angle Short Transient Heteronuclear 

Multiple-Quantum Correlation) spectra [22] can be measured within a 

few seconds providing similar information as the standard 2D HSQC 

experiment but a much higher time resolution. Chemical shift 

displacements produced by added agents, changes in environmental 

conditions or during the course of aggregation may allow the structural 

characterization of partially or fully unfolded species, if sufficiently 

populated in solution.  

Solution NMR spectroscopy suffers however of extraordinary line 

broadenings when analyzing large molecules and especially protein 

aggregates due to their fast relaxation, making it useless to study 

these systems directly in solution. Nevertheless, there are some 

powerful NMR-based methods to circumvent this problem, in particular 

those based on hydrogen-deuterium exchange, as described below. 

To perform all the NMR experiments we used singly labelled (15N) 

or doubly labelled (15N and 13C) protein. The NMR spectra were 

acquired in a Varian NMR Direct-Drive Systems 600 MHz 

spectrometer (1H resonance frequency of 600.25 MHz) equipped with 

a triple resonance probe with XYZ-pulsed field gradients. The spectra 

were processed with NMRPipe [23] and analyzed with NMRview [24]. 

 

8.6.1. Amyloid fibril formation monitored by two-
dimensional NMR. 

To follow the amyloid fibril aggregation by two-dimensional NMR in 

real time, 4 mg of 15N-labelled protein was dissolved in 500 µL of cold 

aggregation buffer (100 mM Gly, 100 mM NaCl, pH 3.2) containing 10 

% D2O and placed into the NMR tube. The final protein concentration 
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was 1.1 mM (8 mg/mL). The temperature in the probe was set to 37 ºC 

and immediately after temperature equilibration a series of 1H-15N 

HSQCs were acquired during the time course of aggregation. Spectra 

of 512x32 complex points were recorded using a relaxation delay of 1 

second resulting in a total experiment time of 2 minutes and 28 

seconds. The spectral widths were 12.04 ppm for 1H and 30.00 ppm 

for 15N. 

The assignment of the 1H-15N crosspeaks of the HSQC spectrum of 

the N47A Spc-SH3 domain was performed using as a reference the 

previously published assignment of the WT Spc-SH3 domain [25].  

To obtain the aggregation kinetics, the signal intensities were 

evaluated using NMRview and represented against incubation time.  

 

8.6.2. Native-state amide hydrogen/deuterium exchange 
followed by NMR spectroscopy. 

Proteins and peptides in aqueous solution have the ability to 

exchange their labile hydrogens with hydrogens of the solvent [26]. 

The speed of the hydrogen exchange depends on the solution 

conditions (pH, temperature, ionic strength, etc.) as well as the 

chemical nature and the local environment of each hydrogen. 

Hydrogen exchange rates give therefore information about 

conformational properties of proteins. 

In proteins there are three different kinds of hydrogens depending 

on the speed of exchange with the solvent: 

- Hydrogens covalently bonded to carbon exchange too slowly to be 

observable. 

- Hydrogens bonded to oxygen or nitrogen in side chains exchange 

very fast and are usually not observable. 

- Hydrogens bonded to the amide nitrogen in the peptide bonds 

exchange with intermediate speed depending on the local 
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environment of the hydrogen. This exchange is usually observable 

by NMR. 

The amide hydrogen-deuterium exchange method (H/D 

exchange) measures the exchange of the third kind of hydrogens by 

the deuteriums from the solvent. A typical H/D exchange experiment is 

usually made by rapid dissolution of the polypeptide or protein into 

deuterated buffer immediate followed by observation of the rate of 

disappearance of the amide proton signals by NMR. The rate of 

exchange of a particular amide hydrogen is well described by the 

following first-order rate equation, equation 8.9: 

 

[ ] [ ]obs

d H
k H

dt
− =                                          (8.9) 

 

where kobs is the observed first-order rate constant of exchange 

and [H] is the concentration of unexchanged hydrogens in the sample. 

The exchange rate constants in fully unstructured polypeptides 

chains have been previously calibrated using model peptides by 

Englander and coworkers [27], allowing the calculation of the so-called 

“intrinsic rate constants”, kint, for a known polypeptide sequence under 

specific solution conditions [28].  

Any kind of structure in a polypeptide chain will affect the H/D 

exchange of the amide hydrogen of each residue. For instance, in a 

structured protein many amide hydrogens are occluded from the 

solvent in the protein interior, hindering the access of the solvent to the 

amide hydrogen locus. Nevertheless, the most important factor 

slowing-down hydrogen exchange is the involvement in hydrogen 

bonds [29, 30]. Most slowly-exchanging hydrogens in proteins have 

been found to participate in hydrogen bonds even at the protein 

surface. 
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 The protective effect of structure on the H/D exchange rates can 

be evaluated as a protection factor, PF, which is given by the ratio 

between kint and the experimental rate constant, kobs, observed for this 

residue (Equation 8.10). 

 

int

obs

k
PF

k
=                              (8.10) 

 

When interpreting the protection factors, one has to take into 

account the dynamics of the conformational processes that render an 

amide hydrogen accessible to solvent for exchange [31]. If the 

conformational fluctuations are much faster than the intrinsic exchange 

(mechanism EX2), the observed exchange rate is given by equation 

8.11 [32]: 

 

obs op intk K k= ×                                                (8.11)  

 

where Kop is the “opening” equilibrium constant for the 

conformational process. This scenario is the most frequent for globular 

proteins of rapid folding if the intrinsic exchange rate constants are not 

too high (not very high pH). In this situation the PF values provide 

thermodynamic information about the dynamic conformational 

processes of the protein (equation 8.12). 

The opposite limit (EX1) occurs when the intrinsic exchange is 

much faster than the conformational processes, and then the 

exchange rate constant observed is equal to the rate of opening or 

unfolding process that exposes the hydrogen to the solvent. 

 

int
ln( ) ln ln

obs
op op

k
G RT K RT RT PF

k
∆ = − × = − × = ×

⎛ ⎞
⎜ ⎟
⎝ ⎠

                      (8.12)  
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In this work, the H/D exchange measurements have been made 

under conditions where the EX2 mechanism is fully applicable [28,33]. 

The H/D exchange rate constants were measured under native 

conditions dissolving approximately 0.5 mg of protein in 500 µL of 

buffer with 100 mM d5-glycine, at pH* 3.2 and 30 ºC at different salt 

concentrations. The final protein concentration was about 0.15 mM. 

Immediately after, the sample was filtered through a 0.45 µm filter, 

placed in a NMR tube and this inside the NMR probe, previously set at 

the desired temperature. After temperature equilibration 

(approximately 7 minutes after sample dissolution) a series of two-

dimensional 1H-15N SOFAST-HMQCs were recorded. Spectra of 

1700x32 complex points were recorded using a relaxation delay of 0.3 

seconds resulting in a total experiment time varying from 11 minutes 

and 4 seconds to 43 minutes and 47 seconds, depending on the 

number of acquisitions per increment. The spectral width was 14.20 

ppm for 1H and 28.00 ppm for 15N. 

The equilibrium constants (Kop) for the conformational opening 

process, rendering the amide hydrogen of each particular residue 

susceptible to exchange, was calculated using Equation 8.11, and the 

apparent Gibbs energy of H/D exchange was obtained by Equation 

8.12. 

 

8.6.3. Amide hydrogen/deuterium exchange in the amyloid 
fibrils. 

Amide H/D EXCHANGE combined with NMR spectroscopy has 

also been used to characterize the structure of amyloid fibrils and to 

extract valuable structural information about regions of the polypeptide 

chains that are involved in persistent hydrogen-bonded structure or are 

excluded from solvent, providing a way to map the core structure of 

fibrillar assemblies [34,35]. 
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To perform these experiments it is necessary to prepare amyloid 

fibrils in the usual protonated aggregation buffer and isolate them from 

the soluble material. Then the fibrils are resuspended it in fully 

deuterated aggregation buffer allowing the H/D exchange process to 

occur. At certain time points, a sample aliquot is frozen in liquid 

nitrogen and lyophilized to stop exchange and remove the solvent.  

To evaluate the progress of exchange by NMR the lyophilized 

sample aliquot has to be dissolved in a solvent able to disaggregate 

the amyloid fibrils into protein monomers. In addition, the solvent must 

slow down the exchange process to allow NMR measurement of the 

proton occupancy of each amide group. DMSO is exceptionally useful 

for these H/D exchange experiments with amyloid fibrils for the 

following reasons. First, DMSO effectively dissolves amyloid fibrils into 

the monomeric unfolded form, which is amenable to NMR analysis 

[36]. Second, DMSO has no exchangeable protons. In the presence of 

>90 % (v/v) DMSO, the base-catalyzed H/D exchange is substantially 

suppressed, resulting in a ≈ 100-fold reduction of intrinsic exchange 

rate [37]. These two properties thus make monitoring the H/D 

exchange kinetics of amyloid fibrils possible.  

The drawback of this approach is the need of assigning the NMR 

signals of the amide protons in the DMSO-unfolded state of the 

protein. This procedure is described below. Once this assignment is 

available the proton occupancy of each residue can be evaluated by 

measuring the cross peak intensity in a HSQC spectrum. Since H/D 

exchange is not fully suppressed in DMSO, a series of consecutive 

HSQC spectra need to be acquired to correct for the slow exchange 

that occurs during measurements. 

Amyloid fibrils were prepared as described [16] by incubating an 8 

mg/mL fresh sample of 15N,13C-labelled N47A Spc-SH3 at 37 ºC during 

10 days and 1 month. The fibrils were separated from the soluble 

protein by centrifugation of the fibril solution at 104444 at 4 ºC during 3 
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hours. The pelleted fibrils were resuspended in double volume of 

deuterated buffer (100 mM NaCl, 100 mM Gly, pD* 3.2, 100 % D2O) 

and agitated vigorously using a magnetic stirrer during 12 hours at 4 

ºC. Once the fibril suspension was homogeneous, the H/D exchange 

reaction was initiated by raising the temperature of the solution to 25 

ºC. 

At several times of H/D exchange (3 days; 7 days; and 15 days), 

fibril sample aliquots of approximately 4 mg were frozen in liquid 

nitrogen, immediately lyophilized and kept at -80 ºC until 

measurement. For H/D exchange measurement the lyophilized 

samples were dissolved in 95 % (v/v) d6-dimethyl sulfoxide, 5 % D2O, 

pD* 5.3 [34]. After dissolution and pD* readjustment (10 minutes), the 

sample solution was filtered and immediately loaded into a NMR tube 

and it was performed the equilibration (30 minutes). A set of 7 or 8 

consecutive HSQCs were recorded at 25 ºC. Spectra of 2048x64 

complex points were recorded using a relaxation delay of 1 second 

resulting in a total experiment time of 20 minutes and 2 seconds. The 

spectral width was 14.20 ppm for 1H and 22.00 ppm for 15N. A 

reference spectrum was acquired with a sample, for which the H/D 

exchange process was omitted. 

The intensities of every peak of the HSQC series were 

extrapolated to time zero to obtain the intensity of every peak at the 

moment of the dissolution of the fibrils in DMSO. The corrected 

intensities were referred to those measured for the sample in which 

exchange was omitted. This procedure provided us with the proton 

occupancy for each residue of the protein in the fibrils at each time of 

H/D exchange. H/D exchange could not be measured for some 

residues due to peak overlapping in the HSQC spectrum measured in 

DMSO.  
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8.6.4. Assignment of the amide 1H and 15N NMR 
resonances in DMSO-unfolded state. 

The assignment of the amide 1H and 15N NMR resonances in the 

DMSO-unfolded protein was carried out using a set of triple resonance 

experiments (HNCACB, CBCA(CO)NH, HNCO, HNCACO, CC-

TOCSY) with the valuable assistance of Dr. Nico van Nuland and of 

José Luis Ortega Roldán. 1H chemical shifts were referenced with 

respect to the 2.5 ppm methyl signal of d6-DMSO. 

A modified version of SmartNotebook 3.2 [38] tool integrated in 

NMRView was used to semi-automatically assign the protein backbone 

in DMSO. The SmartNotebook module allows visual inspection of 

backbone sequential connectivities between residues and provides a 

tool to assign these residues to segments of the primary sequence 

based on the characteristic random coil carbon chemical shifts of each 

aminoacid [39]. Peak lists containing 13CO, 13Cα and 13Cβ frequencies 

taken from the HNCO, HNCACO, HNCACB and CBCA(CO)NH 

spectra at the 1H,15N frequency pair of every peak in the HSQC 

spectrum were used as input for SmartNotebook, which then creates 

automatically connections between the 1H,15N pairs [4]. Due to the high 

overlap present in the HSQC spectrum, the CC-TOCSY spectrum was 

used to visually inspect the correctness of the assignment.  

 

8.7. DIFFERENTIAL SCANNING CALORIMETRY 
DSC is the most powerful technique to directly measure the 

energetic changes occurring during conformational processes in 

proteins [40]. This technique measures the heat capacity of the protein 

solution as a function of temperature and is the only technique capable 

of a complete thermodynamic characterization of the folding-unfolding 

equilibrium of a protein providing information about the mechanism 

and cooperativity of the process. 
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For the unfolding of a typical globular protein, the usual output of a 

DSC experiment is a thermogram with a heat absorption peak that 

indicates an endothermic process induced by the temperature 

increment. Once the thermogram is analyzed and if the unfolding 

process takes place under equilibrium (it is reversible and not scan 

rate dependent), it is possible to determine all thermodynamic 

parameters associated with the transition such as the enthalpy, ∆H, 

the entropy, ∆S, the Gibbs energy, ∆G and the heat capacity, ∆Cp. 

In this work the DSC experiments were carried out with an 

automatic VP-DSC (Valery-Plotnikov differential scanning calorimeter) 

capillary-cell microcalorimeter instrument from MicroCal (Northampton, 

MA) [41] (Figure 8.6).  

 

 
Figure 8.6. VP-DSC capillary calorimeter diagram. 

 

This calorimeter works adiabatically and measures the difference 

in heat capacity between two almost identical cells. The temperature 
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scan can be performed by increasing and decreasing the temperature 

in a continuously, constant and limited way to allow the sample to be in 

equilibrium during the complete scan. The DSC experiments were 

carried out at scan rates of 120 °C/h or 90 ºC/h. Calorimetric cells 

(operating volume 0.135 mL) were kept under an excess pressure of 

60 psi to prevent degassing during the scan and also to permit the 

scans to be extended up to a temperature of 125 °C without boiling. 

DSC was used to measure the thermodynamic magnitudes 

characterizing the native-state stability of the Spc-SH3 domain and the 

mutants under study [42]. DSC thermograms were also acquired 

during thermally-induced fibrillation to measure the energetic changes 

involved during this process. In addition, since amyloid fibrils can be 

melted and dissociated at high temperatures  [16], we also used DSC 

to monitor this process and determine the energetic changes involved 

in fibril dissociation.  

Protein solutions for the calorimetric experiments under native 

conditions were prepared by exhaustive dialysis against the proper 

buffer, and the buffer from the last dialysis step was used in the 

reference cell of the calorimeter. For the calorimetric experiments 

directed to monitor thermally-induced aggregation, fresh lyophilized 

protein was dissolved in the proper buffer. For experiments with 

preformed amyloid fibrils, fibrils were prepared as described before 

[16] and centrifugated at 104444 g at 4 ºC for 3 hours. The pellets 

were resuspended in the same buffer.       

Several baselines with buffer in both cells were obtained before 

each run in order to ascertain an appropriate equilibration of the 

instrument. Reheating runs were carried out to determine the 

calorimetric reversibility of the denaturation processes. After baseline 

subtraction, the temperature dependence of the partial molar heat 

capacity (Cp) was calculated from the DSC thermograms using Origin 

(OriginLab, Northampton, MA) as described elsewhere [40]. Firstly, the 
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calorimeter signal (mV) was converted into molar heat capacity units 

(kJ K-1 mol-1) taking into account the instrument dynamic correction 

and response, the scan speed, the cell volume, the protein 

concentration and the protein partial specific volume (supposed 0.73 

mL/g for all globular protein [43]). The Cp curves were fitted according 

to the two-state unfolding model when possible, as described 

elsewhere [2] using a quadratic function (equation 8.13) to describe 

the molar heat capacity of the unfolded state (Cp,u), which was 

calculated for every protein variant as described elsewhere [43] (Table 

8.4). 

 
2

, 0 0 0p uC a b T c T= + × + ×                                                            (8.13)  

 

 
Table 8.4. Parameter to determine the Cp,u function 

. 

Variant b0 c0 

WT 0.11242 -0.000140 

N47A 0.11013 -0.000140 

N47AL10A 0.11100 -0.000144 

N47AR21D 0.10941 -0.000140 

N47AK27A 0.11254 -0.000146 

N47AT32A 0.11340 -0.000148 

N47AN38A 0.10800 -0.000140 

N47AK43A 0.11249 -0.000146 

N47AV46A 0.10964 -0.000141 

N47AD48G 0.10910 -0.000142 

N47AV53A 0.10960 -0.000141 

N47AA56G 0.11100 -0.000142 

N47AV58A 0.10960 -0.000141 
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The intercept in the quadratic equation, a0, was determined 

independently in every DSC experiment and b0 and c0 are kept 

constant during the fitting. 
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9. SUMMARY AND CONCLUSIONS / RESUMEN Y 
CONCLUSIONES 

 

9.1. SUMMARY OF RESULTS 
In this Thesis project we have presented an investigation of the 

mechanism of amyloid fibril formation of a small globular domain, the 

α-spectrin SH3 domain. The combined use of a wide variety of 

biophysical techniques and methods has allowed us: i) To dissect the 

overall process into different kinetic stages, and to describe how 

environmental factors affect them. ii) To obtain a quite detailed picture 

of the molecular events taking place during each step. iii) To detect 

key intermediates accumulating during the fibrillation process. vi) To 

characterize the morphology and structure of the amyloid fibrils finally 

formed.  

In this chapter we summarize the main achievements of this work 

and relate the different types of information to obtain an overall picture 

of the fibrillation process and the main factors governing it. 

This study was based upon a previous work of our group [1], in 

which we discovered that the N47A mutation induced the rapid 

formation of amyloid fibrils of the Spc-SH3 under mild acid conditions, 

an observation that had passed unnoticed so far in previous studies.  

On the basis of these results, we undertook a comparative 

analysis of the thermodynamic stability and the fibrillation propensity of 

the N47A mutant and the WT Spc-SH3, together with a few other 

single mutants (Chapter 2). We demonstrated that, in contrast with 

other studies with several amyloid forming proteins, the destabilization 

of the native state produced by the N47A mutation is not the main 

factor favouring fibril formation by this small domain. We showed that 

the amyloidogenic effect of the mutation is due to its effect in 

accelerating the conformational events previous to nucleation or at the 

nucleation step itself. In particular, the N47A mutation favours an 



 

220 
 

9 SUMMARY AND CONCLUSIONS

extensive conformational change of the protein and the subsequent or 

concomitant formation of early oligomers.  

Small oligomeric states, generally soluble and with a low degree 

of structural order are common in early stages of fibril formation of 

other proteins. The assembly and structural reorganization of these 

species leads to the formation of protofibrils. For example, the 40- or 

42-residue forms of Abeta give rise to different oligomeric species with 

a relatively disordered structure in rapid equilibrium with the 

monomeric forms [2,3]. Likewise, similar oligomers featuring dynamic 

structures have been identified during amyloid fibril formation of the 

yeast prion Sup35p, phosphoglycerate kinase or the PI3K-SH3 domain 

[4-6]. Transient oligomeric intermediates have also been detected for 

example during the lag phases of fibrillation of alpha-synuclein [7,8], 

mouse prion protein [9] and human insulin [10]. These oligomers 

promote the nucleation stage that results in the formation of amyloid 

fibrils efficiently, reducing the lag phase of aggregation, as we also 

observed here for the effect of oligomers of N47A Spc-SH3 on the 

fibrillation of the WT form. It appears therefore that formation of early 

oligomeric species is a crucial step in the amyloid cascade. 

An exhaustive study of the effect of environmental conditions on 

these early fibrillation stages of the N47A Spc-SH3 has been 

described in Chapter 3. We explored the effect of NaCl concentration, 

pH, temperature, and protein concentration on the fibrillation kinetics. 

We showed that the NaCl concentration influences very strongly the 

early fibrillation steps in contrast to pH, which has an only moderate 

effect. An increase of salt concentration strongly accelerates the 

conformational conversion and the appearance of oligomers, which 

results in an enhancement of the fibril nucleation, a reduction of the lag 

phase and a faster fibril growth. Importantly, the effect of salt is not 

limited to an increase in fibril nucleation velocity but it also has an 

effect on the final morphology and structure of the fibrils. Fibrils formed 



 

221 
 

9 SUMMARY AND CONCLUSIONS 

at low salt concentration are initially curly but they turn into well-

ordered, twisted amyloid fibrils after long incubation times, whereas 

curly fibrils assembled at high salt concentrations are thinner and they 

cannot evolve to ordered fibrils. These observations suggested that the 

protein monomers are arranged in a different way within the fibril 

structure and that this organization is determined by the environmental 

conditions at the early stages of the fibrillation process. 

The study of the effect of temperature on the initial conformational 

change of the protein allowed us measuring apparent activation 

energies of the process at different salt concentrations. The activation 

enthalpy decreases with the concentration of salt indicating a reduction 

in the net balance of interactions involved in the activation barrier 

leading to fibril nucleation.  

An enhancement of intermolecular association by screening of 

charge-charge repulsion would not appear to be crucial in triggering 

fibrillation, in agreement with the observation that increasing the net 

positive charge of the protein by lowering pH does not result in less 

aggregation but in the opposite effect. We hypothesized that salt may 

profoundly affect the energy landscape accessible to the protein due to 

the influence of salt ions upon the protein hydration shell. This effect 

may promote alternative unfolding pathways accessible to the 

polypeptide chain, leading to diverse amyloidogenic species as we 

observed in this work. 

In support of this hypothesis are the results presented in Chapter 

4, where we analyzed the conformational ensemble of the Spc-SH3 

domain by NMR-detected H/D exchange under conditions near those 

of fibrillation. We found that for many residues there is significant super 

protection, i.e., they exchange with apparent Gibbs energies that are 

higher than those of global unfolding, which is suggestive of residual 

structure in the unfolded ensemble. This effect is enhanced by 

amyloidogenic factors, i.e., the N47A mutation and the increase in salt 
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concentration. We concluded therefore that amyloid-enhancing factors 

favour more compact denatured states with the presence of residual 

structure that may be prone to intermolecular association. In fact, the 

size of early oligomers formed during fibrillation is increased by salt 

and temperature as shown by DLS in Chapter 3. Since the Spc-SH3 

domain has a significant probability of sampling these conformations 

under mild acid conditions [11], at high protein concentrations even a 

low relative population of compact denatured states might be enough 

to trigger the amyloid cascade. Similar compact denatured states have 

been related to amyloid formation by native proteins at acid pH [12,  

13], including the PI3-SH3 domain [14]. 

On the basis of these results, we attempted to directly detect the 

presence of compact partially folded species during equilibrium and 

kinetic folding unfolding experiments using ANS as a probe (Chapter 

5). Although ANS-binding species were detected at intermediate 

temperatures in thermal unfolding experiments, they are very low 

populated in equilibrium measurements. Nevertheless, a comparative 

analysis of the folding-unfolding kinetics of the N47A mutant and the 

WT domain provided evidence of the presence of partially-folded 

species accumulating rapidly during the dead time of the unfolding 

kinetics, although they were not detectable during the folding kinetics. 

This indicates that these species are not kinetically accessible from the 

unfolded state during these experiments. In addition, these species 

interact with ANS and unfold more slowly than the native state, 

suggesting that they may constitute a kinetic trap during the unfolding 

process. Once more, the observation that aggregation-enhancing 

factors (protein and salt concentration and temperature increase) 

augment the population of these partially-folded states implies that 

they may play a key role in the initial conformational events of the 

nucleation of fibrils, as observed for other proteins [15-17]. 



 

223 
 

9 SUMMARY AND CONCLUSIONS 

The results of chapter 4 and 5 indicate that the series of 

conformational events leading to nucleation of the amyloid fibrils is 

initiated by accumulation of compact partially-unfolded species with 

high tendency to oligomerize. These dynamic oligomers may be prone 

to undergo a structural transition to form more stable protofibrillar 

species, which further nucleate the fibril growth process. 

To structurally characterize the conformational events leading to 

fibril nucleation, we undertook a mutagenesis analysis of the 

aggregation kinetics of the Spc-SH3 domain (Chapter 6). A series of 

second mutations made on the N47A mutant covering all the structural 

elements of the protein corroborated the lack of correlation between 

the thermodynamic stability of the native state and the amyloid 

formation propensity. Our results indicated that the inhibitory or 

potentiating effect of amyloid formation exerted by the mutations is 

also related to the efficiency in the formation of early oligomers, which 

occurs earlier for the mutants having a faster and a more efficient fibril 

nucleation, in agreement with the results of previous Chapters. 

An analysis of the apparent rates of the fibril nucleation process of 

the mutants measured by ThT fluorescence has allowed us to map 

structurally the transition state of the nucleation process. It appears 

that the conformational transition occurring during fibril nucleation 

follows a completely different pathway to that of the folding-unfolding 

process and involves partial unfolding of the domain core, while some 

native-like and non-native structure remains at regions that fold late 

during normal two-state native folding. This conclusion is of chief 

importance since it has been proposed that the sequences of native 

proteins have evolved to facilitate fast and efficient folding while setting 

high energy barriers that avoid fibrillation [18]. This result is also in 

accordance with a kinetic inaccessibility from the unfolded state of the 

partially folded species described in Chapter 5, which supports our 
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conclusion that unfolding and amyloid nucleation follow diverging 

pathways in the conformational landscape of the protein. 

Finally, in Chapter 7 we describe a structural study of amyloid 

fibrils using H/D exchange detected by NMR. It turned out that the 

fibrils are much more resistant than the native protein against 

exchange as described in similar studies with other proteins [19-22]. 

Furthermore, highly protected regions in the fibrils encompass 

sequence segments that are fully unprotected in the native protein, 

such as the 7 N-terminal residues or residues 47 and 48 at the distal 

turn. This indicates a completely different arrangement of the 

polypeptide chain in the fibrillar state compared to the native state, 

consistent with each state being an end point of diverging routes in the 

conformational landscape. 

In addition, fibril samples prepared for long incubation times and 

composed mainly of twisted and ordered amyloid fibrils show a 

different pattern of protection than samples obtained at short 

incubation times and made of predominantly curly fibrils. There is a 

significant shift in the regions of the polypeptide chain that form the 

core of the fibril structure, supporting our conclusion that the two types 

of fibrils are assembled by diverging pathways possibly involving 

different oligomers and protofibrillar species, as discussed in Chapter 4 

and elsewhere [23]. 

 

9.2. OVERALL DISCUSSION 
The variety and abundance of experimental data accumulated in 

this study has allowed us to describe a mechanism for the assembly of 

the amyloid fibrils of the Spc-SH3 domain (Figure 9.1). As described 

elsewhere [11], [24], at mild acid pH the most populated state is the 

native state but the protein is quite dynamic and undergoes a wide 

variety of conformational changes ranging from local fluctuations to 

extensive unfolding.  
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Our results suggest that not all conformational excursions occur 

along the same pathway but different states in the conformational 

ensemble could be favoured by the influence of environmental 

conditions (salt concentration, temperature, pH) or by specific 

mutations (for instance the N47A mutation). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1. Schematic drawing illustrating the different stages and pathways 
of amyloid fibril fibrillation of the Spc-SH3 domain derived from the results of 
this work. The pictures of each state do not intend to describe the actual 
structures but be only mere representations of their main features. The black 
arrows indicate possible pathways. 

 

High salt concentration appears to alter the energy landscape to 

favour the population of more compact partially folded states, in which 

the domain core may become transiently unstructured, whereas low 

salt appears to privilege the typical folding-unfolding route of the SH3 

domain, which is conformationally quite constrained [25]. Similarly, 

specific mutations, such as the N47A mutation, can destabilize the 
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transition state of normal folding-unfolding, thus favouring alternative 

states. 

If the concentration of the protein is high enough, the absolute 

concentration of partially folded states prone to intermolecular 

association may be sufficient for these species to oligomerize, even if 

their population is low in relative terms. Our results also indicate the 

size distribution of these oligomers depends of the conditions as we 

have observed at different salt concentrations or temperatures. It is 

likely that the oligomer structure is quite dynamic and it may depend of 

the nature of the oligomerizing species. These oligomers appear to be 

the critical nuclei in triggering the amyloid cascade since we have 

found a direct correlation between the rate of formation of oligomers 

and the rate of fibrillation.  

At certain point, a structural conversion of the dynamic oligomers 

into more stable fibrils must take place and once protofibrils are 

nucleated they elongate by incorporation of additional partially folded 

protein molecules giving rise to curly fibrils. Under conditions that 

favour efficient oligomerization (high temperature, high salt and protein 

concentration), their structural conversion leading to protofibrillar 

structures is faster and so it is also fibril growth, but the resulting fibrils 

are more disordered possibly because of the structural constraints 

imposed by a more compact arrangement in the preceding structures. 

On the other hand, conditions that promote less compact structures 

and smaller, less stable oligomers conduct to a slower formation of 

protofibrils, with the presence of a long lag phase, but the final amyloid 

fibrils can achieve a higher structural order. We have also found that 

curly fibrils are not unique, as shown in Chapter 3, but their structure 

may also be directed by nucleation conditions, and there must be 

some pivotal states connecting the diverging fibrillation pathways. 

In summary, we have shown that the fibrils formation mechanism 

is very complex molecular process finely modulated by a number of 
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intrinsic or environmental factors that direct the subsequent 

aggregation cascade from the very early conformational events. 

 

9.3. CONCLUSIONS 
Finally, we summarize here the main conclusions of this Thesis 

project: 

-  In the small Spc-SH3 domain not all mutations destabilizing 

the native state are intrinsically amyloidogenic. Amyloidogenic 

mutations must produce a particular redistribution of the 

conformational ensemble of the protein leading specifically to 

a significant reduction in the energy barrier of nucleation of the 

fibrillation process.  

-  The existence of transiently accumulated partially folded 

species detected during the unfolding of the protein can be 

related with the triggering of the amyloid fibril cascade. 

-  Environmental conditions of aggregation such as salt 

concentration, pH, protein concentration and temperature act 

by altering the conformational landscape and favouring 

compact partially folded states with different propensities to 

oligomerize and this determines the rate and the subsequent 

pathway of fibrillation. 

-  It is likely that the role of salt in enhancing fibrillation is related 

to its influence upon the cooperativity of the protein hydration 

shell due to a direct interaction of salt ions with the protein 

groups or with the water of the first hydration layer. This 

results in more compact partially unfolded states accessible to 

the protein ensemble. 

-  The two-state folding-unfolding process and the fibril 

nucleation process of the Spc-SH3 domain follow diverging 

pathways in the conformational landscape. 



 

228 
 

9 SUMMARY AND CONCLUSIONS

-  The fibril morphology and structure is determined by 

environmental conditions at the early conformational events 

leading to fibril nucleation. 

-  The structure of the amyloid fibril core is formed by several 

regions of the polypeptide chain including segments that are 

fully unstructured or form loops in the native protein, indicating 

a profound structural conversion during the amyloid cascade. 

 

9.4. COMPLEMENTARY TRAINING ACTIVITIES AND 
PUBLICATIONS 

 As complementary activities carried out during this predoctoral 

period, it has been performed a study of the aggregation mechanism of 

the acylphosphatase from Sulfolobus solfataricus (Sso AcP) during a 

three-month stay from September to December 2007 in the laboratory 

of Prof. Fabrizio Chiti. This work led to the publication of an article in 

Biochimica et Biophysica Acta [26]. 

 In addition, it has been developed a study by DSC of the 

thermally-induced unfolding of amyloid fibrils of the N47A Spc-SH3 

mutant in collaboration with other member of the group. In this work, a 

mathematical model for the quantitative interpretation of the DSC data 

of amyloid fibrils has been derived. The work has been recently 

accepted for publication in the Journal of Physical Chemistry B [27]. 

 Finally, the results presented in Chapter 3 have been published 

in FEBS letters [28].  

 Reprints of these 3 articles are included at the end of this 

project. 
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9.5. RESUMEN Y CONCLUSIONES 
 

Resumen de resultados 
En esta Memoria se presenta el trabajo de investigación sobre el 

mecanismo de formación de fibras amiloides por un pequeño dominio 

globular proteico, el dominio SH3 de α-espectrina. El uso combinado 

de una gran variedad de métodos y técnicas biofísicas nos ha 

permitido: i) Diseccionar el proceso global en diferentes etapas 

cinéticas y describir cómo éstas se ven afectadas por las condiciones 

ambientales. ii) Obtener una visión detallada de los procesos 

moleculares que tienen lugar durante cada etapa. iii) Detectar 

intermedios clave que se acumulan durante el proceso de fibrilación. 

iv) Caracterizar la morfología y estructura de las fibras amiloides 

formadas al final del proceso de agregación. 

En este capítulo se resumen los principales resultados obtenidos 

con este trabajo de investigación y se relaciona la información 

obtenida para conseguir de esta forma una visión global del proceso 

de fibrilación y los principales factores que lo gobiernan. 

Este estudio se ha basado en un trabajo previo de nuestro grupo 

de investigación [1], en el que se observó que la mutación N47A 

inducía la formación rápida de fibras amiloides por el dominio Spc-

SH3 en condiciones de pH moderadamente ácido. Esta observación 

había pasado desapercibida hasta el momento en previos estudios de 

investigación. 

Basándonos en esos resultados, se llevó a cabo un análisis 

comparativo de la estabilidad termodinámica y la propensión a la 

agregación del mutante N47A y de la forma WT del dominio Spc-SH3, 

junto con una serie de mutantes simples (Capítulo 2). Se demostró 

que, al contrario de lo apuntado por numerosos estudios realizados 

sobre diferentes proteínas amiloidogénicas, la desestabilización del 

estado nativo producida por la mutación N47A no es el factor principal 
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que favorece la formación de fibras por este pequeño dominio. Se 

comprobó que el efecto amiloidogénico de la mutación se debe a la 

aceleración que produce sobre los procesos conformacionales previos 

al proceso de nucleación o sobre la propia etapa de nucleación. En 

concreto, la mutación N47A favorece un extenso cambio 

conformacional de la proteína y la subsiguiente o simultánea 

formación de oligómeros iniciales en el proceso de agregación. 

La presencia de pequeños oligómeros, generalmente solubles y 

sin estructura definida, es común en las etapas iniciales de la 

formación de fibras amiloides de numerosas proteínas. La 

reorganización estructural y la unión de estas especies permiten la 

formación de protofibras. Por ejemplo, las variantes de 40 y de 42 

residuos del péptido Abeta forman especies oligoméricas diferentes 

con estructuras relativamente desordenadas que se encuentran en 

equilibrio rápido con las especies monoméricas [2, 3]. Del mismo 

modo, se han identificado durante la formación de fibras amiloides 

oligómeros similares con estructuras dinámicas en el prion de la 

levadura de Sup35p, en la fosfoglicerato quinasa y en el dominio 

PI3K-SH3 [4-6]. También se han detectado intermedios oligoméricos 

transitorios durante las fases de retardo de la fibrilación de la alfa-

sinucleína [7,8], de la proteína prion de ratón [9] y de la insulina 

humana [10]. Estos oligómeros actúan eficientemente como núcleos 

de la etapa inicial de formación de fibras amiloides, reduciendo la fase 

de retardo de la agregación, tal y como hemos observado en nuestro 

caso al añadir oligómeros de N47A Spc-SH3 durante la fibrilación de 

la forma WT. Parece por tanto, que la formación inicial de especies 

oligoméricas constituye una etapa crucial en el desencadenamiento de 

la cascada de agregación amiloide. 

En el Capítulo 3 se describe un estudio exhaustivo del efecto de 

las condiciones ambientales sobre dichas etapas iniciales de la 

agregación de N47A Spc-SH3. Se exploraron los efectos de la 
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concentración de NaCl, del pH, de la temperatura y de la 

concentración de proteína sobre las cinéticas de fibrilación. Se 

demostró que la concentración de NaCl afecta enormemente las 

etapas iniciales de la fibrilación, al contrario que el pH, que sólo tiene 

un efecto moderado. El aumento de la concentración de sal acelera 

fuertemente la conversión conformacional y la aparición de 

oligómeros, lo que resulta en un incremento del grado de nucleación 

en el proceso de fibrilación, una reducción de la fase de retardo y un 

crecimiento de fibras más rápido. Es destacable el hecho de que el 

efecto de la sal no se limita a un aumento de la velocidad de 

nucleación sino que también afecta a la morfología y la estructura final 

de las fibras. Las fibras formadas a baja concentración de sal son 

inicialmente rizadas pero tras largos periodos de incubación se 

convierten en fibras amiloides rectas, ordenadas y formadas por 

filamentos enrollados. En cambio, las fibras formadas a altas 

concentraciones de sal son finas y rizadas y no se transforman en 

fibras ordenadas. Estas observaciones sugieren que la proteína 

monomérica se reorganiza de forma diferente en la estructura fibrilar 

siendo esta organización determinada por las condiciones ambientales 

en las etapas iniciales del proceso de fibrilación. 

El estudio del efecto de temperatura sobre el cambio 

conformacional inicial de la proteína, nos permitió determinar las 

energías de activación aparentes del proceso a diferentes 

concentraciones de sal. La entalpía de activación disminuye con el 

aumento de la concentración de sal, lo que indica una reducción en el 

balance de interacciones implicadas en la barrera de activación que 

tiene lugar en la etapa de nucleación del proceso de agregación. 

El favorecimiento de la asociación intermolecular a través del 

apantallamiento de las repulsiones carga-carga mediado por la sal no 

parece ser crucial en el desencadenamiento del proceso de fibrilación. 

Esto está de acuerdo con el hecho de que el aumento de la carga neta 
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positiva de la proteína por la disminución del pH resulta en un 

aumento de la agregación y no al contrario. Nuestra hipótesis consiste 

en que la sal podría afectar profundamente el paisaje de energía 

accesible a la proteína, debido a la influencia de los iones salinos 

sobre la superficie de hidratación de la proteína. Este efecto puede 

promover rutas de desplegamiento alternativas accesibles a la cadena 

polipeptídica, que dan lugar a la formación de diversas especies 

amiloidogénicas, como se observó en este trabajo de investigación. 

Los resultados mostrados en el Capítulo 4 apoyan la hipótesis 

anterior. Se analizó el equilibrio conformacional del dominio Spc-SH3 

mediante el uso de intercambio H/D detectado por RMN (Resonancia 

Magnética Nuclear) en condiciones cercanas a las de fibrilación. Se 

encontró una significativa superprotección para numerosos residuos, 

lo que implica que la energía de Gibbs aparente de intercambio H/D 

es mayor que la que se obtiene para el proceso de desplegamiento 

global, lo cual sugiriere la existencia de estructura residual en el 

estado desplegado. Este efecto se ve incrementado por los factores 

que favorecen la agregación, es decir, la mutación N47A y el aumento 

de la concentración de sal. Se concluyó de este modo que los factores 

que favorecen la formación de amiloides favorecen a su vez estados 

desplegados más compactos en los que existe estructura residual y 

que tienen tendencia a la asociación intermolecular. De hecho, el 

tamaño de los oligómeros iniciales formados durante el proceso de 

fibrilación aumenta al aumentar la concentración de sal y la 

temperatura como se describe mediante el estudio de DLS (Dispersión 

Dinámica de luz) en el Capítulo 3. Teniendo en cuenta que el dominio 

Spc-SH3 presenta una probabilidad significativa de adoptar estas 

conformaciones en condiciones de pH moderadamente ácido [11], 

cuando la concentración de proteína es alta se podría desencadenar 

la cascada de agregación amiloide incluso con una población 

relativamente baja de dichos estados desplegados compactos. 
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Estados desplegados compactos similares se han relacionado con la 

formación de amiloides en proteínas nativas a pH ácido [12, 13], 

incluyendo el dominio PI3-SH3 [14]. 

Basándonos en estos resultados, se intentó detectar directamente 

la presencia de especies compactas parcialmente desplegadas 

durante experimentos de plegamiento y desplegamiento en equilibrio y 

cinéticos usando como sonda el ANS (Capítulo 5). Se detectaron 

especies que se unen a ANS a temperaturas intermedias durante el 

proceso de desplegamiento térmico, pero estas especies están muy 

poco pobladas en los experimentos de equilibrio. Por el contrario, tras 

realizar un análisis comparativo de las cinéticas de plegamiento y 

desplegamiento del mutante N47A y de la forma WT, se obtuvieron 

claras evidencias de la presencia de especies parcialmente 

desplegadas que se acumulan rápidamente durante el tiempo muerto 

de las cinéticas de desplegamiento, aunque no se observa durante el 

proceso de plegamiento. Esto indica que estas especies no son 

cinéticamente accesibles desde el estado desplegado. Además, estas 

especies se unen a ANS y se despliegan más lentamente que el 

estado nativo, lo que sugiere que podrían constituir una trampa 

cinética durante el proceso de desplegamiento. De nuevo, la 

observación de que los factores que favorecen la agregación 

(aumento de la concentración de sal y de proteína y aumento de 

temperatura) aumentan la población de estos estados parcialmente 

desplegados implica que dichas especies podrían desempeñar un 

papel clave en los procesos conformacionales iniciales del proceso de 

nucleación de las fibras. Esto se ha observado también para otras 

proteínas [15-17]. 

Los resultados descritos en los Capítulos 4 y 5 indican que los 

cambios conformacionales que dan lugar a la nucleación de la  

formación de fibras amiloides se inician por la acumulación de 

especies compactas parcialmente desplegadas con alta tendencia a la 
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oligomerización. Estos oligómeros dinámicos podrían sufrir una 

transición estructural para formar especies protofibrilares estables que 

actuarían posteriormente como núcleos de agregación durante el 

crecimiento de las fibras. 

Se llevó a cabo un análisis de las cinéticas de agregación 

presentadas por una serie de mutantes del dominio Spc-SH3 con el fin 

de caracterizar estructuralmente los procesos conformacionales que 

dan lugar a la nucleación de las fibras (Capítulo 6). Las mutaciones se 

realizaron sobre el mutante N47A, abarcando todos los elementos 

estructurales de la proteína. El estudio de las cinéticas de agregación 

amiloide de todos estos dobles mutantes corroboró la ausencia de 

correlación entre la estabilidad termodinámica del estado nativo y la 

propensión a la formación de amiloides. Los resultados obtenidos 

indicaron que la aceleración o la inhibición del proceso de fibrilación 

producidas por las mutaciones están relacionadas con la eficiencia en 

la formación de los oligómeros iniciales, lo que ocurre con anterioridad 

en el caso de mutantes que presentan un proceso de nucleación de 

las fibras más eficiente. Esto está de acuerdo con los resultados de 

los capítulos anteriores.  

Se realizó un análisis de las constantes de velocidad aparentes 

del proceso de nucleación de las fibras en los dobles mutantes a partir 

de las cinéticas de agregación medidas por fluorescencia de ThT. Esto 

nos permitió delimitar las regiones que participan en la estructura del 

estado de transición del proceso de nucleación. Presumiblemente, la 

transición conformacional que ocurre durante el proceso de nucleación 

de las fibras sigue una ruta completamente diferente a la del proceso 

de plegamiento o desplegamiento. Dicha transición implica el 

desplegamiento parcial del núcleo del dominio, mientras que aquellas 

regiones que se pliegan posteriormente durante el proceso usual de 

plegamiento nativo de dos estados mantienen una estructura similar a 

la nativa o adquieren una conformación no nativa. Esta conclusión es 
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de gran importancia puesto que comunmente aceptado que las 

secuencias de las proteínas ha evolucionado para favorecer el 

plegamiento rápido y eficientemente al estado nativo, mientras que 

aumentan de las barreras energéticas que favorecen la fibrilación [18]. 

Este resultado también está de acuerdo con el hecho de que las 

especies parcialmente desplegadas descritas en el Capítulo 5 son 

cinéticamente inaccesibles desde el estado desplegado. Esto apoya 

lnuestra conclusión de que el desplegamiento y el proceso de 

nucleación amiloide siguen rutas divergentes en el paisaje 

conformacional de la proteína. 

Finalmente, en el Capítulo 7, se describe un estudio estructural de 

las fibras amiloides mediante el uso de intercambio H/D detectado por 

RMN. Se observó que las fibras amiloides son mucho más resistentes 

que la proteína nativa al proceso de intercambio, como se ha descrito 

en estudios similares con otras proteínas [19-22]. Además, segmentos 

de la secuencia que están completamente expuestos en la proteína 

nativa forman en cambio parte de regiones altamente protegidas en 

las fibras, como es el caso de los siete primeros residuos de la región 

N-terminal y los residuos 47 y 48 en el giro distal. Esto indica que la 

organización estructural de la cadena polipeptídica en los estados 

fibrilar y nativo es completamente diferente, lo que está de acuerdo 

con que cada uno de estos estados constituya el punto final de dos 

rutas divergentes en el paisaje conformacional.  

Además, las fibras obtenidas tras largos periodos de incubación, 

que están formadas mayoritariamente por fibras amiloides ordenadas 

y enrolladas, presentan perfiles de protección frente al intercambio 

diferentes a los de fibras obtenidas tras periodos de incubación cortos 

(rizadas y desordenadas). Existe un cambio significativo de las 

regiones de la cadena polipeptídica que forman el núcleo de la 

estructura fibrilar, lo que apoya la conclusión de que se forman dos 

tipos de fibras distintas por rutas divergentes que implican 
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posiblemente oligómeros y especies protofibrilares diferentes, como 

se discutió en el Capítulo 4 y en bibliografía [23]. 

 

Discusión general 
La abundancia y variedad de datos experimentales acumulados 

en este estudio nos ha permitido proponer un mecanismo molecular 

para la formación de fibras amiloides del dominio Spc-SH3 (Figura 

9.1). Como se describe en bibliografía [11,22], el estado más poblado 

a valores de pH moderadamente ácido es el estado nativo, pero la 

estructura de la proteína es altamente dinámica y sufre una gran 

variedad de cambios conformacionales transitorios, que abarcan 

desde fluctuaciones locales hasta desplegamiento extenso. Nuestros 

resultados sugieren que no todos los cambios conformacionales 

ocurren a través de la misma ruta. Por el contrario, diferentes estados 

conformacionales pueden estar favorecidos por la influencia de 

factores ambientales (concentración de sal, temperatura, pH) o por 

mutaciones específicas (por ejemplo, la mutación N47A). El aumento 

de la concentración de sal parece afectar alterando el paisaje de 

energía que favorece la población de estados parcialmente 

desplegados compactos, en los que el núcleo del dominio podría estar 

transitoriamente desestructurado. Sin embargo, la disminución de la 

concentración de sal parece favorecer la típica ruta de plegamiento y 

desplegamiento del dominio SH3, que está bastante restringido 

conformacionalmente [25]. Análogamente, mutaciones específicas, 

como la mutación N47A, pueden desestabilizar el estado de transición 

del proceso normal de plegamiento y desplegamiento, lo que podría 

favorecer estados alternativos. 

Si la concentración de proteína es suficientemente alta, la 

concentración absoluta de estados parcialmente desplegados con 

tendencia a la asociación intermolecular puede ser suficiente para que 

estas especies oligomericen, aun cuando su población sea baja en 
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términos relativos. Nuestros resultados también indican que la 

distribución de tamaños de estos oligómeros depende de las 

condiciones empleadas, como hemos observado en los estudios 

realizados a diferentes concentraciones de sal o a diferentes 

temperaturas. Existen indicios de que la estructura de los oligómeros 

es bastante dinámica y puede depender de la naturaleza de las 

especies que los forman. Estos oligómeros parecen ser núcleos 

críticos en el desencadenamiento de la cascada de agregación 

amiloide, ya que hemos encontrado una correlación directa entre el 

grado de formación de los oligómeros y la velocidad de fibrilación.  

En cierto momento, debe tener lugar una conversión estructural 

de los oligómeros dinámicos en protofibras más estables, y una vez 

alcanzado el proceso de nucleación, comienza el proceso de 

elongación mediante la incorporación de moléculas de proteína 

parcialmente desplegadas que dan lugar a las fibras rizadas y 

desordenadas. En las condiciones que favorecen el proceso de 

oligomerización (alta temperatura y alta concentración de proteína y 

sal), la conversión estructural que da lugar a estructuras protofibrilares 

es más rápida y del mismo modo lo es el crecimiento fibrilar, pero las 

fibras resultantes son más desordenadas debido posiblemente a 

limitaciones estructurales impuestas por un ordenamiento más 

compacto en las estructuras precedentes. Por el contrario, las 

condiciones que favorecen estructuras menos compactas y 

oligómeros más pequeños conducen a la formación más lenta de 

protofibras, con la existencia de una larga fase de retardo, pero las 

fibras amiloides finales pueden sufrir una ordenación estructural 

mayor. También hemos encontrado que las fibras rizadas pueden ser 

de varios tipos, como se muestra en el Capítulo 3, pero su estructura 

puede también estar dirigida por las condiciones del proceso de 

nucleación y podrían existir algunos estados clave que conectan las 

diferentes rutas de fibrilación. 
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En resumen, hemos mostrado que el mecanismo de formación de 

fibras es un proceso molecular muy complejo que está estrictamente 

modulado por diversos factores intrínsecos o ambientales que dirigen 

la subsiguiente cascada de agregación desde los procesos 

conformacionales iniciales. 

 

Conclusiones 
Finalmente, aquí se resumen las conclusiones más relevantes de 

este proyecto de Tesis Doctoral: 

-   En el pequeño dominio Spc-SH3 no todas las mutaciones que 

desestabilizan el estado nativo son intrínsecamente 

amiloidogénicas. Las mutaciones amiloidogénicas pueden 

producir una redistribución concreta del conjunto de 

conformaciones de la proteína que da lugar a una reducción 

significativa específica de la barrera energética del proceso de 

nucleación de las fibras. 

-   La existencia de especies parcialmente desplegadas que se 

acumulan transitoriamente durante el proceso de 

desplegamiento de la proteína, pueden estar relacionadas con 

el desencadenamiento de la cascada de agregación amiloide. 

-  Las condiciones ambientales del proceso de agregación como 

la concentración de sal y proteína, la temperatura y el pH, 

actúan alterando el paisaje conformacional y favoreciendo 

estados parcialmente desplegados compactos con diferentes 

tendencias a la oligomerización, lo que determina la velocidad 

y la ruta del proceso de fibrilación. 

-   El aumento de la fibrilación producido por el incremento de la 

concentración de sal es muy probablemente debido a su 

influencia sobre la cooperatividad de la capa de hidratación 

superficial de la proteína debido a la interacción directa de los 

iones de la sal con los grupos de la proteína o con el agua de 



 

239 
 

9 SUMMARY AND CONCLUSIONS 

dicha capa. Esto resulta en estados parcialmente desplegados 

más compactos accesibles al conjunto de la proteína. 

-  El proceso de plegamiento y desplegamiento de dos estados y 

el proceso de nucleación de las fibras en el dominio Spc-SH3 

siguen rutas divergentes en el paisaje conformacional. 

-   La morfología y estructura de las fibras está gobernada por 

las condiciones ambientales en las etapas iniciales que dan 

lugar al proceso de nucleación de las fibras.  

-   La estructura del núcleo de las fibras está formado por 

diversas regiones de la cadena polipeptídica que incluyen 

segmentos que están totalmente desestructurados o formando 

lazos en la proteína nativa, lo que indica una profunda 

conversión estructural durante la cascada de agregación 

amiloide. 
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at normally folded proteins retain a significant tendency to form amyloid fibrils
through a direct assembly of monomers in their native-like conformation. However, the factors promoting
such processes are not yet well understood. The acylphosphatase from Sulfolobus solfataricus (Sso AcP)
aggregates under conditions in which a native-like state is initially populated and forms, as a first step,
aggregates in which the monomers maintain their native-like topology. An unstructured N-terminal segment
and an edge β-strand were previously shown to play a major role in the process. Using kinetic experiments
on a set of Sso AcP variants we shall show that the major event of the first step is the establishment of an
inter-molecular interaction between the unstructured segment of one Sso AcP molecule and the globular unit
of another molecule. This interaction is determined by the primary sequence of the unstructured segment
and not by its physico-chemical properties. Moreover, we shall show that the conversion of these initial
aggregates into amyloid-like protofibrils is an intra-molecular process in which the Sso AcP molecules
undergo conformational modifications. The obtained results allow the formulation of a model for the
assembly of Sso AcP into amyloid-like aggregates at a molecular level.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Amyloid aggregation is the conversion of proteins and peptides from
their soluble state into fibrillar aggregates with well defined morpho-
logical, structural and tinctorial properties [1]. These include a long and
unbranched shapewhen fibrils are analyzedwith transmission electron
microscopy (TEM) [2] or atomic force microscopy [3], the ability to bind
specific dyes, such as Thioflavin T (ThT) [4] or Congo red (CR) [5] and a
typical cross-β pattern when analyzed by X-ray fiber diffraction [2].
Such fibrillar species are generally referred to as amyloid fibrils, at least
when they accumulate extracellularly and several pathological condi-
tions are associated with their formation [1].

The propensity of normally folded proteins to form amyloid-like
fibrils increases in conditions that favor the partial unfolding of the
native state across the major unfolding energy barrier, such as at low
pH, high temperature or in the presence ofmoderate concentrations of
organic solvents [6–8]. However, increasing evidence is now accumu-
lating that folded proteins retain a significant, albeit small, tendency to
aggregate with no need of unfolding as a first necessary step [9–11].
Despite the identification of unfolding-independent aggregation
pathways, the mechanisms and the structural and sequence determi-
cience, University of Florence,

l rights reserved.
nants that promote aggregation fromnative-like states are not yetwell
understood.

In this work we have focused our attention on the acylphosphatase
from Sulfolobus solfataricus (Sso AcP), a protein previously shown to
aggregate into amyloid-like protofibrils through such a mechanism
[11–13]. This 101-residue long protein is an enzyme, able to hydrolyze
acylphosphates with formation of acyl groups and phosphate ions
[14]. The structure of Sso AcP, recently determined by nuclear
magnetic resonance (NMR) spectroscopy and X-ray crystallography
[14], features the typical βαββαβ topology of the other acylpho-
sphatases so far characterized and belonging to the ferredoxin-like
fold [15–19]. By contrast to related proteins, however, Sso AcP contains
an unstructured, 11-residue N-terminal segment as shown in Fig. 1
[14].

Aggregation of Sso AcP has been characterized in 50 mM acetate
buffer at pH 5.5 and 25 °C, in the presence of 20% (v/v) 2,2,2-
trifluoroethanol (TFE). Under these conditions Sso AcP folding is faster
than unfolding and the protein displays enzymatic activity [11];
moreover, the near-UV and far-UV circular dichroism (CD) analyses
performed before aggregation show that the protein has the same
secondary structure content and the same packing around aromatic
residues as the native protein in a buffer in which aggregation does
not occur [13]. These lines of evidence indicate that Sso AcP adopts
initially a native-like state under these conditions. Hydrogen/
deuterium exchange monitored with mass-spectrometry indicate,
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Fig. 1. Ribbon representation of the Sso AcP structure as determined using NMR [14].
The PDB entry is 1Y9O. The regions that were shown to be important in aggregation are
highlighted [13]. These correspond to the 11-residue N-terminal segment (blue) and
β-strand 4 (red). The figure has been drawn with VMD 1.8.3 for win32 [36].
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however, that Sso AcP undergoes, under these conditions, structural
fluctuations larger than those existing in solution media in which
aggregation does not occur [13].

Aggregation occurs in two distinct phases. In a first phase, the
protein converts, within one minute, from the initial native-like state
into early aggregates [12]. Formation of early aggregates can be
detected as an increase in static light scattering intensity and a
significant change in mean residue ellipticity at 208 nm (at this
wavelength the difference of far-UV signal between the native-like
monomer and the early aggregates was the highest). The resulting
aggregates retain, however, a native-like structure, as shown by far-UV
CD and Fourier transform infrared (FTIR) spectroscopy and by the
presence of enzymatic activity in the sample [12]. Such an activity
disappears after centrifugation, confirming that it is due to the
aggregates rather than to any residual non aggregated protein [12].
The early aggregates do not bind to ThT and CR and do not possess an
extensive β-sheet structure as inferred from far-UV CD and FTIR [12].

In the second phase, the early aggregates convert, on the time scale
of several minutes, into amyloid-like protofibrils having the ability to
bind CR and ThT and a remarkable content in β-sheet structure, as
inferred by FTIR spectroscopy and far-UV CD [11,12]. These species do
not show enzymatic activity [12]. When analyzed with TEM,
protofibrils appear as spherical oligomers, or chain-like structures,
both having a diameter of 3–5 nm [12]. Kinetic tests indicate that
conversion of the early aggregates into protofibrils occurs directly
with no need of disassembly and re-aggregation [12]. Formation of
protofibrils from the early aggregates can be detected by a further
change in mean residue ellipticity at 208 nm and light scattering
intensity and by a substantial increase in ThT fluorescence [12].

In a recent study the regions that promote aggregation of the Sso
AcP native state have been investigated [13]. It was shown that a
mutant lacking the unstructured N-terminal segment and consisting
only of the globular part of Sso AcP (ΔN11 Sso AcP) is not able to
aggregate in conditions that promote aggregation of the wild-type
protein. This clearly suggests that the N-terminal segment plays a
major role in promoting aggregation of Sso AcP (Fig. 1). However, this
segment is not able to aggregate by itself when dissected from the
globular domain, suggesting that aggregation of the full-length
protein is not due to interactions between N-terminal segments of
different Sso AcP molecules [13]. A protein engineering analysis, in
which several residues of the Sso AcP sequenceweremutated, showed
that there is a significant inverse correlation between the rate of the
first aggregation phase and the conformational stability of the
investigated Sso AcP variants [13]. This confirms that formation of
the early aggregates is facilitated by structural and cooperative
fluctuations involving the entire Sso AcP molecule. However, muta-
tions of residues positioned in the β-strand 4 were found to deviate
from this correlation by over 2 standard deviations, suggesting a
different role for this region [13]. Importantly, a limited proteolysis
analysis showed that the β-strand 4 is flexible in the native-like state
populated prior to aggregation [13]. Further support to a major role of
this region in promoting Sso AcP aggregation comes from the recent
observation that mutations designed to introduce structural protec-
tions in the β-strand 4 abrogate aggregation from the native state [20].
The Sso AcP variants bearing such mutations aggregate via an
alternative mechanism that is independent of the transient formation
of native-like aggregates [20].

Although the N-terminal segment and the β-strand 4 are
recognized to play important roles in the first phase of Sso AcP self-
assembly, the mechanism of aggregation of Sso AcP and the precise
function of these two regions in the process are still unclear. In this
work we shall investigate in detail the role of the N-terminal segment
in order to identify the interactions that lead to the formation of the
early aggregates and, more generally, to understand the driving forces
promoting native-like aggregation. This will be achieved using a
variety of strategies including the analysis of the behavior of Sso AcP
variants and cross-linked dimers, experiments of co-aggregation of
wild-type and ΔN11 Sso AcP and the study of the effect of peptides
corresponding to the N-terminal segment of Sso AcP on the process.
The collected data shall be used to propose a model for the
aggregation of the protein that recapitulates all the experimental
evidence observed to date on the aggregation of this system.

2. Materials and methods

2.1. Materials

Guanidine hydrochloride (GdnHCl), TFE, ThT and CR were
purchased from Sigma. Synthetic peptides were purchased from
Genscript Corporation (Piscataway, New Jersey) and had amidated
C-termini. The purity of samples was in all cases N95%. Benzoyl
phosphate (BP) was synthesized as previously described [21].
Oligonucleotides for site directed mutagenesis were purchased from
MWG (Ebersberg, Germany).

2.2. Mutagenesis, protein expression and purification

Wild-type Sso AcP and ΔN11 Sso AcP were expressed and purified
as previously described [13,22]. The genes encoding for C-tail Sso AcP,
I72V−ΔN11, D6C and D85C Sso AcP were obtained starting from the
pGEX-2T plasmid carrying the gene of ΔN11 or wild-type Sso AcP and
using the Quick Change Site-DirectedMutagenesis Kit from Stratagene
(La Jolla, California). In the case of C-tail Sso AcP three consecutive
insertions were made in the gene encoding ΔN11 Sso AcP to reach the
final insertion of 11 residues. The presence of the desired mutations
was verified by DNA sequencing. The encoded proteins were
expressed and purified as wild-type Sso AcP [22]. Purity of samples
was checked by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and MALDI-TOF mass spectrometry.

2.3. Cross-linking

D6C and D85C Sso AcPwere incubated separately for three hours at
room temperature, under stirring at a concentration of 400 μM in a
100 mM TRIS buffer at pH 9.2 with 400 μM H2O2. Samples were



1988 F. Bemporad et al. / Biochimica et Biophysica Acta 1784 (2008) 1986–1996
protected with aluminum foils. Presence of the desired homodimer
stabilized by a disulphide bridge was assessed by MALDI-TOF mass
spectrometry and by SDS-PAGE in the presence and in the absence of
β-mercaptoethanol. No monomeric proteinwas detected at the end of
the reaction.

2.4. Far-UV CD

Far-UV CD spectra were acquired at 25 °C with a Jasco J-810
spectropolarimeter (Tokyo, Japan) equipped with a thermostated cell
holder attached to a C25P Thermo Haake water circulating bath
(Karlsruhe, Germany) and a quartz cell of 1 mmpath length. Spectra of
nativewild-type,ΔN11, C-tail, 6Dim and 85Dim Sso AcP were acquired
at a protein concentration equal to 34 μM in a 10 mM TRIS buffer at pH
8.0 and 25 °C (protein concentration is always referred to monomer).
Spectra of wild-type, C-tail, 6Dim and 85Dim Sso AcP during
aggregation were also acquired at a protein concentration equal to
34 μM in 50 mM acetate buffer at pH 5.5 with 20% (v/v) TFE and 25 °C.
In another set of experiments mean residue ellipticity at 208 nm over
time was recorded, in a 1 mm cell using the J-810 instrument, for the
following samples: (1) samples containing different amounts of wild-
type Sso AcP ranging from 0.1 to 1.0 mg ml−1; (2) samples containing
different relative amounts of wild-type and ΔN11 Sso AcP (total
protein concentrationwas 34 μM); (3) samples containing 34 μMwild-
type Sso AcP in the presence of 4-fold molar excesses of N11, N14,
scrambled-N11 and control peptide; (4) samples containing 34 μM C-
tail Sso AcP; (5) samples containing 34 μM 6Dim or 85Dim Sso AcP. In
all cases conditions were 50 mM acetate buffer at pH 5.5, 20 % (v/v)
TFE, 25 °C. The recorded traces were analyzed using the following
equation:

θ½ �208 tð Þ = A1 � e −k1 �tð Þ + A2 � e −k2 �tð Þ + q ð1Þ

where [θ]208(t) represents the mean residue ellipticity at 208 nm as a
function of time, q represents the plateau signal, A1, A2, k1 and k2 are
amplitudes and rate constants of the first and second aggregation
phases, respectively.

2.5. ThT fluorescence

Aggregation kinetics followed by ThT fluorescencewere performed
as previously reported [11–13]. Aggregationwas carried out in 50 mM
acetate buffer at pH 5.5 with 20% (v/v) TFE and 25 °C on the following
samples: (1) 34 μM wild-type Sso AcP; (2) 34 μM C-tail Sso AcP; (3)
34 μM I72V-ΔN11 Sso AcP; (4) different relative amounts of wild-type
and ΔN11 Sso AcP (total protein concentration was 34 μM); (5) 34 μM
ΔN11 Sso AcP in the presence of the four peptides in molar excesses
ranging from 1-fold to 25-fold; (6) 34 μM wild-type Sso AcP in the
presence of 10 fold-molar excesses of the four peptides; (7) 34 μM
6Dim or 85Dim Sso AcP. At different times 60 μl of the tested sample
were mixed with 440 μl of a solution containing 25 μM ThT, 25 mM
phosphate buffer, pH 6.0. Fluorescence of the resulting sample was
read in a 10×2 mm cuvette with a PerkinElmer LS 55 spectro-
fluorimeter (Wellesley, Massachusetts) equipped with a thermostated
cell compartment. Excitation and emissionwavelengths were 440 and
485 nm, respectively. Two different types of plots were produced. In
Fig. 3B, 4B, 7C and 8B the ThT fluorescence intensity value in the
absence of protein was subtracted from all the fluorescence measure-
ments in the presence of the tested sample and the resulting values
were normalized so that the final fluorescence intensity at the end of
the kinetic trace was 100%. In Fig. 6B and 7A the ThT fluorescence
intensity in the presence of the tested sample was directly reported as
fold increase relative to signal in the absence of protein. The obtained
plots were analyzed using the following equation:

F tð Þ = A � e −k2 �tð Þ + q ð2Þ
where F(t) represents the fluorescence as a function of time, A is the
amplitude of the observed phase, q is the fluorescence at the plateau
and k2 is the kinetic rate constant for the conversion of early
aggregates into amyloid-like protofibrils.

2.6. Static light scattering

Formation of early aggregates bywild-type Sso AcP in the presence
of N11, N14, scrambled-N11 and control peptide was followed with
static light scattering at 208 nm in a Jasco V-630 spectrophotometer
(Tokyo, Japan) with a 0.1 cm cell. Conditions were 34 μM Sso AcP in
50 mM acetate buffer at pH 5.5 with 20% (v/v) TFE at 25 °C, in the
presence of a four-fold molar excess of the tested peptides. The
obtained traces showed a linear decrease in signal after a rapid
exponential phase, with the linear decrease corresponding to the
beginning of the second exponential aggregation phase [13]. To
simplify the visualization of the kinetic traces the data after the first
exponential phase were fitted to a linear equation and the recorded
traces were then normalized to the obtained straight line. The
resulting plot was fitted to the following equation:

A tð Þ = A � e −k1 �tð Þ + q ð3Þ

where A(t) is the absorbance as a function of time, A is the amplitude
of the observed phase, k1 is the rate constant for the formation of the
early aggregates (first aggregation phase) and q is the apparent
equilibrium value. The obtained rate constant k1 did not vary
significantly after normalization, suggesting that this correction does
not affect the measurement of k1.

2.7. Dynamic light scattering (DLS)

The hydrodynamic diameter was measured for wild-type, C-tail
and ΔN11 Sso AcP in 10 mM TRIS buffer at pH 8.0 and 25 °C and for
ΔN11 Sso AcP in the absence and presence of equimolar amounts of
N11 and N14 peptides in 50mM acetate buffer at pH 5.5, 20% (v/v) TFE,
25 °C. Size distributions by light scattering intensity were acquired
with a Zetasizer Nano S DLS device from Malvern Instruments
(Malvern, Worcestershire, UK). Low-volume 12.5×4.5 mm disposable
cuvettes were used. A Peltier thermostating system maintained the
temperature at 25 °C. The viscosity and refractive index parameters
were set for each solution. The buffer and stock protein solutions were
centrifuged (20,000 ×g, 5 min) and filtered with 0.02 μm Anotop 10
filters (Whatman, Maidstone, UK) before the measurements.

2.8. Equilibrium unfolding

28 samples of the tested protein variant (8.5 μM) were incubated
for 1 h in 50 mM acetate buffer at pH 5.5, 37 °C, and different
concentrations of GdnHCl ranging from 0 to 7.2 M. The values of mean
residue ellipticity at 222 nm ([θ]222) of the samples were measured
with the Jasco J-810 described above and a 1 mm path length cell. The
plot of [θ]222 versus GdnHCl concentration was fitted to a two-state
transition equation, as described [23], to determine the free energy
change upon unfolding in the absence of denaturant (ΔGU-FH2O), the
dependence of ΔGU-F on GdnHCl concentration (m value), and the
midpoint of unfolding (Cm).

2.9. Enzymatic activity measurements

Enzymatic activity was measured in a continuous optical test at
283 nm using BP as a substrate [24] with a Lambda 4V Perkin Elmer
spectrophotometer (Wellesley, Massachusetts). Experimental condi-
tions were 2.0 μg ml−1 Sso AcP, 5.0 mM BP, 50 mM acetate buffer at
pH 5.5, 37 °C. BP was freshly dissolved before enzymatic activity
measurements.



Fig. 2. (A) Far-UV CD spectra of wild-type (continuous line) and C-tail (dashed line) Sso
AcP in 10 mM TRIS buffer at pH 8.0, 25 °C. The spectra are highly superimposable. (B)
Size distributions of wild-type (continuous line) and C-tail (dashed line) Sso AcP in
10 mM TRIS buffer at pH 8.0, 25 °C determined using DLS. An apparent hydrodynamic
diameter equal to 3.7±0.1 nm has been measured for both proteins. (C) Equilibrium
unfolding curves of wild-type (●) and C-tail (○) Sso AcP carried out in 50 mM acetate
buffer at pH 5.5, 37 °C. Continuous and dashed lines represent best fits of experimental
data to the Santoro and Bolen model for wild-type and C-tail Sso AcP, respectively [23].
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2.10. CR staining

Samples at the plateau of the ThT kinetics were tested for CR
binding. Aliquots of 60 μl of each sample were mixed with 440 μl of
solutions containing 20 μM CR, 5 mM phosphate buffer, 150 mM NaCl,
pH 7.4, at 25 °C. After sample equilibration, optical absorption spectra
were acquired from 400 to 700 nmwith the Jasco spectrophotometer
described above and a 5 mm path length cuvette. Solutions without
protein and solutions without CR were used as controls.

3. Results

3.1. Sso AcP aggregates regardless of the position of the N-terminal
segment

To get insight into the mechanism of amyloid-like aggregation of
Sso AcP, we have first produced a mutant in which the 11-residue
unstructured segment at the N-terminus has been moved to the C-
terminus. In this mutant the sequence of both the segment, now at the
C-terminus, and the globular part of Sso AcP have not changed.
However, the N-terminus and C-terminus of the globular unit are far
from each other (Fig. 1) and the different positioning of the
unstructured segment in the mutant offers a unique opportunity to
assess the possible importance of intra-molecular interactions
between the unstructured segment and the globular part of Sso AcP.
For example, if any intra-molecular interactions occurring prior to
aggregation play a key role in the process, the aggregation will
necessarily be affected by moving the segment from the N- to the C-
terminus. We will refer to this mutant as C-tail Sso AcP.

Since the aggregation of Sso AcP starts from an ensemble of native-
like conformations we have checked the effect of the mutation on the
native state of the protein. Fig. 2A shows a comparison between far-UV
CD spectra of wild-type and C-tail Sso AcP recorded in 10 mM TRIS
buffer at pH 8.0 and 25 °C. The CD spectra are apparently identical. In
a second experiment we have measured the hydrodynamic diameter
of wild-type and C-tail Sso AcP under the same solution conditions
(Fig. 2B). Both proteins show a peak at 3.7±0.1 nm. This value is
consistent, within the experimental error, with the average diameter
determined by 1H-NMR for native Sso AcP [14]. The difference in the
widths of the distributions arises from different experimental errors
related to the different numberof samples averaged in the graph (10 and
4 traceswere averaged forwild-type andC-tail SsoAcP, respectively) and
does not reflect a difference in the two protein samples. Then, we have
measured the conformational stability of C-tail SsoAcP in anequilibrium
unfolding experiment, using GdnHCl as a denaturant, in 50 mM acetate
buffer at pH 5.5 and 37 °C (Fig. 2C). Unfolding of C-tail Sso AcP is
reversible, as the protein recovers 97% of its activity following refolding
(data not shown). Moreover, equilibriumunfolding of wild-type Sso AcP
was previously shown to be characterized by a two-state cooperative
and reversible transition [22]. Thus, the obtained plot has been analyzed
with the method provided by Santoro and Bolen [23]. Results of this
analysis show anm value equal to 11.4±0.5 kJ mol−1 M−1 for both wild-
type andC-tail SsoAcP. Thedenaturant concentration atwhichprotein is
50% unfolded (Cm) is 4.2±0.1 and 3.8±0.1 M for wild-type and C-tail Sso
AcP, respectively. The free energy change upon unfolding in the absence
of denaturant (ΔGU-FH2O) is 43.0±2.0 and 48.0±2.0 kJ mol−1 for C-tail and
wild-type Sso AcP, respectively. This shows that moving the unstruc-
tured segment from the N-terminus to the C-terminus induces a slight
destabilization of the native protein. Finally, we have measured the
enzymatic activity of C-tail SsoAcP in 50mMacetate buffer at pH5.5 and
25 °C using benzoyl phosphate (BP) as a substrate. The obtained kCAT
values are 190±20 and 152±20 s−1 for wild-type and C-tail Sso AcP,
respectively. This small decrease in enzymatic activity is probably due to
a steric effect induced by moving the unstructured segment to the
C-terminus,which ismuch closer to the catalytic site of Sso AcP than the
N-terminus [14]. Taken together, these results show that moving the
unstructured segment from the N- to the C-terminus does not sig-
nificantly affect the secondary structure, compactness, conformational
stability and enzymatic activity of Sso AcP.
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We have thus studied the behavior of C-tail Sso AcP under
conditions that induce amyloid-like aggregation of the wild-type
protein, that is 34 μM protein in 50 mM acetate buffer at pH 5.5, 20%
(v/v) TFE, 25 °C (Fig. 3). The aggregation of C-tail Sso AcP has first been
followedwith far-UV CD at 208 nm. Similarly to thewild-type protein,
recorded traces show two distinct phases (inset in Fig. 3A). The first
phase corresponds to the formation of native-like aggregates.
Aggregation rate constants for such phase, determined by best fits
of experimental data to Eq. (1), are (2.5±0.3) ·10−2 s−1 for wild-type
Sso AcP and (2.6±0.3) ·10−2 s−1 for C-tail Sso AcP. The second phase,
corresponding to the conversion of native-like aggregates into
amyloid-like protofibrils, has rate constants of (3.0±0.4) ·10−3 s−1 for
wild-type Sso AcP and (2.9±0.3) ·10−3 s−1 for C-tail Sso AcP. The CD
spectrum of the early aggregates formed by C-tail Sso AcP at the end of
Fig. 3. (A) Far-UV CD spectra of wild-type (continuous lines) and C-tail (dashed lines)
Sso AcP. Spectra are shown for native proteins (black) in 10mMTRIS buffer at pH 8.0 and
25 °C, early aggregates (dark grey) and protofibrils (light grey) in 50 mM acetate buffer
at pH 5.5, 20% (v/v) TFE, 25 °C. Early aggregates spectra have been extrapolated using Eq.
(1) as reported in Materials and methods. The inset shows the change in mean residue
ellipticity at 208 nm resulting from aggregation for wild-type (black) and C-tail (light
grey) Sso AcP in 50 mM acetate buffer at pH 5.5, 20% (v/v) TFE, 25 °C. Continuous lines
represent best fits of experimental data to Eq. (1). (B) ThT fluorescence during
aggregation of wild-type (●) and C-tail (○) Sso AcP in 50 mM acetate buffer at pH 5.5,
20% (v/v) TFE, 25 °C. The ThT signal has been normalized to the plateau value. Lines
represent best fits of experimental data to Eq. (2). Protein concentrationwas 34 μM in all
experiments.
the first phase is similar to that recorded for the wild-type protein,
with a single negative peak at about 224 nm (Fig. 3A). Moreover, no
significant differences have been detected in the far-UV CD spectra
measured for the protofibrils formed by the two protein variants at the
end of the second phase (Fig. 3A).

Aggregation has also been followed using ThT fluorescence, which
allows the conversion of native-like aggregates into amyloid-like
protofibrils to be monitored [11,12]. Similarly to the wild-type protein,
C-tail Sso AcP induces a 12-fold increase in ThT emission. The rate
constants of such increases, determined by best fits of experimental
data to Eq. (2), are (3.7±0.4) ·10−3 s−1 for wild-type Sso AcP and (2.5±
0.3) ·10−3 s−1 for C-tail Sso AcP (Fig. 3B), in good agreement with
values determined from far-UV CD. The species populated by C-tail Sso
AcP at the plateau of the ThT kinetic experiment binds to CR inducing,
similarly to the wild-type protein [11], a shift in CR peak wavelength
from 490 to 540 nm (data not shown).

Taken together, these data show that the positioning of the
unstructured segment of Sso AcP does not affect the aggregation
process. These observations rule out models for the aggregation
mechanism of Sso AcP based on a specific intra-molecular interaction
between the N-terminus and the globular part of the molecule that
leads to the formation of an aggregation-prone monomer (see models
6, 12 and 17 in Supplementary Data). Indeed, the N- and C-termini are
far from each other and moving the unstructured segment to the
C-terminus necessarily affects any specific intra-molecular interaction
of this type.

3.2. The N-terminal segment does not induce Sso AcP aggregation via a
destabilizing effect

It was previously shown that the Sso AcP variant lacking the 11-
residue N-terminal segment (ΔN11 Sso AcP) is characterized by a
conformational stability slightly higher than wild-type Sso AcP [13].
At pH 5.5 and 37 °C ΔGU-F

H2O values are equal to 48.0±2.0 kJ mol−1 and
52.0±1.7 kJmol−1 forwild-type andΔN11 Sso AcP, respectively [13,22].
SinceΔN11 Sso AcP is not able to aggregate in conditions that promote
aggregation of wild-type Sso AcP, the possibility exists that the role
played by the unstructured segment in the aggregation process is
related to its destabilizing effect. To assess this hypothesis, we have
produced a mutant that lacks the N-terminal segment and has a
conformational stability similar or lower than thewild-type protein. In
particular, we have substituted an isoleucine located in the hydro-
phobic core of ΔN11 Sso AcP (Ile72) with a valine. We will refer to the
obtained mutant as I72V–ΔN11 Sso AcP.

The equilibrium unfolding curve obtained in 50 mM acetate buffer
at pH 5.5 and 37 °C on this mutant shows that the elimination of the
methyl group at position 72 results in a significant destabilization of
the protein (Fig. 4A). The [ΔGU-FH20] value is 43.1±1.6 kJ mol−1. This value
is 8.9 kJ mol−1 lower than that of the ΔN11 variant and 4.9 kJ mol−1

lower than that of the wild-type protein. Thus, I72V−ΔN11 Sso AcP is a
variant without the unstructured segment and with a conformational
stability slightly lower than the wild-type protein. The recovery of
enzymatic activity following refolding shows that unfolding of I72V
−ΔN11 Sso AcP is a reversible process (data not shown). The change in
ThT fluorescence over time under conditions promoting aggregation is
shown in Fig. 4B. Thismutant induces the same change in fluorescence
as the wild-type protein, but the process is three orders of magnitude
slower, with a rate constant of (8.1±0.8) ·10−6 s−1.

As a further control we have used inorganic phosphate, a well
known competitive inhibitor of acylphosphatases [25], to increase the
conformational stability of wild-type Sso AcP to the ΔN11 value
under aggregation conditions (see Supplementary Data). In these
conditions wild-type Sso AcP aggregates with a rate constant higher
than that of the I72V-ΔN11 variant in the absence of phosphate,
confirming that the ability of the N-terminus to induce aggregation of
Sso AcP cannot be explained only on the basis of its destabilizing effect



Fig. 5. The figure shows the ratio between the rate constants for the first phase k1 (■)
and second phase k2 (●) of aggregation observed at a given protein concentration and
the corresponding values measured at 0.1 mg ml−1. Continuous lines represent best fits
of experimental data to a linear function.

Fig. 4. (A) Equilibrium unfolding curves of wild-type (●), ΔN11 (■) and I72V-ΔN11 (▲)
Sso AcP in 50 mM acetate buffer at pH 5.5, 37 °C. Continuous lines represent best fits of
experimental data to the Santoro and Bolen model [23]. (B) ThT fluorescence during
aggregation of 34 μMwild-type (●) and 34 μM I72V-ΔN11 (▲) Sso AcP in 50mM acetate
buffer at pH 5.5, 20% (v/v) TFE and 25 °C. The inset shows the first hour of recording.
Continuous lines represent best fits of experimental data to Eq. (2).
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(see Supplementary Data). These observations rule out models for the
aggregationmechanism of the protein inwhich the fundamental force
leading to the formation of early aggregates is the destabilization
induced by the N-terminal unstructured segment on the globular part
of Sso AcP (see models 11 and 14 in Supplementary Data).

3.3. Wild-type Sso AcP aggregation does not sequester ΔN11 Sso AcP into
the aggregates

As a next step, we have studied the dependence of the rate
constants of the two aggregation phases (k1 and k2) on protein
concentration. The process has been followed bymeans of far-UVCD at
208 nm (data not shown) and the recorded traces have been analyzed
with Eq. (1). The results show that k2 does not change when protein
concentration ranges from 0.1 to 1 mg ml−1 (Fig. 5). This finding is in
agreement with the protein concentration independence of k2
measured with ThT fluorescence, as previously reported [12]. Unlike
k2, the rate constant k1 linearly increases with Sso AcP concentration
(Fig. 5). The data reported here are in agreement with the previously
proposed mechanism in which the first phase of aggregation
(formation of early aggregates) is an inter-molecular process whose
rate depends on the concentration of freemolecules in the solution and
the second phase of the process results from a structural reorganiza-
tion of these species into protofibrils. Moreover, these data rule out
models for Sso AcP aggregation in which small dimers or higher order
oligomers form as transient on-pathway intermediates; in this case
aggregation rate k1 should depend at least on the second power of
protein concentration (see model 15 in Supplementary Data).

To get insight into the specific role played by the N-terminal stretch
of Sso AcP in the aggregation mechanism of the full length protein we
have studied the behavior of wild-type Sso AcP in the presence of the
ΔN11 variant. In these experiments the total Sso AcP concentration
(wild-type+ΔN11) remains equal to 34 μM, but the relative amounts
of the two protein variants vary, ranging from 0% to 100%. Fig. 6A
shows aggregation kinetics followed by far-UV CD at 208 nm. The rate
constant of formation of protofibrils (k2), as determined by best fits of
experimental data to Eq. (1), does not change with ΔN11 Sso AcP
concentration. By contrast, a significant positive correlation is
observed between the rate constant for the first aggregation phase
(k1) and wild-type content. The amount of protofibrils present at the
end of the kinetic experiment, as inferred from the value reached at
the plateau of the trace, increases linearly with the relative amount of
wild-type Sso AcP in the sample (Fig. 6C).

Similar results have been obtained bymonitoring the process using
ThT fluorescence (Fig. 6B). The rate constant of the second phase (k2),
determined by best fits of experimental data to Eq. (2), does not show
significant changes as the relative amounts of the protein variants
change. However, an increase of the wild-type content in the sample
results in a linear increase of fluorescence at the plateau of the
experiment (Fig. 6C). These results show that the aggregates forming
fromwild-type Sso AcP are not able to co-aggregate ΔN11 Sso AcP into
the initial aggregates and protofibrils. They also rule out models in
which the globular part of an Sso AcP molecule establishes contacts
through two distinct regions in the early aggregates (see models 3, 4
and 5 in Supplementary Data). Models based on domain swapping are
also excluded (see model 14 in Supplementary Data).

3.4. A specific inter-molecular interaction between N-terminal segment
and the globular part induces aggregation

Next, we have studied the effect of the four following peptides on
the aggregation of both wild-type andΔN11 Sso AcP: (1) an 11-residue
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peptide having the sequence of the Sso AcP N-terminal segment,
MKKWSDTEVFE. We will refer to this peptide as N11; (2) a 14-residue
peptide having the sequence of the Sso AcP N-terminal segment and
the initial three residues of the first β-strand, MKKWSDTEVFEMLK.
We will refer to this molecule as N14; (3) an 11-residue peptide
sharing the same amino-acid content as N11 but a different sequence,
TMFKDWESEKV. We will refer to this molecule as scrambled-N11; (4)
an 11-residue peptide designed to be soluble and charged at pH 5.5.
The sequence of the peptide is KSRAHNGKSAQ. We will refer to this
molecule as control peptide. N14 has been used to check the
possibility that the role played by the N-terminal segment also
involves a few residues downstream this segment. Scrambled-N11 has
been used to check if the possible effects induced by N11 are due to its
primary sequence or to its overall physico-chemical properties.
Finally, the control peptide has been used to control possible non-
specific effects of the added peptide on the aggregation process.

We have first investigated possible effects induced by the four
peptides on the behavior of ΔN11 Sso AcP. Incubation of ΔN11 Sso AcP
with an equimolar amount of N11 or scrambled-N11 does not induce a
significant increase, as detected with DLS, in protein dimension
compatible with Sso AcP dimers or oligomers (data not shown).
Moreover, samples containing 34 μM ΔN11 Sso AcP in aggregating
conditions and in the presence of N11 and N14 at molar excesses
ranging from 1-fold to 25-fold do not undergo any detectable increase
in ThT fluorescence (Fig. 7A). These observations show that the N-
terminal segment is able to induce aggregation of Sso AcP only when
covalently bound to the globular part of a monomer, while the same
effect is not observed when this segment is free in solution, even in
large excess. This finding suggests that each N-terminal segment
interacts only with the globular unit of another monomer to form the
early aggregates and thus these experiments rule out aggregation
mechanisms based on a bridging effect of the N-terminal segment
between two globular units of two Sso AcP molecules (models 3, 4,
and 10 in Supplementary Data). Models based on intra-molecular
interactions between the unstructured segment and the globular part
of Sso AcP that give rise to an aggregation-prone state (models 6, 7, 12
and 13 in Supplementary Data) are also excluded.

In another set of experiments we have studied the effect of the
various peptides on the aggregation of wild-type Sso AcP. We have
followed both the first phase of aggregation, using static light
scattering, and the second phase, using ThT fluorescence (see
Materials and Methods). The first phase has been followed at
208 nm, rather than at the higher wavelengths in the visible region
that are normally used to monitor light scattering. Indeed, this low
wavelength allows to monitor the small aggregates that form during
the first phase of aggregation. In the presence of a 4-fold molar excess
of N11 and N14 formation of early aggregates is significantly slower
(Fig. 7B). The rate constants for the first phase (k1), determined by best
fits of experimental data to Eq. (3), are equal to (3.4±0.3) ·10−2 s−1,
(1.8±0.2) ·10−2 s−1 and (1.7±0.2) ·10−2 s−1 for Sso AcPwithout peptide,
Sso AcP in the presence of a 4-fold molar excess of N11 and Sso AcP in
the presence of a 4-fold molar excess of N14, respectively. Neither the
scrambled-N11nor the control peptide is able to induce the same effect
on the process (Fig. 7B). In fact, the rate constants obtained for Sso
AcP in the presence of a 4-fold molar excess of these two peptides
are (3.0±0.3) ·10−2 and (3.4±0.3) ·10−2 s−1, respectively. Peptides show
the same effects when the first phase of aggregation is monitored with
static light scattering at different wavelengths (data not shown).

Similar results were achieved for the second phase of aggregation
(Fig. 7C). Addition of a 10-molar excess of N11 or N14 peptides
Fig. 6. (A) Aggregation of 34 μM Sso AcP in 50 mM acetate buffer at pH 5.5, 20% (v/v) TFE
and 25 °C monitored by means of far-UV CD at 208 nm. Although the total protein
concentration is constant (34 μM), the traces refer to different relative amounts of wild-
type and ΔN11 Sso AcP variants. Continuous lines represent best fits of experimental
data to Eq. (1). (B) Aggregation of 34 μM Sso AcP in 50 mM acetate buffer at pH 5.5, 20%
(v/v) TFE and 25 °C monitored by means of ThT fluorescence. The signal is shown as a
ratio of ThT fluorescence in the presence (F) and absence (F0) of protein. Although the
total protein concentration is constant (34 μM), the traces refer to different relative
amounts of protein wild-type and ΔN11 Sso AcP variants. Continuous lines represent
best fits of experimental data to Eq. (2). (C) Plateau mean residue ellipticity at 208 nm
(●) and ThT fluorescence (■) versus relative content of wild-type in the experiments
reported in panels (A) and (B). Continuous lines represent best fits of experimental data
to a linear equation.
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significantly slows down formation of protofibrils (Fig. 7C). The
resulting rate constants (k2), determined by best fits of experimental
data to Eq. (2), are equal to (3.7±0.3) ·10−3 s−1 and (8.5±0.8) ·10−4 s−1

for wild-type Sso AcP in the absence and presence of either peptide,
respectively. By contrast, the rate constants obtained in the presence
of 10-fold molar excesses of scrambled-N11 and control peptide are
(4.7±0.4) ·10−3 and (5.8±0.5) ·10−3 s−1, respectively. The fact that
these two peptides induce even a slight acceleration of the process
shows that the deceleration observed in the presence of N11 and N14
Fig. 8. (A) Equilibrium unfolding curves of wild-type (●), 85Dim (■) and 6Dim (▲) Sso
AcP in 50 mM acetate buffer at pH 5.5, 37 °C. The continuous line represents best fit of
experimental data to the Santoro and Bolen model [23]. The inset shows far-UV CD
spectra of wild-type (continuous line), 85Dim (dotted line) and 6Dim (dashed line) Sso
AcP. (B) ThT fluorescence during aggregation of wild-type (●), 85Dim (■) and 6Dim (▲)
Sso AcP in 50 mM acetate buffer at pH 5.5 containing 20% (v/v) TFE, 25 °C. Continuous
lines represent best fits of experimental data to Eq. (2).
is due to the primary sequence of these peptides rather than other
parameters (e.g. physicochemical properties or other non-specific
effects). Taken together, these results show that the N11 and N14
peptides compete with the N-terminal unstructured segment of Sso
Fig. 7. (A) Time course of ThT fluorescence during incubation of ΔN11 Sso AcP in 50 mM
acetate buffer at pH 5.5, 20% (v/v) TFE and 25 °C in the presence of different molar
excesses of N11 (red filled symbols) and N14 (red empty symbols). Data are shown for
2-fold (red■ and□), 5-fold (red● and○), 10-fold (red▲ and△) and 25-fold (red▼ and
▽) molar excesses. The signal is shown as a ratio between ThT fluorescence in the
presence (F) and in the absence (F0) of protein. The kinetic trace for wild-type Sso AcP in
the same conditionswith no peptides (black●) is shown for comparison. The continuous
line represents the best fit of experimental data to Eq. (2). (B) First phase of aggregation,
monitored using static light scattering recorded at 208 nm, for 34 μMwild-type Sso AcP
in 50 mM acetate buffer at pH 5.5, 20% (v/v) TFE and 25 °C in the presence of a 4-fold
molar excesses of various peptides. Signal normalized to the maximum value is shown
versus time in this panel. Traces are shown for Sso AcP without peptides (black ●), Sso
AcP and N11 peptide (red○), Sso AcP and N14 peptide (red ●), Sso AcP and scrambled-
N11 (blue●), Sso AcP and control peptide (blue○). Continuous lines represent bestfits of
experimental data to Eq. (3). (C) Second phase of aggregation, monitored using ThT
fluorescence for 34 μMwild-type Sso AcP in 50mMacetate buffer at pH5.5, 20% (v/v) TFE
and 25 °C in the presence of 10-foldmolar excesses of peptides. Traces are shown for Sso
AcP without peptides (black ●), Sso AcP and N11 peptide (red ○), Sso AcP and N14
peptide (red●), Sso AcP and scrambled-N11 (blue●), Sso AcP and control peptide (blue
○). Continuous lines represent best fits of experimental data to Eq. (2).
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AcP for binding to a specific portion of the wild-type molecule and
that this interaction retards aggregation. The interaction seems to be
inter-molecular as the peptides induce a deceleration, rather than an
acceleration of the process. Several models of aggregation are
excluded following these results (see models 1, 3, 6, 7, 11, 12, 14 and
15 in Supplementary Data).

3.5. Aggregation of Sso AcP dimers does not support strand-to-strand or
N-to-N-terminus interactions

Taking advantage of the absence of cysteine residues in wild-type
Sso AcP, we have produced, by site-directed mutagenesis, two pro-
tein variants carrying a single cysteine in two different positions.
These are D6C, presenting a cysteine in the N-terminal segment and
D85C, presenting a cysteine in the β-strand 4. We have then induced
the oxidative formation of disulphide bridges in both D6C and D85C
Sso AcP and we have obtained two homodimers in which two N-
termini and two β-strands 4 are forced to interact. We will refer to
these homodimeric variants as to 6Dim Sso AcP and 85Dim Sso AcP,
respectively.

In a first set of experiments we have investigated the native states
of the dimers. Far-UV CD spectra of native 6Dim and 85Dim Sso AcP
are fully superimposable to spectra of native wild-type Sso AcP,
suggesting that dimerization does not affect the secondary structure
content of the native states (inset to Fig. 8A). The conformational
stabilities of 6Dim and 85Dim Sso AcP have been measured in
equilibrium unfolding experiments carried out in 50 mM acetate
buffer at pH 5.5 and 37 °C (Fig. 8A). Both mutants recover enzymatic
activity following refolding, suggesting reversible unfolding processes
(data not shown).When analyzed with a two-statemodel both dimers
show a Cm value equal to 4.4±0.1 M GdnHCl. This is similar to the
value of 4.2±0.1 measured for monomeric wild-type Sso AcP under
the same conditions. However, the dimers havem values of 4.5±0.5 kJ
mol−1 M−1, remarkably lower than the value measured for the wild-
type monomeric protein, 11.4±0.5 kJ mol−1 M. The m value is related
to the change in solvent accessible area upon unfolding [26]. The
observed decrease in m value can be explained with an interaction
between the Sso AcP molecules that form the dimer in the unfolded
state. Nevertheless, the equilibrium unfolding curves of both dimers in
the transition zone are reminiscent of a three-state unfolding. Indeed,
the experimental data do not fit satisfactorily to a two statemodel and
a decrease of steepness is apparent halfway through the transition in
both curves (Fig. 8A). Thus, it is possible that the two Sso AcP
molecules forming the dimer unfold in two separate steps, giving rise
to an apparent three-state transition.
Fig. 9.Model for Sso AcP aggregation under conditions inwhich the protein is initially native-
in red. The model is discussed in the text.
Aggregation of the two dimers has been followed by ThT
fluorescence (Fig. 8B). 6Dim Sso AcP and 85Dim Sso AcP induce the
same increase in ThT fluorescence as the wild-type protein. Although
the process is slightly accelerated in the case of 6Dim Sso AcP,
aggregation of dimers occurs on a time scale comparable to that of the
wild-type protein. Rate constants k2, determined by best fits of ex-
perimental data to Eq. (2), are equal to (3.7±0.4)·10−3 s−1, (3.1±0.4)·
10−3 s−1 and (7.3±0.6)·10−3 s−1 for wild-type, 85Dim and 6Dim Sso
AcP, respectively. The Far-UV CD spectra of the early aggregates formed
by the dimers is comparable to that of the early aggregates formed by
wild-type protein, with a single negative peak at 224 nm (data not
shown). In both cases the protofibrillar aggregates at the plateau of the
kinetic experiment bind to the CR dye (data not shown).

These data show that forcing two N-termini or two β-strands 4 to
interact does not strongly accelerate aggregation, suggesting that the
interaction that leads to the formation of early aggregates is not
established between corresponding segments of two different Sso AcP
molecules (see models 2, 5, 9, 11, 15 and 16 in Supplementary Data).
Two different segments interact in early aggregates. These include the
N-terminus and the β-strand 4 or another region of the globular part
of Sso AcP. Structural inspection of wild-type Sso AcP shows that a
possible interaction between the unstructured N-terminal segment of
an Sso AcPmolecule and the globular unit of another Sso AcPmolecule
(for example β-strand 4) would not be inhibited in the 6Dim and
85Dim dimers. In fact, even the formation of the disulphide bridge in
the 85Dim does not create a steric hindrance for the β-strand 4 to
interact with the N-terminal segment of another dimerized molecule.

4. Discussion

4.1. A model for the aggregation of Sso AcP

The data collected in this work allow the formulation of amodel for
the aggregation mechanism of Sso AcP under conditions in which the
protein adopts initially a native-like state (Fig. 9). This model takes
into account all the experimental evidence presented in this manu-
script and in our previous work [11–13,20]. Under the conditions
tested here Sso AcP initially populates an ensemble of native-like
conformations. In this ensemble the native topology is retained, but
the presence of TFE increases the flexibility of the protein so that some
regions are transiently exposed to the solvent via structural fluctua-
tions that are distinct from the unfolding reaction.

The first phase of aggregation is an inter-molecular process in
which the N-terminal unstructured segment of an Sso AcP molecule
establishes interactions with the globular part of another Sso AcP
like. The unstructured N-terminal segment is depicted in blue; the β-strand 4 is depicted
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molecule, possibly the peripheral β-strand 4 (Fig. 9). The inter-
molecular nature of this interaction is indicated by the decrease in
aggregation rate of the wild-type protein induced by the N11 and N14
peptides and by the observation that moving the segment to the C-
terminus does not result in any difference in the process. The
interaction seems to be specific rather than generic as the scrambled-
N11 peptide does not induce the same effect as the N11 and N14
peptides. The interaction can induce formation of a β-strand in the N-
terminal segment, as depicted in Fig. 9, but also have a different nature.
Aggregation cannot proceed via N- to N-terminus or β-strand 4-to-β-
strand 4 interactions. This is shown by the finding that both ΔN11 and
the N11 and N14 peptides are fully soluble in conditions promoting
aggregation of wild-type Sso AcP [13] and by the observation that
forcing two N-termini or two β-strand 4 to interact via a covalent bond
does not induce a dramatic increase in aggregation rate. In the resulting
early aggregates the individual protein molecules retain a native-like
topology and even exhibit enzymatic activity [12]. It is possible that
other interactions, in addition to those between the N-terminus and β-
strand 4, are present and stabilize these assemblies, but these do not
seem to participate to the rate-determining step [13].

The second phase of aggregation is a process in which the initial
aggregates convert into amyloid-like protofibrils characterized by β-
sheet structure and an ability to bind ThT and CR [12]. This structural
conversion occurs directly with no need to disassembly and re-
assembly of the aggregated protein molecules and consists, for each
protein molecule, in a cooperative conversion involving the whole
structure. This is suggested by the observation that k2, unlike k1, does
not depend on protein concentration and by the previously reported
inverse correlation between k2 and the conformational stability of the
native state in a group of Sso AcP variants bearingmutations at various
positions [13].

The model presented in this work is conceptually different from
those proposed for proteins presenting a globular domain and an
unfolded segment. In most cases it was found that the unstructured
domains are able to self-assemble autonomously [27–29]. By contrast,
our model is similar to another aggregation mechanism proposed for
Ure2p from Saccharomices cerevisiae, in which the unstructured
domain is proposed to interact with the globular part of another
molecule [30,31]. In agreement with this model, it has been recently
shown that the molecular chaperone YDJ1 is able to bind the globular
part of the Ure2p molecule and inhibit fibril formation [32].

4.2. Conclusions

Globular proteins spend the majority of their life-span in a folded
conformation. The recognition that evolution has devised several
strategies to avoid aggregation of folded proteins [33] is by itself an
indication that aggregation phenomena directly involving the folded
structure are indeed realistic. Indeed, aggregation mechanisms
starting from native-like states have been observed for a handful of
proteins including the protein S6 from Thermus thermophilus [10],
human ataxin-3 [9], human superoxide dismutase-type 1 [34], acyl-
phosphatase from Drosophila melanogaster [35] and the system
studied here [11]. In all these cases aggregation is likely to occur via
structural fluctuations that occur from the native state and not
involving a full unfolding across the major free energy barrier.

Sso AcP possesses a lower number of protective elements at the
level of the peripheral β-strand 4 and a higher content of unstructured
portions than other members of the acylphosphatase-like structural
family shown to aggregate via unfolding as a first necessary step [20].
The aggregation mechanism outlined from the results presented here
shows that co-existence of unprotected peripheral β-strands and
highly flexible portions dramatically increases the possibility of inter-
molecular interactions that trigger self-assembly between protein
molecules in their native-like states. Only with further investigation
wewill achieve the goal of completely understanding themechanisms
of amyloid formation starting from folded states and the parameters
that determine such processes.
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Supplementary Data 

1. Aggregation of wild-type Sso AcP in the presence of phosphate buffer 

 

In order to further investigate the role of the destabilization induced by the N-terminal segment on Sso 

AcP aggregation we took advantage of the catalytic properties of Sso AcP. This protein is an enzyme 

able  to  hydrolyze  phosphoanhydridic bonds of acylphosphates [1]. All proteins belonging to the 

acylphosphatase structural family follow standard Michaelis-Menten Kinetic theory and phosphate ion 

is a well known competitive inhibitor of their activity [2]. In the presence of phosphate the equilibrium 

between folded and unfolded protein will the following: 

KUF-Pi F + Pi U + Pi
Ki

 

where F-Pi is the folded state bound to phosphate, F, U and Pi are folded and unfolded protein and 

phosphate ion, Ki  is the affinity constant of phosphate and KU is the unfolding constant. The amount 

of native protein will increase following addition of phosphate and the resulting stabilization ∆∆GU−F
Pi  

can be calculated as follows: 
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where CP  is the phosphate concentration, R is the ideal gas constant and T is the temperature. 

Equation (1) allows the phosphate concentration to be calculated that induces the desired stabilization 

on Sso AcP. We have determined the affinity constant of Sso AcP for phosphate ion in the aggregation 

promoting conditions. In these conditions Ki is equal to 1.12±0.1 mM (supplementary Fig. 1A). Then 

we have followed ThT fluorescence in the presence of 34 µM wild-type protein in 44.1 mM acetate 

and 4.8 mM phosphate buffer at pH 5.5, 20% (v/v) TFE and 25°C (figure 4B). In these conditions 

wild-type protein has the same conformational stability as ∆N11 Sso AcP, as determined by equation 

(1), while the overall ionic strength does not vary. The fluorescence of the dye increases to reach a 



Supplementary data- 2 
 

plateau in a single exponential phase. Aggregation rate constant, determined by best fit of 

experimental data to equation (3), is equal to (2.6±0.3) · 10-6 s-1 (supplementary Fig. 1B). The species 

populated at the plateau of the kinetic experiment binds to Congo red dye (data not shown). 

Aggregation rate constants for wild-type Sso AcP and I72V-∆N11 Sso AcP are (3.7±0.4) · 10-3 s-1 and 

(8.1±0.8) · 10-6 s-1, respectively (see text). Thus, this control experiment shows that a destabilized 

∆N11 protein variant aggregates slower than a stabilized wild-type protein. This lends further support 

to the idea that the N-terminal unstructured segment does not promote aggregation of the protein 

because of its destabilizing effect. The significant decrease in aggregation rate induced by the 

phosphate is probably due to the ability of this ion to bind to the catalytic site and to decrease the 

conformational fluctuations of the protein [3]. 

 

2. Methods 

 

Enzymatic activity of 2.0 µg ml-1 ∆N11 Sso AcP was measured at 25°C in 50 mM acetate buffer at pH 

5.5, TFE with 20% (v/v) and a benzoyl phosphate concentration ranging from 0.2 to 8 mM. The 

experiment was carried out both in the absence and in the presence of 1.5 mM sodium phosphate. 

Affinity constant for phosphate was calculated using standard Michaelis-Menten theory. 

ThT fluorescence has been measured as reported in the text (see Materials and Methods). 
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Supplementary figure 1. (A) Michaelis-Menten plot of ∆N11 Sso AcP in the absence (●) and in the presence (■) of 1.5 mM 

phosphate. Apparent KM values are shown. The resulting Ki is equal to 1.12±0.1 mM. (B) ThT fluorescence during 

aggregation of Sso AcP in different conditions. Traces are shown for 34 µM wild-type in 50 mM acetate buffer at pH 5.5, 

20% (v/v) TFE and 25°C (●), 34 µM wild-type in 44.1 mM acetate and 4.8 mM phosphate buffer at pH 5.5, 20% (v/v) TFE 

and 25°C (■), and 34 µM I72V-∆N11 ( ) Sso AcP in 50 mM acetate buffer at pH 5.5, 20% (v/v) TFE and 25°C. The inset 

shows the first hour of recording. Continuous lines represent best fits of experimental data to equation (3). 
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3. Modelling the aggregation mechanism of Sso AcP 

 

In this paragraph a set of possible models for the first phase of amyloid-like aggregation of  Sso AcP 

are presented. The models are discussed taking into account the results presented in this manuscript 

and the following previously published observations: 

1. At the end of the first phase of aggregation a large assembly is populated in which the Sso AcP 

molecules retain their native-like fold [4]. 

2. It was shown that two regions play a key role in the aggregation of the protein: the N-terminal 

unstructured segment and the β-strand 4 [5]. These two regions are depicted in red in the models. 

3. A peptide that has the sequence of the N-terminal segment is not able to aggregate in conditions 

promoting aggregation of wild-type Sso AcP [5]. 

4. An Sso AcP protein variant in which the N-terminal segment has been removed (∆N11 Sso AcP) 

is not able to aggregate in conditions promoting aggregation of wild-type Sso AcP [5]. 

In the models the N-terminal segment is depicted in blue and the β-strand 4 is depicted in red. 
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MODEL 1 

 

• DESCRIPTION: According to this model the early aggregates are stabilized by interactions 

between the β-strand 4 and a different region of the molecule (for instance the fifth β-strand is 

shown in the figure). No role is played by N-terminal segment. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL:  

1. ∆N11 Sso AcP should aggregate; 

2. One more region should be found to play a major role in promoting aggregation, i.e. 

the region that interacts with β-strand 4. 

3. Peptides N11 and N14 should not slow down the first phase of aggregation. 

4. Wild-type and ∆N11 Sso AcP should co-aggregate. 
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MODEL 2 

 

• DESCRIPTION: In this model the early aggregates are stabilized by intermolecular 

interactions between N-terminal segments of different molecules. The globular part of Sso 

AcP participates only to the second phase of the process. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. The peptides N11 and N14 should aggregate in the conditions promoting aggregation. 

2. β-strand 4 should not appear important in promoting aggregation of the protein. 

3. 6Dim Sso AcP Sso AcP should show dramatic increases in aggregation rate. 
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MODEL 3 

 

• DESCRIPTION: In this model the N-terminal segment of a molecule acts as a bridge 

between the β-strand 4 of the same molecule and another region of another molecule (for 

instance the other edge β-strand is shown in the figure). This induces formation of early 

aggregates. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. At least one more region should play a key role in the aggregation in addition to the 

N-terminus and β-strand 4. 

2. Wild-type Sso AcP should aggregate more rapidly in the presence of N11 and N14 

peptides. 

3. ∆N11 Sso AcP should aggregate in the presence of N11 and N14 peptides. 

4. ∆N11 and wild-type Sso AcP should co-aggregate. 
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MODEL 4 

 

• DESCRIPTION: This is a variant of the previous model. In this case bridging of the N-

terminal segment does not give rise to a filamentous polymer but to a larger assembly that can 

expand in three dimensions. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. At least one more region should play a key role in the aggregation in addition to the 

N-terminus and β-strand 4. 

2. Wild-type Sso AcP should aggregate more rapidly in the presence of N11 and N14 

peptides. 

3. ∆N11 Sso AcP should aggregate in the presence of N11 and N14 peptides. 

4. ∆N11 and wild-type Sso AcP should co-aggregate. 
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MODEL 5 

 

• DESCRIPTION: In this model both the N-terminus and the β-strand 4 play a major role in 

the process. Aggregation of Sso AcP is mediated by interactions between the β-strand 4 of a 

molecule and the globular part of another molecule and by intermolecular interactions of N-

terminal segments of different molecules. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. ∆N11 Sso AcP should give rise to oligomers in the aggregation promoting conditions. 

2. The peptides N11 and N14 should aggregate in the aggregation promoting conditions 

or at least form dimers. 

3. Wild-type and wild-type Sso AcP should co-aggregate. 

4. At least one more region should play a key role in the aggregation in addition to the 

N-terminus and β-strand 4. 

5. 6Dim Sso AcP and 85Dim Sso AcP should show dramatic increases in aggregation 

rate. 
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MODEL 6 

 

• DESCRIPTION: The N-terminal segment gives rise to an intra-molecular interaction with β-

strand 4. Thus, an aggregation-competent conformation forms that polymerizes generating the 

early aggregates. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. Aggregation of C-tail Sso AcP should show significant differences relative to the 

process observed for wild-type protein as any intra-molecular interaction is 

necessarily affected by moving the segment. 

2. Since the interaction is intra-molecular, presence of peptides N11 and N14 should 

speed up or have no effect on aggregation of wild-type Sso AcP and induce 

aggregation of ∆N11 Sso AcP. 

3. At least one more aggregation promoting region should be found. 
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MODEL 7 

 

• DESCRIPTION: The N-terminal segment gives rise to a non-specific intra-molecular 

interaction with different regions of the globular part of Sso AcP. This interaction destabilizes 

the globule and generates an ensemble of conformations able to oligomerize. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. Since the interaction is intra-molecular, presence of peptides N11 and N14 should 

speed up or have no effect on aggregation of wild-type Sso AcP and induce 

aggregation of ∆N11 Sso AcP. 

2. Since the interaction is non-specific, some regions in the globular part should not be 

more important than others. 
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MODEL 8 

 

• DESCRIPTION: In this model both N-terminal segment and β-strand 4 play a major role in 

the process. However, they do not interact with each other. They both interact specifically 

with different regions of other molecules. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. ∆N11 Sso AcP should give rise to dimers at least in the aggregation promoting 

conditions. 

2. At least two more regions should be found to play a role in aggregation. 
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MODEL 9 

 

• DESCRIPTION: This model is built on the idea that early aggregates are stabilized by 

segment-to-segment interactions and strand-to-strand interactions. In the figure the strands 

stack onto each other giving rise to an antiparallel sheet but one can imagine a parallel sheet as 

well. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. ∆N11 Sso AcP should give rise to dimers in the aggregation promoting conditions. 

2. The peptides N11 and N14 should aggregate in the aggregation promoting conditions 

or form at least dimers. 

3. 6Dim Sso AcP and 85Dim Sso AcP should show dramatic increases in aggregation 

rate. 
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MODEL 10 

 

• DESCRIPTION: This is another possible model built using only the N-terminus and the β-

strand 4. In this case an interaction between the strands of two molecules is mediated by the 

N-terminus of a third molecule. Following this interaction a pyramid-like aggregate forms. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. ∆N11 Sso AcP should form dimers in aggregation promoting conditions in the 

presence of N11 and N14 peptides. 
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MODEL 11 

 

• DESCRIPTION: In this model the N-terminal segment and the β-strand 4 play different roles 

in the process. The N-terminal segment destabilizes the globular part of Sso AcP, facilitating 

fluctuations within the native-like state with subsequent aggregation via strand-to-strand 

interactions. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. I72V-∆N11 Sso AcP should aggregate on the same time scale as the wild-type. 

2. Peptides N11 and N14 should not affect aggregation of wild-type Sso AcP. 

3. 85Dim Sso AcP should show dramatic increases of the aggregation rate. 
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MODEL 12 

 

• DESCRIPTION: The native monomer is in equilibrium with an aggregation prone monomer 

in which the β-strand 4 adopts an amyloidogenic conformation. The segment plays a major 

role in the transition state of this equilibrium by interacting specifically with the β-strand 4. 

Early aggregates form via strand-to-strand interactions. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. Peptides N11 and N14 should promote aggregation of ∆N11 Sso AcP. 

2. Peptides N11 and N14 should increase the aggregation rate of wild-type Sso AcP. 

3. C-tail Sso AcP should not aggregate. 
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MODEL 13 

 

• DESCRIPTION: The native monomer is in equilibrium with an aggregation prone monomer 

in which the β-strand 4 adopts an amyloidogenic conformation. The segment plays a major 

role in the transition state of this equilibrium by interacting with the globular unit in a non-

specific way. Early aggregates form via strand-to-strand interactions. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. Peptides N11 and N14 should promote aggregation of ∆N11 Sso AcP. 

2. Peptides N11 and N14 should increase the aggregation rate of wild-type Sso AcP. 
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MODEL 14 

 

• DESCRIPTION: This model is based on domain swapping. β-strand 4 of a molecule replaces 

β-strand 4 of the following molecule, leading to the formation of early aggregates. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. ∆N11 Sso AcP should aggregate. 

2. ∆N11 and wild-type Sso AcP should co-aggregate. 

3. I72V-∆N11 Sso AcP should aggregate. 

4. Peptides N11 and N14 should have no effect on the aggregation of wild-type Sso AcP. 
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MODEL 15 

 

• DESCRIPTION: According to this model the N-terminal segment mediates the formation of 

a transient on-pathway intermediate (I). This eventually converts into early aggregates 

stabilized by interactions between β-strands 4 of different molecules. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. Peptides N11 and N14 should have no effect on the aggregation of wild-type Sso AcP. 

2. The rate constant of the first phase of aggregation (k1) should depend on the second 

power of monomer concentration. 

3. 6Dim Sso AcP should show dramatic increases in aggregation rate. 
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MODEL 16 

 

• DESCRIPTION: According to this model the N-terminal segment mediates the formation of 

a stable intermediate (I). This eventually converts into early aggregates stabilized by 

interactions between β-strands 4 of different molecules. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. Peptides N11 and N14 should aggregate or at least form dimers. 

2. 6Dim Sso AcP should show dramatic increases in aggregation rate. 



Supplementary data- 21 
 

 

MODEL 17 

 

• DESCRIPTION: In aggregation promoting conditions, the flexibility of the native state 

induces the formation of a transient intermediate (I) with the N-terminal segment in a 

conformation prone to self-assemble. An early aggregate eventually forms via interactions 

between the segments adopting this conformation. 

• EXPERIMENTAL OBSERVATIONS AGAINST THE MODEL: 

1. The N-terminal segment is initially unstructured and can sample all possible 

conformations in the native state. Thus, wild-type Sso AcP and peptides N11 and N14 

should aggregate in the absence of TFE. 

2. Aggregation of C-tail Sso AcP should show significant differences relative to the 

process observed for wild-type protein. 
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We investigated the relationship between thermodynamic stability and amyloid aggregation pro-
pensity for a set of single mutants of the alpha-spectrin SH3 domain (Spc-SH3). Whilst mutations
destabilizing the domain at position 56 did not enhance fibrillation, the N47A mutation increased
the rate of amyloid fibril formation by 10-fold. Even under conditions of identical thermodynamic
stability, the aggregation rate was much higher for the N47A mutant than for the WT domain. We
conclude that the N47A mutation does not change the apparent mechanism of fibrillation or the
morphology of the amyloid fibrils, and that its amyloidogenic property is due to its effect
upon the rate of the conformational events leading to nucleation and not to its overall destabilizing
effect.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Amyloid fibril aggregation is involved in the development of a
group of important diseases, generically known as amyloidoses,
which include Alzheimer and Parkinson diseases, several systemic
amyloidoses, diabetes type II or diverse encephalopathies [1,2].
Effective therapies or methods of prevention for this type of dis-
eases are still very scarce, mainly because little is known about
the molecular mechanisms of these aggregation processes. Forma-
tion of amyloid structures by globular proteins requires the accu-
mulation of a critical concentration of protein in partially-folded
conformations exposing a significant segment of the polypeptide
chain to solvent under conditions in which stable intermolecular
interactions can be formed [3–5].

A number of studies have reported an inverse correlation
between the propensity of proteins to aggregate into amyloid-
like structures and the thermodynamic stability of the native
state [6–8]. Furthermore, recent studies have proposed that sta-
bilization of the native fold results in the modulation of the con-
formational ensemble favoring structural cooperativity and
chemical Societies. Published by E

f a-spectrin; DSC, differential
amic light scattering; TEM,

).
reducing sampling of partially-folded amyloidogenic conforma-
tions [5,9]. This has led to promising therapeutic strategies for
amyloid-related diseases based on stabilization of the native
state by specific drugs [10]. There are however examples in
which kinetic stability, rather than thermodynamic stability, con-
trols fibrillation [11] and in some cases the formation of amyloid
fibrils is preceded by an assembly of quasi-native or native-like
structures into aggregates [12,13]. Thus, a detailed understand-
ing of the thermodynamic and kinetic factors determining accu-
mulation of amyloidogenic species in proteins still remains far
from complete.

Src-homology region 3 (SH3) domains are small modules found
as part of proteins that mediate transient protein–protein interac-
tions relative to many cellular processes [14,15]. Due to their small
size, high solubility, simple structure and uncomplicated folding
mechanism, the folding and stability of these modular domains
have been extensively studied [16–20]. Moreover, SH3 domains
can form amyloid fibrils at acid pH [4,9,21], being among the first
examples of proteins unrelated to amyloidoses that form amyloid
fibrils. In the case of the SH3 domain of a-spectrin (Spc-SH3), the
mutation of asparagine 47 to alanine, placed within the folding nu-
cleus of the domain, strongly accelerates the formation of amyloid
fibrils [21]. Here we investigate whether the increased tendency of
the N47A mutant to form amyloids relative to the WT domain is
exclusively due to a thermodynamic destabilization on the native
structure or it is related to other specific effects exerted by the
mutation. We have compared the thermodynamic stability of
lsevier B.V. All rights reserved.
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the native state and the amyloid aggregation propensity between
the WT Spc-SH3 domain and several single mutants. In addition,
we have compared the kinetics of fibril formation of the WT pro-
tein and the N47A mutant under conditions of identical thermo-
dynamic stability. The results demonstrate that thermodynamic
destabilization of the native state produced by the mutation is
not the main factor favoring fibril formation by this small domain.
Instead, the amyloidogenic effect appears to be due to an increase
in the rate of conformational events taking place during nucleation
of the fibrils.
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Fig. 1. Kinetics of amyloid fibril growth of variants of Spc-SH3 domain measured by
ThT fluorescence. (a) Aggregation was followed at 37 �C in 100 mM glycine buffer
pH 3.2, with 100 mM NaCl, at an equal protein concentration of 8.2 mg mL�1 for
several variants as indicated. (b) Aggregation was followed as in panel (a) but at pH
2.78 for WT and pH 3.20 for N47A. The inset shows an expansion of the first
500 min of incubation.
2. Materials and methods

2.1. Protein samples

The Spc-SH3 domain variants were expressed and purified as
described [19]. Protein aliquots were dialyzed extensively against
pure water and lyophilized. For aggregation experiments the
lyophilized protein was dissolved, unless otherwise stated, in
100 mM glycine, 100 mM NaCl, pH 3.2, at 4 �C, centrifuged for
2 min at 14000 rpm in a micro-centrifuge and filtered through a
0.2 lm filter. The protein concentration was determined by mea-
surement of absorbance at 280 nm using extinction coefficients
of 15512 M�1 cm�1 and 15220 M�1 cm�1 for the WT and N47A
variants, respectively.

2.2. Differential scanning calorimetry

Temperature scans were performed at a protein concentration
of 0.8 mg/mL in a VP-DSC microcalorimeter (MicroCal, Northamp-
ton, MA, USA) between 5 and 100 �C at a scan rate of 1.5 �C min�1.
The reversibility of the thermal unfolding was always checked in a
second consecutive scan of the same sample. Instrumental base-
lines were subtracted to the experimental thermograms of the
samples and the time response of the calorimeter was then cor-
rected. The partial molar heat capacity curves (Cp) were calculated
and analyzed using Origin 8.0 (OriginLab, Northampton, MA, USA).
Cp curves were analyzed according to the two-state unfolding
model [22].

2.3. Thioflavin T binding assay

Thioflavin T (ThT) binding assays were performed to monitor
amyloid fibril aggregation [23] using a Perkin Elmer LS-55
spectrofluorimeter (Perkin Elmer, Shelton, CT, USA). A 250 lM
stock solution of ThT was freshly prepared in 25 mM potassium
phosphate buffer (pH 6.0). Protein aliquots (10 ll) were diluted
into the phosphate buffer containing 12.5 lM ThT and adjusted
to a final volume of 1 mL. Fluorescence emission intensity was
measured out at room temperature using a 10 mm path-length
cuvette.

2.4. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed
with a DynaPro MS-X instrument (Wyatt Technology Corporation,
Santa Barbara, CA, USA) using a 30 lL quartz thermostated sample
cuvette. The protein solutions and the buffer were centrifuged and
filtered through 0.02 lm Anotop filters (Whatman plc, Brentford,
Middlesex, UK) immediately before measurements. Sets of DLS
data at constant temperature (37 �C) were acquired every 45 s un-
til saturation of the signal. Laser power was adapted to avoid early
saturation of the instrument. Dynamics software (Wyatt Technol-
ogy Corporation, Santa Barbara, CA, USA) was used in data collec-
tion and processing.
2.5. Transmission electron microscopy

Protein samples were diluted 10-fold with buffer and a 15 lL
aliquot was placed on a formvar-coated copper grid and left for
4 min. The grid was then washed twice with distilled water and
stained with 1% (w/v) uranyl acetate for 1 min. The dried samples
were then observed in a Zeiss 902 electron microscope operating at
80 kV.

3. Results

3.1. The thermodynamic stability of single mutants does not correlate
with their propensity to form amyloid aggregates

The propensity to form amyloid fibrils of the WT Spc-SH3 and
several single-point mutants was analyzed by ThT fluorescence un-
der the conditions described previously for the N47A mutant [21],
i.e., at 37 �C in 100 mM glycine buffer pH 3.2, in the presence of
100 mM NaCl and a protein concentration of 8.2 mg/mL (Fig. 1a).
The mutations are located at two different regions within the puta-
tive folding nucleus of the Spc-SH3 domain [17]. Most of the vari-
ants except the A56 K mutant formed amyloid fibrils when
incubated at 37 �C for long periods, with morphologies similar to
those of the N47A mutant, as observed by transmission electron
microscopy (TEM) (not shown). The aggregation rates of the WT
domain and the A56G and A56E mutants were similar but they
all aggregated considerably slower than the N47A mutant and their



Table 1
Thermodynamic parameters of the equilibrium thermal unfolding of Spc-SH3 variants
determined by DSC.

Variant pH Tm

(�C)
DHm

(kJ mol�1)

WT 53.9 165
N47A 50.9 149
A56G 3.2 49.3 148
A56E 50.1 146
A56K 53.3 160

WT 2.0 43.1 125
2.5 49.5 144
3.0 52.4 159
3.2 54.8 168
3.5 58.9 182

N47A 2.0 36.8 106
2.5 40.0 114
3.0 49.5 148
3.2 51.2 152
3.5 55.4 170

Fig. 2. Electron microscopy images of aggregated N47A (panels a, b and c) and WT
(panels d, e and f) Spc-SH3 variants after different times of incubation at 37 �C: (a)
30 min; (b and d) 60 min; (e) 180 min; (c and f) 1 month. Incubation conditions are
identical to those of Fig. 1b for each variant. The length of the black segments
corresponds to 100 nm in all images.
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kinetics presented longer lag phases, suggesting a slower forma-
tion of aggregation nuclei.

The thermodynamic stability of all the variants was analyzed by
differential scanning calorimetry (DSC) at pH 3.2 and protein con-
centrations sufficiently low (0.8 mg/mL) to avoid aggregation dur-
ing the thermal unfolding. The WT and the N47A mutant were also
studied by DSC at different pH values between 2.0 and 3.5. Under
these conditions, the thermal unfolding of all variants was highly
reversible and followed the two-state unfolding model. Identical
DSC thermograms were obtained for some of the variants using dif-
ferent scan rates between 1 and 2 �C/min (not shown), indicating
that the thermal unfolding occurs under equilibrium during the
entire DSC scan. The thermodynamic parameters (Table 1) do not
correlate whatsoever with the aggregation propensities of the mu-
tants. For instance, the A56E and A56G mutants, with stabilities
similar to the N47A mutant, form amyloid fibrils at slower rate
than the latter but at similar rate as the more stable WT domain.
In contrast, the A56 K mutant has practically identical stability as
the WT domain but it does not form amyloid aggregates within
the time period analyzed.

3.2. Under conditions of identical stability the WT and N47A Spc-SH3
domains have different propensity to form amyloids

A plot of the unfolding enthalpies, DHm, versus the unfolding
temperatures, Tm, measured for the different variants at pH 3.2
and for the WT and N47A variants at several pH values, shows a
single linear dependence (not shown). This indicates that the
changes in enthalpy of unfolding are only due, within the experi-
mental error, to the its dependence with temperature due to the
heat capacity change of unfolding, DCp = dDH/dT, common to all
domain variants [24]. This is consistent with insignificant changes
in the native structure produced by the pH or the mutations. Using
the heat capacity change of unfolding derived from the slope of the
plot (3.6 ± 0.1 kJ K�1 mol�1) and the thermodynamic data of Table
1, we calculated the Gibbs energy change of unfolding at 37 �C as
described elsewhere [16] as a function of pH and determined that
the WT Spc-SH3 domain at pH 2.78 and the N47A mutant at pH
3.20 have the same Gibbs energy change of unfolding, i.e., identical
thermodynamic stability. Thus, to exclude the influence of the na-
tive state stability, we compared the kinetics of amyloid formation
at 37 �C of the WT Spc-SH3 domain at pH 2.78 and the N47A mu-
tant at pH 3.20 (Fig. 1b). The N47A mutant still aggregates much
faster than the WT domain, which indicates that the amyloidogenic
effect of this mutation is not related to a global destabilization of
the native state. This difference is neither due to the pH difference
affecting the net charge of the protein because the rate of fibrilla-
tion of the N47A mutant increases with the pH reduction (results
not shown).

3.3. The WT and the N47A Spc-SH3 domains form amyloid fibrils
of similar morphology

We compared by TEM the morphology of the particles appear-
ing during the aggregation process of WT and N47A Spc-SH3 under
conditions of equal thermodynamic stability (Fig. 2). At early times
of incubation (30 min) the N47A forms protofibrillar and amor-
phous aggregates of protein (Fig. 2a), which quickly reorganize
after only 60 min of incubation into small curly fibrils with diam-
eter of 6–7 nm and lengths between few tenths and several
hundreds of nanometers (Fig. 2b). These fibrils elongate further
for longer incubation times. In the case the WT domain, at
30 min of incubation only few small globular and amorphous
aggregates were sparsely visible (not shown) but a variety of irreg-
ular aggregate clusters form at 60 min of incubation (Fig. 2d),
which become reorganized later to form fibrillar structures as
observed at 180 min of incubation (Fig. 2e). After long incubation
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times both variants presented a tangle of amyloid fibrils with sim-
ilar apparent curly morphology and diameter (Fig. 2c and f) and
few mature amyloid fibrils already appeared in the N47A samples.

It appears that for both protein variants amyloid fibril formation
involves similar early events, i.e., an initial formation of amorphous
prefibrillar aggregates and a subsequent reorganization of these
aggregates into fibrils. Both events occur more rapidly in the
N47A mutant than in the WT form.

3.4. The amyloidogenic mutation N47A accelerates formation
of early oligomers

We followed by DLS the early stages of aggregation of the WT
and N47A variants at 37 �C under conditions of identical thermo-
dynamic stability (Fig. 3). The growth of the scattering signal
(Fig. 3a) has a much shorter lag time for the N47A mutant, indicat-
ing a faster formation of aggregation nuclei. From the DLS data we
calculated the size distribution of particles in the mixture as a
function of the incubation time. The time evolution of the apparent
hydrodynamic radius, Rh, for the two smallest peaks in the distri-
butions are shown in Fig. 3b. At the start of the incubation, the size
distribution of particles shows for both protein variants only parti-
cles with an apparent Rh of � 1.7 nm, consistently with the value
reported for native Spc-SH3 [20]. This Rh increases from �1.7 to
�3.2 nm in N47A at around 100 min of incubation. In our previous
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Fig. 3. Aggregation kinetics at 37 �C of WT and N47A Spc-SH3 followed by DLS.
Experimental conditions are identical to those of Fig. 1b. (a) Time dependence of the
scattering intensity for WT (filled circles), N47A (open squares) and WT in the
presence of 10% N47A preincubated for 100 min (filled triangles). (b) Apparent
hydrodynamic radius, Rh, determined by DLS for the two smallest species during the
course of aggregation at 37 �C observed in the size distributions for WT (filled
circles), N47A (open squares). (c) Same as in (b) for WT in the presence of 10% N47A
preincubated for 100 min. Symbols (filled triangles) correspond to the maximum of
each peak in the size distributions. The lines are drawn only for the sake of clarity.
work we interpreted this observation as indicative of oligomeri-
sation following a conformational change in the protein [21]. In
the case of the WT domain this event is delayed more than 300
min of incubation, corresponding approximately to the duration
of the lag phase observed by ThT fluorescence.

Simultaneously, within few minutes from the start of the incu-
bation additional species appeared with an apparent Rh starting at
�7–9 nm and increasing progressively with the incubation time.
These particles were identified previously as small protofilaments
of 6–7 nm in diameter elongating as the aggregation progresses
[21]. The fibril elongation is slightly slower for the WT, as indicated
by the slower increase in their average Rh, which reaches �40 nm
at �300 min (�150 min for the N47A mutant). The apparent Rh of
the fibrils stops increasing because of the lack of linear persistence
of the fibrils. This apparent Rh would correspond to fibril lengths of
about 250–500 nm [25]. Finally, at long incubation times larger
particles with apparent Rh reaching up to several micrometers be-
came developed for both proteins corresponding to long amyloid
fibrils (not shown).

To test the effect of the presence of preformed nuclei of N47A
mutant upon the fibril nucleation of the WT protein, we preincu-
bated an 8.2 mg mL�1 sample of N47A mutant at 37 �C for
100 min allowing formation of oligomeric species. Then, we imme-
diately added a 10% of this sample to an identical fresh sample of
WT protein and incubated the mixture at 37 �C while measuring
the DLS signal (Fig. 3a and c). The presence of N47A nuclei reduced
significantly the lag phase of aggregation of WT but did not affect
importantly the growth rate of fibrils as observed by the similar
slope of the increase in the DLS signal. Importantly, the formation
of oligomeric species of WT Spc-SH3 with apparent Rh of �3.2 nm
was accelerated significantly, indicating that pre-existing N47A
oligomers could catalyze formation of WT oligomers and facilitate
nucleation.
4. Discussion

Here we have demonstrated that the effect of mutations in Spc-
SH3 upon the thermodynamic stability of the native state does not
correlate with the changes in the rates of amyloid aggregation.
Whilst the destabilizing mutation N47A at the tip of the distal loop
of the domain greatly enhances amyloid aggregation, other simi-
larly destabilizing mutations at the 310 helix do not change impor-
tantly the aggregation propensity. We have also shown that even
under conditions where the WT and the N47A mutant have identi-
cal stability their kinetics of aggregation are markedly different.
These results demonstrate that an overall thermodynamic destabi-
lization of the native state is not the main factor driving amyloid
formation in this small domain.

The fibrillation presents a much shorter lag phase for the N47A
mutant than for the WT domain, suggesting a faster formation of
aggregation nuclei. In addition, the rate of fibril elongation ob-
served by DLS is roughly 2-fold higher for the N47A mutant than
for the WT, in great contrast with a roughly 10-fold difference in
the growth of fibril mass observed by ThT fluorescence. This indi-
cates that the amyloidogenic effect of the N47A mutation occurs
mainly at the stage of the conformational events previous to nucle-
ation or at the nucleation step itself. In fact, the analysis by DLS
shows that formation of early oligomers occurs earlier for the
N47A mutant than for the WT and this event appears crucial in
the development of fibrillar aggregates, thus conditioning all the
subsequent fibrillation process. Indeed, for both variants the dura-
tion of the lag phase in fibril formation is very similar to that of for-
mation of oligomers (see Figs. 1b and 3). This suggests that these
oligomers may be the competent species of fibril nucleation or
may even constitute themselves the aggregation nuclei. The



L. Varela et al. / FEBS Letters 583 (2009) 801–806 805
presence of oligomeric species in rapid equilibrium with the mono-
meric form has also been reported as critical for fibril nucleation as
for example in Abeta [26] or yeast prion Sup35p [27] and the
importance of their characterisation is emphasized by their impli-
cation in a number of neurotoxic processes [28].

The observation that preformed aggregation nuclei of the N47A
mutant could accelerate significantly nucleation of the WT protein
whereas the rate of fibril elongation was not affected is of particu-
lar interest because it suggests that nuclei pre-existing in the mix-
ture can catalyze formation of additional aggregation nuclei, likely
through transient intermolecular interactions.

Our results may appear in conflict with previous studies, which
have found a significant inverse correlation between native stabil-
ity and the propensity to form amyloids. For instance, several mu-
tants of the B1 domain IgG-binding protein G induced amyloid
aggregation in inverse correlation with their native stability
[8,29]. Similarly, a significant inverse correlation has been found
between native stability of a series of acylphosphatase mutants
and their susceptibility to amyloid fibrillation induced by TFE [6].
These studies concluded that key requirement for fibril formation
was an increase in the population of intermediate folding confor-
mations that become favoured by destabilizing the native state.
On the other hand, a mutational analysis of the fibrillation of the
thermophilic protein S6 has revealed no correlation whatsoever
between native stability and fibril formation [12]. Instead, the
unfolding rates correlated directly with the lag phases of amyloid
aggregation suggesting that the nucleation occurs from a quasi-na-
tive state. In this case, certain amino acid residues locally grouped
in the structure were found to act as ‘‘gate keepers” inhibiting the
access to specific states that trigger the aggregation cascade. Addi-
tional evidence supporting the importance of local effects has been
provided by the study of two amyloidogenic variants of human
lysozyme [5,30], in which transient unfolding of a specific region
of the protein including the beta domain and the C-helix is fa-
voured by the mutations.

Our previous studies by native state hydrogen-deuterium ex-
change have revealed that under native conditions at acid pH the
Spc-SH3 domain undergoes a variety of conformational fluctua-
tions ranging from local distortions of flexible regions to extensive
unfoldings [19,31]. Moreover, we reported that single mutations
changing the native stability produced redistributions of the con-
formational ensemble that differed depending of the mutational
position [32,33]. Although both the 47 and 56 positions are located
within the putative folding nucleus of the Spc-SH3 domain [17],
they differ in conformational flexibility in the native state. A local
destabilization at position A56 affects the whole domain’s core
lowering the energy of highly unfolded states but leaving un-
changed the distribution of the most accessible states. By contrast,
the N47A mutation destabilizing the flexible distal loop produces a
redistribution of highly populated states, which may favor particu-
lar states prone to aggregation. This view is consistent with our
finding that similarly destabilizing mutations such as N47A and
A56G produce disparate amyloidogenic effects.

It appears, therefore, that although transient exposure of certain
regions of the polypeptide chain is a common and obligatory step
in amyloid fibril formation by globular proteins, the precise details
of the mechanism by which this event conducts to nucleation and
the subsequent aggregation cascade may strongly differ between
proteins and determine whether or not a correlation between sta-
bility of the native state and amyloid aggregation propensity is
found in a mutational analysis. In the case of the small Spc-SH3 do-
main, not all mutations destabilizing the native state are intrinsi-
cally amyloidogenic and it seems that the N47A mutation
produces a particular redistribution of the conformational ensem-
ble of the protein leading specifically to a significant reduction in
the energy barrier of nucleation of the fibrillation process.
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In contrast to the thermal unfolding of native proteins, very few studies of the thermally induced melting of
amyloid fibrils have been reported to date due to the complex nature of these protein aggregates and the lack
of theoretical formalisms to rationalize the data. In this work, we analyzed the thermal melting of the amyloid
fibrils of the N47A mutant of the R-spectrin SH3 domain by differential scanning calorimetry (DSC). The
thermal melting of the isolated fibrils occurred in single endothermic transitions, yielding the fully unfolded
protein. The enthalpy and heat capacity changes of fibril melting were significantly lower than those of the
unfolding of the native protein, indicating a lower density of interactions and a higher solvent-exposed surface
area for the protein within the fibrils relative to the native state. In addition, these magnitudes did not change
significantly between fibrils showing different morphology. The independence of the transitions with the
scan rate and the observation of a considerable mass-action-like effect upon the melting temperatures indicated
that the fibril melting is not separated significantly from equilibrium and could be considered in good
approximation as a reversible process. A simple equilibrium model of polymerization coupled to monomer
unfolding allowed us for the first time to interpret quantitatively the thermal melting of amyloid fibrils. The
model captured very well the general features of the thermal behavior of amyloid fibrils and allowed us to
estimate the partitioning of the energy of overall melting into the unfolding of monomers and fibril elongation.
We conclude that with the use of appropriate models of analysis DSC has an extraordinary potential to analyze
the thermodynamic determinants of amyloid fibril stability.

Introduction

Amyloid aggregates of proteins have become recently of
fundamental importance because they have been recognized as
a hallmark in a number of pathological disorders of great
importance such as Alzheimer and Parkinson diseases, type II
diabetes, and several encephalopathies among others.1,2 Amyloid
structures form when proteins misfold and aggregate into
extended fibrils with characteristic structural and morphological
properties.3 A large variety of proteins, either involved in disease
or unrelated to any disease, can form amyloid fibrils under the
appropriate conditions, which has led to the proposal that the
formation of the highly organized amyloid aggregates is a
generic property of polypeptides and not simply a feature of
the proteins associated with pathological conditions.4

Despite the lack of sequence homology between the peptides
and proteins associated with each disease, the amyloid fibrils
exhibit similar external morphology and internal structure. They
interact with specific dyes such as Congo red or thioflavin T
(ThT) and have characteristic circular dichroism (CD) and
infrared spectra typical of a high content in �-sheet secondary
structure.5 When observed by transmission electron microscopy
(TEM) or atomic force microscopy (AFM) in Vitro, the fibrils
usually consist of a number of filaments (typically between two
and six), each 2-6 nm thick, that twist, forming rope-like fibrils,
or associate laterally to form ribbons.6,7 X-ray fiber diffraction
analysis indicates that in each filament the protein molecules
are arranged in a highly ordered cross-� structure, forming
�-sheets that extend throughout the entire length of the fibril.8

Recent advances in solid-state NMR spectroscopy9 together with
the recent success in growing nano- and microcrystals of short
peptides with amyloid characteristics10 have allowed a great level
of detail to be obtained on the internal molecular structure of
the fibrils. For instance, in the fibrils of the Alzheimer’s amyloid
�-peptide (Abeta) each peptide molecule contributes to two
�-strands, each one being part of a different parallel and in-
register �-sheet.11

It is nowadays well established that amyloid fibril assembly
has a mechanism of nucleation and growth, typical of crystal-
lization. The time course of fibril formation shows a typical
lag phase or nucleation phase of variable length followed by
an exponential growth.12 The formation of the nuclei of
aggregation is usually the rate limiting step of the process. Once
a nucleus is formed, it progresses toward the fibrillation by a
series of elongation steps with addition of protein molecules to
the ends of the fibril.13 As in all nucleation-dependent processes,
the lag phase can be shortened or even removed by “seeding”
with preformed nuclei or fibrillar species to the protein sample
prior to the start of the aggregation.14 The nucleation phase can
also be affected by changes in the experimental conditions or
by mutations in the protein sequence.15

Notwithstanding the great advances in understanding the
structure of amyloid fibrils and the kinetic mechanism of their
formation, relatively few attempts have been made to character-
ize the thermodynamics of fibril growth and fibril stability,13,16,17

which is essential to understand the fundamental forces govern-
ing the aggregation process.

The analysis of the thermally induced unfolding of proteins
monitored by DSC has been used for decades as a key technique
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to advance our understanding of the thermodynamics of protein
folding and stability,18-20 although the effectivity of this method
has been often impaired by the presence of time-dependent
irreversible denaturation processes accompanying the thermal
unfolding and precluding the thermodynamic interpretation of
the calorimetric data.21,22 Among these processes, one of the
most frequent is aggregation, which has been considered
traditionally as an essentially irreversible process. It has been
recently observed, however, that amyloid aggregation can often
exhibit reversibility23-25 even under assembly conditions.17 We
and others have previously shown that protein aggregates of
several proteins, including amyloid fibrils, can be melted and
dissociated by heating at high temperatures, giving rise to
characteristic endothermic transitions in DSC experiments.26-29

In remarkable contrast, other authors have reported that heating
protofibrils or amyloid fibrils of lysozyme, �-microglobulin, or
Abeta peptide in a DSC calorimeter produces astonishing large
heat capacity decreases.30-32 These contrasting results highlight
the complex nature of amyloid aggregates and the great difficulty
in studying and rationalizing their thermal behavior. To date,
no quantitative analyses of the thermal stability of amyloid fibrils
have been reported in the literature. This has been likely due to
the complicated mechanism of the aggregation and disaggre-
gation processes, the difficulty in obtaining homogeneous and
reproducible samples of this type of aggregates, and, especially,
the lack of theoretical formalisms to interpret the experimental
data.

The N47A mutation in the R-spectrin SH3 domain (Spc-SH3)
renders this small globular domain highly susceptible to form
amyloid fibrils at 37 °C under mild acid conditions.29,33 The
rate of fibril formation depends on the conditions of aggregation
in a controllable way, which makes this small protein domain
a very suitable model to investigate the stability of amyloid
fibrils. In this work, we analyze in detail the thermally induced
melting of amyloid fibrils of the N47A mutant of Spc-SH3.
Fibrils prepared by incubation at 37 °C under mild acid
conditions were isolated, and their thermal melting was analyzed
by circular dichroism spectroscopy (CD) and DSC. We show
here that the fibril melting process occurs in a single, endo-
thermic transition and can be considered in good approximation
as a reversible process. Using a simple model of reversible
aggregation to interpret quantitatively the calorimetric data, we
provide for the first time meaningful thermodynamic magnitudes
characterizing the thermal stability of amyloid fibrils. The results
show that DSC has an extraordinary potential to study the
thermodynamic determinants of amyloid fibril stability.

Experimental Methods

Preparation and Isolation of Amyloid Fibrils. The N47A
mutant of the Spc-SH3 domain was overexpressed in E. coli
cells and purified as described.34,35 Lyophilized protein samples
were freshly dissolved at 4 °C in the appropriate buffer,
centrifuged for 2 min in a microcentrifuge, and filtered through
a 0.2 µm filter to remove insoluble material. Protein concentra-
tion was determined by UV absorption at 280 nm, using an
extinction coefficient of 15 220 M-1 cm-1.

Amyloid fibrils were prepared by incubation of the fresh
protein solutions at 37 °C at pH 3.2 in glycine buffer (100 mM
glycine/HCl, pH 3.2, 100 mM NaCl).29 The fibrils were isolated
from the soluble protein by ultracentrifugation at 30 000 rpm
for 180 min at 4 °C. Some fibrils remained in the supernatant
after the procedure of separation. The fibrils in the pellets were
resuspended in the same incubation buffer by light agitation at
4 °C and kept in ice for further analysis. The total monomer

concentration in the fibril samples was determined by (1:50)
dilution in 6 M GuHCl and further measurement of UV
absorption at 280 nm using the theoretical value of the extinction
coefficient for the unfolded protein (15 470 M-1 cm-1).

Differential Scanning Calorimetry. Calorimetric experi-
ments were made in a DASM4 instrument.36 DSC scans were
conducted between 3.4 and 110 °C. Instrumental baselines,
obtained by filling both calorimeter cells with glycine buffer,
were systematically subtracted from the sample experimental
thermograms, and the time response of the calorimeter was
corrected. The scan rate was varied between 0.5 and 2 °C min-1

to investigate specifically the dependence with time of the
observed thermal effects.

Circular Dichroism Spectroscopy. CD experiments were
performed on a JASCO J-715 (Tokyo, Japan) spectropolarimeter
equipped with a thermostatized cell holder. Measurements of
the far-UV CD spectra (260-210 nm) were made with a 0.1
mm path length quartz microcuvette. The resulting spectrum
was the average of eight scans. In thermal melting experiments,
the CD signal was monitored as a function of temperature at
215 nm. For the experiments carried out at a fibril concentration
of 1 mg mL-1, a 1 mm path length cuvette was used.

Transmission Electron Microscopy (TEM). Amyloid fibril
samples were diluted 10 times in the same buffer of their
preparation and 15 µL placed on a Formvar carbon coated
copper grid, allowing them to stand for 4 min. The grid was
then washed twice with distilled water and the samples stained
with 1% uranyl acetate for 1 min. The dried samples were
analyzed with a Zeiss 902 electron microscope (Oberkochen,
Germany) operating at an accelerating voltage of 80 kV and
observed at a magnification of 50 000×.

Results

Amyloid Fibril Morphology Studied by Transmission
Electron Microscopy. We prepared amyloid fibrils of the Spc-
SH3 N47A mutant by incubation of fresh native protein
solutions at 8 mg mL-1 in glycine buffer at 37 °C for several
lengths of time. Under these conditions and after 1 day of
incubation, a majority of the protein formed long and relatively
curly filaments with a diameter of 6-7 nm, as observed by
transmission electron microscopy (TEM).29 After 10 days of
incubation, most of the fibrillar material remained similar in
morphology, although a few thicker and straighter fibrils
appeared sporadically in the samples (Figure 1a). These fibrils
seem to be formed by several coiled filaments with a similar
appearance to those described elsewhere for the PI3-SH3
domain.37 The samples incubated for 1 month consisted of a
mixture of single curly filaments and thicker fibrils with the
latter predominating in the mixture (Figure 1b).

DSC Analysis of the Thermal Melting Amyloid Fibrils.
The amyloid fibrils could be separated from the soluble fraction
of the incubation mixture by ultracentrifugation (see Experi-
mental Methods). The resuspended fibrils showed no apparent
morphological changes produced by the isolation procedure, as
observed by TEM (not shown). The suspensions of fibrils were
carefully loaded into the DSC cell at 4 °C. Even though the
samples consisted of a mixture of fibrils with different lengths
and morphologies, the resulting DSC thermograms showed a
single endothermic peak corresponding to the average heat
response of the fibrils in the sample (Figure 2). The occurrence
of a single transition reflects a very homogeneous thermal
behavior for the fibril mixture. Similar DSC peaks were
previously unequivocally assigned to the melting of the fibrils,
yielding the monomeric unfolded protein.29 As a comparison,
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the DSC trace corresponding to the thermal unfolding of the
native protein under the same conditions is also shown in Figure
2. Amyloid fibrils are much more stable against thermal melting
than the native protein, although the enthalpy change involved
is considerably lower (see Table 1), suggesting that the density
of interactions within the amyloid structure is lower than that
in the native protein.16,29 The apparent heat capacity changes

obtained from the difference between the linear extrapolations
of the DSC curves from both sides of the transitions are also
considerably lower than the heat capacity changes of unfolding
of the native Spc-SH3 domain either measured here or reported
in the literature.34,35

The temperature of melting (Tm), defined as the temperature
of the maximum of a DSC transition, increases with the length
of incubation of the samples, indicating an increase in the
thermal stability of the fibrils. The enthalpy change of the fibril
melting, normalized per protein monomer, does not appear
however to change importantly with the time of incubation of
each fibril preparation. Interestingly, identical fibrils resuspended
at different concentrations showed a considerable Tm dependence
with the total concentration of protein in the DSC cell (Figure
3). This mass-action-like stabilizing effect suggested that the
thermal disaggregation of the amyloid fibrils may behave as a
reversible process from a thermodynamic point of view. If
dissociation of the fibrils into the fully unfolded protein
monomer was an irreversible process, there would not be any
opposing force and the DSC transitions would be independent
of the protein concentration.

Reversibility of the Thermally Induced Fibril Melting. To
confirm reversibility of fibril melting, we tested the reproduc-
ibility of consecutive DSC scans after stopping the heating at
different temperatures and cooling down (Figure 4a). The
melting profile subsequent to each cooling depended on the
stopping temperature of the previous scan, which indicated that
the overall process of fibril melting is not reversible in the typical
sense used for protein unfolding. The presence of a peak at about
50 °C in the DSC scans recorded after substantial fibril melting
indicates that part of the protein becomes refolded to the native
state during cooling. There was also formation of aggregates
or fibrils with different stabilities, as evidenced by the presence
of several high-temperature peaks. When the fibrils were melted
completely within the DSC cell and cooled down, two transitions
appeared during the second consecutive scan, one with Tm

similar to that corresponding to the unfolding of the native
monomer and another with high Tm, typical of fibril melting
(results not shown). This indicates that during the cooling within
the DSC cell only a fraction of the protein reassembles into
fibrils while the remainder refolds to the native state. When the
fibrils were analyzed by DSC at low concentration, the second

Figure 1. TEM images of amyloid fibrils of N47A Spc-SH3 assembled
under different conditions. (a, b) Fibrils were produced by incubation
of an 8 mg mL-1 fresh protein sample at 37 °C in glycine buffer. The
time of incubation was 10 days (a) and 1 month (b). Fibrils were
separated from the soluble protein by ultracentrifugation and resus-
pended in the same buffer. (c) Fibrils reassembled upon cooling to
40 °C after the thermal melting of the amyloid fibrils shown in part a.
The black segment represents 100 nm in all of the panels.

Figure 2. DSC thermograms of amyloid fibrils of N47A Spc-SH3.
Fibril samples were obtained as those shown in Figure 1. Solid line:
Fibrils prepared by 1 month of incubation at 37 °C and resuspended at
6 mg mL-1. Dashed line: Fibrils prepared by 10 days of incubation at
37 °C and resuspended at 7.5 mg mL-1. The DSC thermogram of the
native protein obtained at 1.8 mg mL-1 under the same experimental
conditions is also shown in dots.

Thermodynamic Stability of Amyloid Fibrils J. Phys. Chem. B, Vol. xxx, No. xx, XXXX C



scan after their melting showed only the transition corresponding
to the two-state unfolding of the native Spc-SH3 domain,
although diminished in area possibly due to partial protein
damage produced by the heating at very high temperature. These
results indicate that, once the fibrils have been melted at high
temperatures, the reassociation of the unfolded protein back into
fibrils during cooling is not fully efficient. This is probably due
to the lack of proper nucleation conditions during cooling, which
may allow all or part of the protein to refold into the native
state.

We recorded the DSC thermograms with fibrils isolated as
described above during both the heating and cooling scans
(Figure 4b). The cooling thermogram shows an exothermic
transition at about 65 °C corresponding to the reassembly of
new fibrils. This transition is, however, greatly shifted toward
lower temperature compared to the melting transition (87 °C),
suggesting that the fibril assembly during cooling does not
correspond to the reversal of the melting process.

We also monitored the melting and reassembly of the
preformed amyloid fibrils during heating and cooling scans by
far-UV CD at a scan rate of 2 °C min-1 (Figure 4c). The CD
signal at 215 nm showed a steep dependence with temperature,
reaching a minimum near 70 °C. The fibril melting took place
with a decrease in negative ellipticity in agreement with the
disruption of �-sheet structure. The transition temperature was

consistent with the Tm observed in the DSC data. The CD signal
did not revert immediately upon cooling until the occurrence

TABLE 1: Enthalpy Changes, ∆Hm, and Temperatures of Melting, Tm, of the Native State and the Amyloid Fibrils of N47A
Spc-SH3

time of incubationa
protein concentration

(mg mL-1) Tm (°C) ∆Hm
b (kJ mol-1) ∆Cp,Mc (kJ K-1 mol-1)

10 days 0.95 74.5 n.d. 1.9
2.0 77.9 95
4.3 82.0 102
7.5 85.5 104

1 month 1.8 82.6 n.d. 1.8
3.0 84.7 98
6.1 89.3 125

native protein 1.8 49.2 148 2.8

a Fibrils were prepared by incubation of fresh native protein samples at 8 mg mL-1 in glycine buffer. The fibrils were isolated by
ultracentrifugation and resuspended in the same buffer for DSC analysis. The native protein was dialyzed in the buffer and analyzed by DSC at
low concentration to avoid aggregation. b The enthalpy changes were calculated by direct integration of the DSC endothermic peaks after
manual baseline subtraction. c The heat capacity changes were estimated as the difference between the Cp traces extrapolated from both sides of
the melting transition.

Figure 3. Effect of protein concentration on the stability of the amyloid
fibrils. DSC scans of fibrils prepared by incubation for 10 days at
37 °C in glycine buffer and resuspended in the same buffer at different
protein concentrations, as indicated in the plot in mg mL-1. Symbols
correspond to the experimental DSC curves. Continuous lines represent
the best global fit using the equations of the model described in the
Appendix.

Figure 4. Reversibility analysis of the thermal melting of amyloid
fibrils. (a) Consecutive DSC scans of amyloid fibrils of N47A Spc-
SH3 prepared by incubation for 10 days and resuspended at a sample
concentration of 2 mg mL-1. Scans were stopped at the indicated
temperatures and cooled down for the next consecutive scan. The
consecutive scans are indicated by the numbers alongside each curve.
The entire first scan with identical fibrils is represented by open symbols.
The scans have been artificially shifted along the vertical axis for clarity.
(b) Consecutive heating and cooling DSC curves obtained with isolated
amyloid fibrils at a concentration of 2.8 mg mL-1. (c) Heating and
cooling of amyloid fibril samples monitored by CD at 215 nm. Fibrils
were prepared by incubation for 1 week at 37 °C. Heating (1 and 3)
and cooling (2 and 4) scans were made at 2 °C min-1.
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of a transition corresponding to the fibril reassociation around
65 °C, in good agreement with the transition observed by DSC
during cooling, although the magnitude of the original negative
ellipticity was not fully recovered. The shift in the temperature
of the fibril reassembly transition was not reduced when the
scans were performed at a lower scan rate of 0.5 °C min-1 (not
shown). Further cooling produced a steep increase in ellipticity,
with a slope similar to that observed during the heating. During
the second consecutive heating, the transition of fibril melting
was again reproduced, although the amplitude of the ellipticity
change was smaller than that in the first scan. This indicates
that only a fraction of the protein reassembled into the fibrils
during the cooling after their thermal melting. The curve
corresponding to the second cooling was identical to that of
the first one.

We analyzed by TEM sample aliquots taken at several
temperatures during the heating and cooling and frozen directly
into liquid N2. The TEM images confirmed that fibrils dissociate
during the heating and reassemble with identical morphology
during the cooling transition (see Figure 1c and Figure S9 in
the Supporting Information). These results indicated that the
melting of fibrils can be reversed but the reassociation process
shows a kind of hysteresis, suggesting that after melting of the
fibrils their reassembly during the cooling is delayed until proper
nucleation conditions are achieved. In this respect, the process
appears to have some degree of resemblance with the melting
of pure ice or with the dissolution of a salt crystal in equilibrium
with its saturated solution, both of which are reversible processes
from a thermodynamic point of view. The reverse processes
(water freezing or salt crystallization) can display significant
delay, with formation of supercooled water or supersaturated
salt solution, unless nucleation is favored by seeding.

Heating Rate Analysis of Fibril Melting Transitions. The
key question to undertake the analysis of the data was whether
fibrils could be considered to melt under equilibrium or
alternatively the process was controlled kinetically. To check
this, two identical amyloid fibrils samples were analyzed by
DSC at equal concentrations and different scan rates, namely,
2 and 0.5 °C min-1. The resulting DSC transitions showed no
significant difference in Tm and were practically identical except
for some deviation at the high temperature side (Figure 5). These
results demonstrate that most of the fibril melting process is
not controlled kinetically and, therefore, appears to occur under
equilibrium.21,22,38 The scan rate independence together with the

mass-action-like effects observed for the thermal melting of the
amyloid fibrils indicate that the endothermic transitions mea-
sured by DSC for the fibril melting do not exhibit during most
of their extent a significant kinetic behavior. Accordingly, the
reversibility of the fibril melting process needs to be interpreted
as a microscopic reversibility in the sense that the process could
be reversed after an infinitesimal perturbation. On the other hand,
when the perturbation is large (for example, when all of the
amyloid fibrils are unfolded), the fibril melting process does
not revert through the same path because kinetic factors such
as nucleation come into play for fibril reassociation. We
conclude therefore that under our experimental conditions fibril
melting could be considered in good approximation as an
equilibrium process and it may be therefore acceptable using
thermodynamic approaches in their interpretation.

A Simple Equilibrium Model Describing the Melting of
Protein Aggregates. A plausible thermodynamic interpretation
of the DSC transitions corresponding to reversible amyloid
disaggregation induced by heating may come from the use of a
simple polymerization model:39

In this model, the fibrils disaggregate through a series of
consecutive steps of reversible monomer dissociation. M
represents a monomeric state of the protein that dissociates from
a fibril end, and the Ai species represent aggregates of i protein
monomers. We assumed that all of the dissociation steps are
reversible and sufficiently fast so that the whole system is not
separated significantly from equilibrium during the heating. The
M species are also supposed to be in rapid equilibrium with
the fully unfolded state, U:

The idea of separating the fibril melting process into these two
equilibrium processes was aimed at evaluating the partitioning
of the global energy of fibril stability in two individual
contributions, i.e., the energy of fibril elongation and the energy
of folding the protein chain into its appropriate aggregating
conformation. Accordingly, we define the equilibrium constants
for each association step, KA, and for the folding of the
monomers, KF (eqs 1 and 2 in the Appendix). Here, we assumed
for simplicity that the association constant, KA, does not depend
on the size of the aggregate. This model was elaborated
mathematically as described in detail in the Appendix to solve
the temperature dependence of the population of each species.
This has allowed us the calculation of the heat capacity of the
system as a function of temperature, which is the type of
information derived experimentally from the DSC experiments.

We performed exhaustive simulations of the heat capacity
curves (Figures S1-S6 in the Supporting Information). Using
appropriate values for the parameters, we have simulated DSC
transitions similar to those obtained experimentally with the
fibrils.

We explored initially the effect of a maximum allowed
aggregate size, N, upon the simulated DSC transitions. Strik-
ingly, for N higher than roughly 20, the curves become
indistinguishable, indicating that the heat effect of melting of
large aggregates with more than a few tenths of monomers is
independent of their size, as it is mainly governed by the energy
of dissociation of a monomer from a large particle. The model
also reproduces very well the increase in the melting temper-

Figure 5. Effect of the scan rate on the DSC curves of amyloid fibrils.
Two identical samples of isolated fibrils were prepared by incubation
for 1 month at 37 °C in glycine buffer and resuspended in the same
buffer at a concentration of 5.5 mg mL-1. The fibrils were analyzed
by DSC at different scan rates as indicated.

Ai T Ai-1 + M (I)

M T U (II)
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atures with the total protein concentration, P0, as observed
experimentally (Figure 3). An exhaustive exploration of the
effect of changing the thermodynamic parameters of the model
upon the simulated curves allowed us to derive the following
conclusions:

(a) Keeping constant the set of thermodynamic parameters
of monomer unfolding, the melting temperature of the ag-
gregates, Tm, depends on the product between the association
equilibrium constant and the total protein monomer concentra-
tion, KA ·P0. In fact, KA and P0 appear always together as a
product in all of the equations of the model.

(b) For values of KA ·P0 higher than roughly 10, i.e., P0 .
1/KA, Tm changes linearly with the logarithm of P0 and the slope
of this plot depends inversely on the total enthalpy change of
fibril melting but does not depend on the monomer unfolding
temperature. This implies that the abscissa intercept of such a
linear plot is proportional to -log KA and, therefore, to the Gibbs
energy of fibril elongation, ∆GA, per mole of protein monomer.

(c) The shape of the melting transitions is highly dependent
on the enthalpy change of association, with more asymmetric
transitions when the association process is more endothermic.
The asymmetry of the transitions does not change so much with
the enthalpy of monomer unfolding. Keeping constant the total
enthalpy change of melting, the transitions become sharper for
more endothermic association and more endothermic unfolding.

These simulations suggest that a quantitative analysis of DSC
transitions corresponding to amyloid fibril melting using this
model may allow us to extract relevant thermodynamic informa-
tion about the process.

Using the equations derived from the model, we attempted
to reproduce quantitatively the sets of experimental DSC curves
obtained under the various conditions at different protein
concentrations. When fitted individually, the DSC curves could
be reproduced very well (Figures S7 and S8 in the Supporting
Information) but the adjustable parameters showed a high
interdependency due to their relatively large number. To impose
additional constraints to the analysis, we fitted simultaneously
the complete sets of DSC curves obtained with identical fibrils
at different protein concentrations using a single set of ther-
modynamic parameters. Both the shape of the DSC transitions
and the effect of the protein concentration could be reproduced
surprisingly well (see Figure 3).

The thermodynamic parameters obtained from the fits are
compiled in Tables S1 and S2 in the Supporting Information.
The fits yielded high association constants, KA (between 2 ×
105 and 4 × 105), and large negative association enthalpies,
while the monomer unfolding enthalpies were relatively low.
These results suggest that most of the stability of the fibrils
resides in the intermolecular interactions between protein
molecules, whereas the dissociating monomers have a low
intrinsic structure.

In spite of the apparent success of this type of analysis, there
is still relatively high interdependency between the adjustable
parameters and they should be considered therefore just as
approximate estimates. Nevertheless, this simple equilibrium
model for amyloid thermal disaggregation constitutes a first
attempt to describe quantitatively the thermal melting of amyloid
aggregates and appears to capture the essential features of this
intricate process. Moreover, this model could serve as a useful
tool to rationalize the thermodynamic determinants of the
stability of amyloid fibrils by means of a simpler analysis of
the observed effects of external parameters or variables upon
the melting temperatures as follows.

Figure 6 shows the experimental melting temperatures, Tm,
measured by DSC versus the logarithm of the concentration of
protein, P0. The plots are approximately linear, as predicted by
the model, and have very similar slopes for fibrils prepared by
different incubation times. Considering that for fibrils analyzed
under the same experimental conditions the stability of the
monomer would only depend on temperature, the shift observed
in Tm with the increase in the time of incubation would then
reflect an increase in the apparent equilibrium constant of
association, KA. As discussed above, the change in the associa-
tion constant (-∆log KA) with the time of incubation can be
estimated from the shift along the abscissa axis of the linear
plots of Tm vs log P0. According to this, increasing the time of
the incubation of the fibrils at 37 °C from 10 days to 1 month
increases the association constant 2.5-fold. This agrees well with
the increase in order observed by TEM with the time of
incubation for the fibrils. In contrast, the total enthalpy change
of fibril melting does not change significantly with the time of
incubation, as indicated by the similar slope of the linear plots
of Tm vs log P0 and the similar areas of the DSC peaks, except
for an expected effect of temperature related to the heat capacity
change of melting (Table 1). This implies that the increase in
fibril stability during fibril maturation does not involve the
creation of new interactions within the fibrils but an enhance-
ment in the entropy gain attained with the monomer association.

Discussion

In this work, we characterized carefully the thermally induced
melting of amyloid fibrils of an SH3 domain and demonstrated
that it occurs as single endothermic transitions that can be
observed by DSC. Direct integration of the DSC transitions has
provided the overall enthalpy change for the complete melting
of the amyloid fibrils under a set of experimental conditions.
The enthalpy changes are around 100-120 kJ mol-1 and do
not change much with the length of the fibril incubation or with
the apparent degree of order of the fibrils. In spite of the
relatively high melting temperatures of the amyloid fibrils, their
specific melting enthalpies (≈14-17 J g-1) are much lower in
magnitude than the similar values of the native Spc-SH3
domain35 or than those typical of native compact globular

Figure 6. Concentration dependencies of the melting temperatures of
amyloid fibrils. Melting temperatures, Tm, correspond to the maximum
of the DSC transitions obtained with isolated amyloid fibrils. The data
correspond to fibrils prepared by incubation of 8 mg mL-1 native protein
solution at 37 °C, isolated by ultracentrifugation and resuspended at
different concentrations. Filled squares correspond to fibrils obtained
by 10 days of incubation. Open squares correspond to fibrils prepared
by 1 month of incubation. Solid lines represent the linear regression of
the data.
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proteins at similar temperatures, which usually range between
35 and 45 J g-1.18 This indicates that the melting of amyloid
fibrils involves a much lower net balance of interactions than
the unfolding of compact globular proteins. Similarly, the
apparent heat capacity changes accompanying the melting of
the fibrils are also considerably lower than that of the native
Spc-SH3 domain, suggesting a higher area of hydrated surface
for the protein monomer in the fibrillar state relative to the native
protein. These thermodynamic magnitudes are in agreement with
the view that amyloid fibrils are composed of partially struc-
tured, assembled protein monomers.3

The analysis by DSC of the thermally induced melting of
amyloid fibrils presented here provides significant insight into
the thermodynamic properties determining the fibril stability and
their correlation with the structural properties of the fibrils. Few
studies in the literature have reported thermodynamic parameters
of amyloid fibril formation and disaggregation. For instance,
Wetzel and co-workers obtained for the A�(1-40) peptide a
standard Gibbs energy of fibril elongation of -35 kJ mol-1 at
37 °C in PBS buffer using the final monomer concentration at
equilibrium of aggregation.17 Similar experiments performed by
Y. Goto and colleagues on �2-microglobulin at pH 2.5 and
different temperatures yielded Gibbs energies of fibril elongation
in the neighborhood of -40 kJ mol-1.16 Our results give
equilibrium constants for fibril elongation at 50 °C correspond-
ing to Gibbs energy changes ranging between -33 and -35 kJ
mol-1, similar to the above values.

Previous detailed DSC analyses of amyloid fibrils are almost
exclusively limited to the work of Y. Goto and co-workers.
These authors reported striking DSC results obtained with
amyloid fibrils from a variety of proteins including �2-
microglobulin, Abeta peptide, and lysozyme.30-32,40,41 In all
cases, the DSC thermograms showed extraordinary exothermic
effects, which were highly dependent upon the heating rates in
the DSC scans. These effects were generally interpreted by the
authors as large heat capacity effects produced by heat-induced
fibril association. Our results with amyloid fibrils of N47A Spc-
SH3 did not show such exothermic effects but only single
cooperative transitions corresponding to the fibril melting. These
contrasting results may be related to different properties of the
amyloid fibrils of each protein and/or to the experimental
conditions used in each study.

An important conclusion of our study is that the time of fibril
maturation does not influence significantly the overall enthalpy
change of fibril melting, despite the considerable changes
observed in morphological properties. The stability differences
appear to have therefore an entropic origin. Goto and colleagues
determined by isothermal titration calorimetry that the enthalpy
changes of amyloid elongation of �2-microglobulin are consid-
erably lower than that of the native protein and even exothermic
below 13 °C,16 indicating that amyloid formation is mainly
driven by entropy gain and suggesting a decreased internal
packing within the amyloid structures. The same authors also
analyzed the GuHCl-induced melting of �2-microglobulin in the
presence of varying concentrations of ammonium sulfate.42

Using a linear disaggregation model to analyze their data, they
reported a Gibbs energy of fibril polymerization of -41 kJ
mol-1, which increased strongly in magnitude with the increase
in the ammonium sulfate concentration, suggesting an important
role of the entropic effects in stabilizing the amyloid fibrils.
Knowles et al. have recently reported that the rate of insulin
amyloid aggregation is controlled by a competition between two
opposing effects of similar orders of magnitude: the process is
entropically favorable but enthalpically unfavorable.43,44 All of

these findings support the conclusion that the amyloid aggregates
are mainly stabilized by an overall entropy increase attained
with their assembly, which points toward hydration effects
playing a major role in this process.

Conclusions

We have shown here that the thermally induced melting of
amyloid fibrils of the N47A Spc-SH3 domain can be monitored
by DSC as a single, cooperative endothermic transition and in
good approximation the process may be considered as a
reversible equilibrium process, at least under the conditions of
this study. With the use of a simple equilibrium model of linear
polymerization coupled to unfolding, we have been able to
rationalize the experimentally observed thermal transitions and
extract meaningful thermodynamic information about the pro-
cess of aggregation-disaggregation of the amyloid fibrils. We
believe that this type of approach may be of general use to get
insight into the energetic determinants of amyloid fibrils of other
proteins.
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Appendix

Here, we describe in detail the mathematical elaboration of
the model for thermally induced melting of aggregates (eqs I
and II). According to this model, fibrils disaggregate through a
series of consecutive steps of reversible monomer dissociation.
M represents a monomeric state of the protein that dissociates
from a fibril end, and the Ai species represent aggregates of i
protein monomers. We assumed that each dissociation step is
reversible and sufficiently fast so that the system is not separated
significantly from equilibrium during the heating. The M species
are also supposed to be in rapid equilibrium with the fully
unfolded state, U.

Starting from eqs I and II, we define the equilibrium constants
for each association step and for the folding of the monomers
as

Using these definitions, the total concentration of protein
monomers in solution, P0, can be written as

and dividing by P0:

KA )
[A2]

[M] · [M]
)

[A3]

[A2] · [M]
)

[Ai]

[Ai-1] · [M]
(i: 2, ... , N)

(1)

KF ) [M]
[U]

(2)

P0 ) [U] + [M] + ∑
i)2

N

i · [Ai] ) [U] +

∑
i)1

N

i ·KA
i-1 · [M]i ) [U] + ∑

i)1

N

i ·KA
i-1 ·KF

i · [U]i (3)
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In eq 4, N represents the maximum size of the aggregates and
each member of the sum is the fraction of protein monomers in
aggregates of size i. Solving numerically, eq 4 gives the mole
fraction of protein in the unfolded state for given values of N,
the equilibrium constants KF and KA, and the total protein
concentration, P0. In principle, this would be only feasible for
not very large values of N, but fortunately, there is a shortcut
to sort this out. Multiplying eq 4 by KA ·P0, it holds that

If we call x ) KA ·P0 ·KF · xU and consider that there is no limit
for the size of the aggregates (N f ∞), the right-hand side of
eq 5 is then an infinite power series, S. Using the binomial
expansion, it can be easily demonstrated that S is convergent
to a finite value:

And therefore eq 5 becomes

which can be written as

where B ) KA ·P0 ·KF.
Taking the temperature derivative of eq 8:

where

Equations 8-10 give the temperature evolution of xU, indepen-
dently of the maximum aggregate size. As shown below, the
maximum size of the aggregates does not need to be very large
to allow for the validity of these equations because the series
convergence is fast.

The equilibrium constants KF and KA will change with
temperature according to the van’t Hoff equation:

For convenience, eq 11 is expressed using the enthalpy of
unfolding of the monomer, ∆HU. ∆HA is the enthalpy change
of each aggregation step and for simplicity is assumed inde-
pendent of the aggregate size. These equations need to be
integrated in a certain temperature interval. Once the evolution
of xU with temperature has been evaluated, the mole fraction of
the monomer and each aggregate species can be easily calculated
as

Since the main objective of this model was the analysis of DSC
data obtained with amyloid aggregates, we needed to derive
equations for the temperature dependence of the enthalpy and
the heat capacity of the system.

Each species present in the mixture would have an enthalpy
according to Table 2. Accordingly, the average enthalpy of the
whole system per mole of protein, relative to the monomeric
state M, will be therefore

In eq 15, the sum is again a convergent power series so that it
can be simplified to

TABLE 2: Enthalpy of Each Species in the Aggregate
Mixture according to the Simple Polymerization Model

species
Hi (per
particle)

Hi (per protein
monomer)

∆Hi (relative
to M)

U HU HU ∆HU

M HM HM 0
A2 2HM + ∆HA HM + (1/2)∆HA (1/2)∆HA

A3 3HM + 2∆HA HM + (2/3)∆HA (2/3)∆HA

... ...
Ai 4HM + (i - 1)∆HA HM + [(i - 1)/i]∆HA [(i - 1)/i]∆HA

1 ) xU + ∑
i)1

N

i · (KA ·P0)
i-1(KF · xU)i (4)

KA ·P0 · (1 - xU) ) ∑
i)1

N

i · (KA ·P0 ·KF · xU)i (5)

S ) ∑
i)1

∞

i · xi ) x + 2x2 +

3x3 + ... + ixi + ... ) x

(1 - x)2
(6)

(1 - xU) )
KF · xU

(1 - KA ·P0 ·KF · xU)2
(7)

B2 · xU
3 - [B2 + 2B] · xU

2 + [2B + KF + 1] · xU - 1 ) 0
(8)

dxU

dT
) -

2B
dB
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dB
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+ 2
dB
dT ]xU
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dB
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dKF
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3B2xU
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dB
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-∆HU
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RT2
(12)

xM ) KFxU (13)
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i-1(KF · xU)i (i ) 2, 3, 4, ...)

(14)

〈∆H〉 ) ∆HU · xU + ∆HA ∑
i)2

∞

[(i - 1)/i] · xAi
) ∆HU · xU +

∆HA
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2

(1 - B · xU)2
(16)
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The excess heat capacity of the system is obtained by taking
the temperature derivative of eq 16:

where ∆Cp,U and ∆Cp,A are the heat capacity changes of the
unfolding and the aggregation processes, respectively. We have
omitted for simplicity the explicit derivative in the last term of
eq 17. Finally, the partial heat capacity of the system is obtained
by

Cp ) Cp,M + ∆Cp (18)

To evaluate Cp as a function of temperature, it is necessary to
have analytical functions describing the temperature depend-
encies of the heat capacities of the accessible states. The heat
capacity of the unfolded state can be appropriately described
by a second-order polynomial that can be calculated from the
protein sequence:45,46

Cp,U ) a + b ·T + c ·T2 (19)

For the sake of simplicity, we have assumed linear functions
for the heat capacity of the monomer and the aggregates:

Cp,M ) d + e ·T (20)

Cp,A ) f + g ·T (21)

Using these heat capacity functions, the temperature depend-
ences of the enthalpy changes, ∆HU and ∆HA, and the
equilibrium constants KF and KA can be evaluated by integration
of the Kirchhoff and van’t Hoff relations:

In eqs 22-25, TU is the melting temperature of the monomer
(the temperature at which KF ) 1) and T0 is a reference
temperature chosen as 50 °C for convenience. ∆HU0

and ∆HA0

stand for the unfolding and association enthalpies at 0 K.
To reduce the number of parameters, we have assumed that

the slopes of the heat capacity functions of the monomer and

the aggregates are equal; i.e., the heat capacity change of
association is independent of temperature. In addition, we have
assumed that the heat capacity changes of unfolding and
association are proportional to their respective enthalpies.

Supporting Information Available: Simulations of DSC
thermograms using the model of fibril melting by reversible
monomer dissociation coupled to monomer unfolding. Analysis
of the experimental DSC curves corresponding to the melting
of N47A Spc-SH3 fibrils using the proposed model for thermal
melting. This material is available free of charge via the Internet
at http://pubs.acs.org.
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SUPPORTING INFORMATION 

 

1. Simulations of DSC thermograms using the model of fibril melting by reversible 

monomer dissociation coupled to monomer unfolding. 
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Figure S1: Effect of the maximum aggregate size, N, on the DSC thermograms 

calculated with the equations of the model. In all curves the monomer unfolding 

temperature, TU, is 50 ºC, the total heat capacity change of fibril melting at 50ºC is 1.5 

kJ K
−1
 mol

−1
 and the slope of the Cp function for both the aggregates and the monomer 

is 0.02 kJ K
−2
 mol

−1
. The enthalpy changes of monomer unfolding and association are 

respectively: ∆HU (50ºC) = 60 kJ mol
−1
 ; ∆HA = 0. 
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Figure S2: Effect of the association constant KA. DSC thermograms calculated for 

different values of the association equilibrium constant, KA, at 50 ºC, for a fixed total 

protein concentration, P0, equal to 1 mM. In all curves the monomer unfolding 

temperature, TU, is 50 ºC, the total enthalpy and heat capacity changes of fibril melting 

at 50ºC are 60 kJ mol
−1
 and 1.5 kJ K

−1
 mol

−1
 respectively and the slope of the Cp 

function for both the aggregates and the monomer is 0.02 kJ K
−2
 mol

−1
. Panel A: ∆HU 

(50ºC) = 90 kJ mol
−1
 and ∆HA (50ºC) = 30 kJ mol

−1
. Panel B: ∆HU (50ºC) = 60 kJ 

mol
−1
 and ∆HA (50ºC) = 0 kJ mol

−1
. Panel C: ∆HU (50ºC) = 30 kJ mol

−1
 and ∆HA 

(50ºC) = −30 kJ mol
−1
. Panel D: ∆HU (50ºC) = 0 kJ mol

−1
 and ∆HA (50ºC) = −60 kJ 

mol
−1
. 
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Figure S3: Effect of the total protein concentration. DSC thermograms calculated for 

different values of the protein concentration P0 from 1 µM to 3 mM. KA was fixed to 3 

× 10
4
 M

−1
 at 50ºC. All the rest of parameters in each panel are as in Figure S2. 
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Figure S4: Combined effect of KA and P0. Temperature of maximum Cp, Tm, versus 

log(KA·P0) for different values of the unfolding temperature of the monomer, TU. The 

values of KA are indicated in the plot and P0 varies from 1µM to 10 mM. The rest of the 

parameters are as in Figure S2. 
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Figure S6: Dependence of the melting temperature with the total protein 

concentration and the enthalpy changes of association and monomer unfolding. 

Both the enthalpy of association and monomer unfolding are varied to keep constant the 

total enthalpy of fibril melting as indicated along the plots. In all simulations KA was 

kept constant and equal to 3 × 10
4
 M

−1
. All remaining parameters are as in Figure S2. 
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2. Analysis of the experimental DSC curves corresponding to the melting of N47A 

Spc-SH3 fibrils using the proposed model for thermal melting. 
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Figure S7: DSC data of fibrils prepared by incubation at 37ºC for 10 days in the 

presence of 100 mM NaCl and analysed at different protein concentrations as indicated. 

The black lines correspond to the best fits according to the model. The individual fits of 

each DSC curve are shown in the upper panel and the global fit to the whole set of 

curves in the bottom panel. 
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Table S1: Thermodynamic parameters of the fits shown in figure S7. 

P0  

(mg/ml) 

7.5 4.3 2.02 0.95 Global fit 

∆HA 

(kJ mol
−1
) 

-116.9 ± 7.0 -109.6 ± 6.1 -98.7 ± 7.2 -128.7 ± 

0.55 

-120.5 ± 0.9 

KA  433093 ± 

165499 

370452 ± 

161401 

385668 ± 

213348 

351721 ± 

1405 

398182 ± 

13686 

TU 

(ºC) 
48 ± 52 39 ± 63 -3.5 ± 79 79.6 ± 0.5 77.17 ± 2.46 

∆HU  

(kJ mol
−1
) 

7.4 ± 6.9 10 ± 9 7.3 ± 12.3 46.5 ± 0.2 13.2 ± 1.3 

∆Cp 

(kJ K
−1
 

mol
−1
) 

1.59 ± 0.14 1.63 ± 0.11 1.89 ± 0.12 0.61 ± 0.01 1.51 ± 0.02 

Slope Cp(M) 

(kJ K
−2
 

mol
−1
) 

0.021 ± 

0.001 

0.021 ± 

0.0015 

0.019 ± 

0.0018 

0.032 ± 

0.0006 

0.019 ± 

0.0005 
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Figure S8: DSC data of fibrils prepared by incubation at 37ºC for 1 month in the 

presence of 100 mM NaCl and analysed at different protein concentrations as indicated. 

The black lines correspond to the best fits according to the model. The individual fits of 

each DSC curve are shown in the upper panel and the global fit to the whole set of 

curves in the bottom panel. 
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Table S2: Thermodynamic parameters of the fits shown in 

figure S8. 

P0  

(mg/ml) 

6.1 3.0 Global fit 

∆HA 

(kJ mol
−1
) 

-91.6 ± 2.0 -60.1 ± 5.1 -85.6 ± 2.6 

KA  524836 ± 

139343 

64362 ± 

12391 

231532 ± 

20920 

TU 

(ºC) 
48.9 ± 44 73.74 ± 0.56 72.88 ± 1.7 

∆HU  

(kJ mol
−1
) 

11.5 ± 7.3 60.5 ± 3.8 31.2 ± 2.3 

∆Cp 

(kJ K
−1
 mol

−1
) 

2.07 ± 0.06 1.37 ± 0.02 1.74 ± 0.03 

Slope Cp(M) 

(kJ K
−2
 mol

−1
) 

0.0089 ± 

0.0017 

0.016 ± 0.002 0.0068 ± 

0.0013 
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Figure S9. TEM images of amyloid fibrils of N47A Spc-SH3 at several temperatures 

during consecutive heating and cooling scans. Fibrils were produced by 5-day 

incubation at 37ºC of an 8 mg mL
−1
 fresh protein sample in 100 mM glycine buffer pH 

3.2, in the presence of 100 mM NaCl, and separated from the supernatant by 

ultracentrifugation. Resuspended fibrils were heated and cooled in a water bath at 2ºC 

min
−1
. Sample aliquots were taken at the indicated temperatures and frozen in liquid N2 

for TEM analysis. The black segment represents 233 nm in all the panels. 
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