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Abstract

This chapter focuses on the aggregation of glutamine containing peptides and proteins with an 

emphasis on huntingtin protein, whose aggregation leads to the development of Huntington’s 

disease. The kinetics that leads to the formation of amyloids, the structure of aggregates of various 

types and the morphological mechanical properties of amyloid fibrils are described. The kinetics 

of amyloid fibril formation has been proposed to follow a nucleation dependent polymerization 

model, dependent upon the size of the nucleus. This model and the effect of the polyglutamine 

length on the nucleus size are reviewed. Aggregate structure is characterized at two different 

levels. The atomic-scale resolution structure of fibrillar and crystalline aggregates of 

polyglutamine containing proteins and peptides was determined by X-ray crystallography and 

solid-state nuclear magnetic resonance (NMR). The chapter outlines the results obtained by both 

these techniques. Atomic force microscopy (AFM) was instrumental in elucidating the 

morphology of fibrils, their organization and assembly. The chapter also discusses the high 

stability of amyloid fibrils, including their mechanical properties as revealed by AFM.
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10.1 Introduction

Misfolding and aggregation of proteins is a common thread linking a number of important 

human health problems associated with protein deposition diseases, including 
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neurodegenerative disorders such as Parkinson’s disease, Down’s syndrome, Alzheimer’s 

and Huntington’s diseases, systemic and localized amyloidoses and transmissible 

encephalopathies (Dobson 2004b). Each of these diseases is associated with misfolding and 

aggregation of one or two specific proteins. Altogether, the accumulation of abnormal 

protein aggregates exerts toxicity by disrupting intracellular transport, overwhelming protein 

degradation pathways, and/or disturbing vital cellular functions. Since protein refolding is 

frequently accompanied by transient association of partially folded intermediates, the 

propensity to aggregate is considered a general characteristic of the majority of partially 

folded proteins (review Straub and Thirumalai 2011 and references therein). Thus, protein 

folding abnormalities and subsequent events underlie a multitude of pathologies and can 

lead to difficulties with protein therapeutic applications. Current demographic trends 

indicate the need for therapeutics targeting age-related degenerative disorders and 

macromolecule therapeutics will be at the forefront of future medical developments. The 

field of medicine therefore can be dramatically advanced by establishing a fundamental 

understanding of key factors leading to the misfolding and self-aggregation of proteins 

involved in various protein folding pathologies. This chapter is focused primarily on 

misfolding and self-assembly studies of proteins containing glutamine repeat (polyQ) of 

various lengths, which define the aggregation ability of the protein.

10.2 Aggregation Kinetics of Amyloids

10.2.1 Glutamine Repeats and Huntington’s Disease

The origin of Huntington’s disease (HD) is an extension of polyQ in the huntingtin (Htt) 

protein sequence. Normally Htt contains 5–35 Q’s, but when the number of Q’s exceeds 36, 

pathology develops (MacDonald et al. 1993). The extension of the polyQ sequence results 

from mutation of the gene, leading to multiplication of a trinucleotide CAG repeat (Walker 

2007), resulting in polyglutamine stretches in the protein. There are 66 human proteins 

containing homopolymeric stretches of five or more glutamines. Many of them are non-

disease related proteins that contain polyQ repeats, which are intrinsically prone to 

expansion at the genetic level (Robertson et al. 2011). In addition to Huntington’s diseases, 

polyQ repeats are responsible for the development of spinobulbar muscular atrophy, 

dentatorubral-pallidoluysian atrophy and a number of spinocerebellar ataxias (Zoghbi and 

Orr 2000). The critical threshold length of polyQ varies for different proteins. For most 

disease related proteins, the glutamine repeat threshold is approximately 35. There are only a 

few exceptions; for example, the critical threshold for spinocerebrallar ataxia 3 is beyond 50, 

while the polyQ length varies between 18 and 20 residues for spinocerebrallar ataxia 6 

(Gillian 2003). These diseases have little in common at the genetic level except for the 

presence of long CAG repeats. However, for all of these diseases, there is a strong 

correlation between the length of the extended repeats, propensity toward aggregation and 

disease onset (Gatchel and Zoghbi 2005; Gusella and MacDonald 2000). It has also been 

observed that the proteolytic cleavage of the polyQ containing segment of Htt exon 1 in 

vitro initiates aggregation (Graham et al. 2006). The neurotoxicity of polyQ aggregation was 

demonstrated with direct experiments in which the intranuclear injection of polyQ 

aggregates caused cell death (Yang et al. 2002). These and other observations led to the 

hypothesis that length–dependent aggregation of polyQ may be the primary trigger in the 
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expanded CAG repeat diseases (Thakur et al. 2009). Therefore, simple polyQ sequences 

have been used as model systems to reveal the common principles that trigger pathology of 

the expanded CAG disease family.

10.2.2 Nucleation Dependent Polymerization Model of Amyloid Aggregation

The kinetics of amyloid aggregation has a specific sigmoidal shape with an extended lag 

period, as illustrated in Fig. 10.1a. This figure shows the time-dependent aggregation of a 

short fragment of prion protein from yeast, detected by probing aliquots taken from the 

reaction mixture with Thioflavin T (ThT) fluorescence (Lyubchenko et al. 2010). The 

kinetics depends on various conditions, such as the acidity of the solvent. For example, the 

lag is 195 h at pH 2.0, but it is 11 h if the aggregation experiment is performed at pH 5.6.

Historically, self-assembly kinetics were observed initially in the earlier work of Hofrichter 

et al. (Hofrichter et al. 1974), in which the gelation phenomenon of purified 

deoxyhemoglobin was investigated. The authors proposed a model that dissected the growth 

kinetics of fibrils into two phases. The first phase is the nucleation process. During this 

phase, a critical oligomer of a particular size (nucleus) is formed. The nucleus undergoes a 

thermodynamically favorable elongation process in which monomers are added via 

consecutive steps (Fig. 10.1b). This model applied to the aggregation of deoxyhemoglobin 

suggested that the size of a nucleus could be as large as 30 monomeric units (Hofrichter et 

al. 1974). Later, Jarrett and Lansbury applied this model to analyze the aggregation of 

amyloids that followed a similar kinetic profile (Jarrett and Lansbury 1993). It was recently 

shown that the growth of amyloid plaques in vivo follows the same model (Meyer-

Luehmann et al. 2008). Both in vivo and in vitro studies indicate a considerably long lag 

period during which the formation of stable nuclei occurs. This period is considered a key 

step in the process of amyloid growth. However, a number of important questions arise. 

What are these nuclei? How large are they? How long do they live? The analysis of 

experimental aggregation kinetics data similar to the one shown in (Fig. 10.1) is 

inconclusive. For example, the analysis performed in (Ferrone 1999) led to the conclusion 

that nuclei for the aggregation of polyQ peptides are monomers that are in equilibrium with 

the rest of the polyQ peptide samples (Chen et al. 2002a). At the same time, a similar 

theoretical model predicted nuclei as large as hexamers for Sup35p, but only trimers for 

Sup35 NMp species (Krzewska et al. 2007). Bernacki and Murphy have addressed this 

controversy by evaluating the ability of available kinetic models to predict mechanisms of 

fibril growth (Bernacki and Murphy 2009). The major conclusion of this analysis was that 

the ThT kinetic curves do not provide sufficient information for developing a mechanistic 

model of the aggregation process; thus, additional information such as fibril size over time is 

required. Therefore, there is a need for methods capable of unambiguously detecting and 

characterizing all oligomeric species formed during the entire aggregation process.

10.2.3 PolyQ Peptides—Aggregation and Structure

An extensive study of a series of simple polyQ peptides with varying lengths has established 

that the peptides follow a nucleated growth polymerization mechanism (Chen et al. 2002b; 

Kar et al. 2011). One of the most critical parameters determining how fast polyQ peptide 

aggregates is the length of the polyQ stretch. Increasing the length of polyQ shortens the lag 
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phase, thus accelerating the overall aggregation rate (Chen et al. 2002b; Perutz et al. 2002; 

Perutz and Windle 2001; Scherzinger et al. 1999). It has also been suggested that the critical 

nucleus of polyQ aggregation is a rarely populated form of a monomer for peptides with 

pathological repeat lengths (Chen et al. 2002b; Kar et al. 2011). Therefore, the stable 

nucleus of aggregation for pathologically long polyQ is a monomer, i.e., n = 1 (Chen et al. 

2002a). However, the size of the nucleus is dependent on the repeat length. A very sharp 

transition from n = 1 to n = 4 over a short range of repeat lengths, from Q26 to Q23, was 

observed (Kar et al. 2011). Within this short increase in sequence, there is a tight transition 

of the size of the critical nucleus, from monomeric through dimeric, to a tetrameric nucleus. 

Regardless of the length, however, polyQ peptides form aggregates of similar structure 

(Thakur et al. 2009).

10.2.4 Solution Structure of PolyQ

Circular dichroism (CD) analysis of freshly disaggregated monomeric Q42 peptide showed 

that when incubated at 37 °C for long periods, the peptide undergoes a conformational 

transition to a β-sheet (Chen et al. 2002b). The acquisition of a β-sheet structure in the polyQ 

was found to be intimately associated with the development of aggregate structure, with no 

evidence of significant development of β-structure within the polyQ peptide before its 

aggregation. Under normal conditions, monomeric polyQ peptides lack any regular defined 

secondary structure (Walters and Murphy 2009). Recent experimental and computational 

studies have demonstrated that polyQ chains in aqueous solutions form collapsed, 

disordered globules (Vitalis et al. 2007). The formation of such compact structures by polyQ 

peptides suggests that water is a poor solvent for these peptides. Interestingly, the 

compactness of the polyQ depends on its length, in which peptides are extended at short 

lengths (Q < 10) and become increasingly more compact at Q lengths between 10 and 16 

(Walters and Murphy 2009). The critical turning point of such a transition takes place at 

Q16, where the peptides are as compact as many folded proteins (Digambaranath et al. 

2011). According to (Walters and Murphy 2009), the following model can explain why 

polyQ peptides become more collapsed as the length of polyQ increases. Glutamine is an 

amino acid that contributes hydrophilic side chains to a polypeptide chain. The side chain of 

glutamine, especially its amide group, participates with water as a donor as well as an 

acceptor. Hydrogen bonding with water dominates for short polyQ, so that the peptide is 

well solvated. With increased length of polyQ, the probability of forming various 

intramolecular hydrogen contacts increases. Multiple side chain-side chain, side chain-

backbone, or backbone-backbone hydrogen bonds are formed as the number of Q residues 

increases. The network of hydrogen bonds stabilizes the collapsed conformation of the 

peptide, which does not have any regular secondary structure.

This model was also supported by a recent single molecule force spectroscopy study that 

directly probed the mechanical properties of single polyQ chains (Dougan et al. 2009). 

Single polyQ chains of varying lengths have been pulled by application of an external force 

onto constructs where polyQ expansions were flanked by the I27 titin module. Interestingly, 

no extension has been observed for any polyQ under the application of force, suggesting that 

polyQ chains form mechanically stable collapsed structures. Disruption of the polyQ 

sequence with proline residues resulted in their easier extensibility under an applied force. 
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Moreover, such mechanical extensibility appeared to be sensitive to the position of the 

proline interruption. Therefore, several experimental and theoretical studies demonstrated 

that polyQ chains collapse to form a heterogeneous ensemble of conformations. 

Interestingly, the degree of collapse was found to be strongly correlated with the aggregation 

properties of polyQ (Walters and Murphy 2009).

10.2.5 Effect of Flanking Sequences on PolyQ Aggregation

Huntingtin (Htt) and other polyQ containing proteins differ profoundly in the amino acids 

flanking the polyQ region, and the role of these flanking sequences in the aggregation of 

such proteins has been studied. Htt contains proline motifs (polyP) flanking polyQ at the C-

terminus, and the incorporation of polyP sequence to the C terminal side of a simple polyQ 

reduces aggregation kinetics and aggregate stability (Bhattacharyya et al. 2006). The effect 

of the polyP expansion was found to be directional: the addition of polyP on the N terminal 

end of polyQ40 did not have any impact on its aggregation (Bhattacharyya et al. 2006). 

However, although the addition of a polyP sequence at the C-terminus dramatically changes 

kinetics of aggregation, it does not alter the aggregation mechanism that essentially follows 

the nucleation model (Bhattacharyya et al. 2005). The inhibitory effect of proline motifs 

depends on their length, with a minimum of five proline residues required for efficient 

deceleration of aggregation kinetics (Kar et al. 2011). It was proposed that polyP induces an 

altered structure in the conformationally fluctuating monomer ensemble. This 

conformational heterogeneity was confirmed by the crystallographic studies of polyQ (Kim 

et al. 2009).

10.2.6 Mechanism of PolyQ Aggregation

The aggregation of synthetic peptides with pathologic lengths of polyQ stretches follows the 

nucleation polymerization model described above. The analysis of kinetic curves for such 

peptides led to the conclusion that the nucleus of aggregation is a monomeric peptide; 

therefore, the rate-limiting nucleation event for polyQ peptides is folding within a monomer, 

rather than unfavorable assembly of monomers into a stable nucleus of finite size (Chen et 

al. 2002b; Kar et al. 2011). Such a folding event within the monomer requires a 

conformational transition with the formation of β-sheets (Fig. 10.2a), proposed in the early 

work of Perutz (Perutz et al. 1994). The β-strands in such structures are held together by 

hydrogen bonds between both main-chain and side-chain amides. The structures were called 

“polar zippers” explaining the stabilizing nature of bonds holding them together. Such a 

“folding within the monomer” mechanism has been tested using mutational analysis of 

polyQ stretches (Thakur and Wetzel 2002). Prolineglycine (PG) pairs were introduced at 

different intervals within the polyQ sequence in order to establish the length of the basic 

fold. It has been found that when PG separate stretches of nine glutamines, the aggregation 

kinetics is not altered significantly, in contrast to Q8 or Q7 (Thakur and Wetzel 2002). On 

the other hand, when proline was introduced in the middle of Q9, aggregation was 

completely abolished. Based on these observations and the fact that PG favors β-turns 

(Venkatraman et al. 2001), it has been proposed that an antiparallel β-sheet folding motif is 

the fundamental unit critical for aggregation of polyQ (Thakur and Wetzel 2002). This 

hypothesis is further supported by the observation that DPG, instead of PG, enhances the 

aggregation efficiency of the peptide (Thakur and Wetzel 2002) (Walters and Murphy 

Lyubchenko et al. Page 5

Subcell Biochem. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2011), consistent with a stronger preference for β-turns of DPG (Venkatraman et al. 2001). 

However, shortening of the polyQ peptides, from 26–23 residues, changes the aggregation 

mechanism from a monomeric mechanism to the multimeric nucleus model.

A more complex aggregation pathway was found for a polyQ containing the N-terminal 17 

amino acids of Htt exon 1 (NT17). The formation of intermediate structures was observed 

during aggregation of this peptide (Thakur et al. 2009). These first 17 amino acids were 

shown to play a critical role in altering the aggregation pathway of the peptide. Thakur et al. 

(Thakur et al. 2009) observed the formation of oligomers with the first 17 amino acids of the 

protein, comprising the core of oligomers and polyQ sequences exposed on the surface. 

Disordered monomers self-associate into soluble oligomers using hydrophobic interactions 

of NT17. It has been suggested that N-terminal interactions facilitate intermolecular contacts 

within the polyQ stretch (Fig. 10.2d). Conformational rearrangement within these oligomers 

results in aggregation-prone β-sheet “nodes” (Fig. 10.2e) (Tam et al. 2009; Thakur et al. 

2009). The β-sheet conformation then induces conformational conversion of peptides within 

oligomers leading to the formation of insoluble aggregates and ultimately to fibrillar 

structures with a high β-sheet content and a low amount of water (Fig. 10.2f). The 

mechanism resembles the nucleated conformational conversion model, proposed to describe 

amyloid formation by the yeast prion protein (Serio et al. 2000). According to this model, a 

rapid assembly of monomers into oligomeric structures is followed by conformational 

conversion within these complexes into pathologic aggregation prone conformations, which 

induces conformational changes in oncoming monomers and fuels the ongoing fibril-

elongation reaction (Serio et al. 2000).

10.3 The Structure of Aggregates Formed by Glutamine Repeats

The quest for the structure of glutamine repeats started when Perutz was investigating the 

equilibrium constant of the reaction of hemoglobin with oxygen. The equilibrium constant 

varied over five orders of magnitude among species and the authors identified the cause in a 

novel protein structural element formed by the sequence Glu-Glu-His-Lys repeated four 

times; this structural element shown in Fig. 10.3 was coined polar zippers (De Baere et al. 

1992; Sherman et al. 1992). Realizing that a variety of polar zipper sequences might exist, 

Perutz subsequently identified long repeats of only glutamines or serines that could “readily 

be tipped together into pleated antiparallel β-sheets, with optimal hydrogen bonding 

distances and angles between their side chains, which are placed symmetrically above and 

below the plane of the sheet, such that the amino group of each glutamine side chain on one 

strand donates a hydrogen bond to the carbonyl of each glutamine side chain on the opposite 

strand” (Perutz et al. 1993). These initial studies inspired many subsequent structural studies 

of glutamine-rich peptides and proteins (Perutz 1995), providing a structural basis to 

understand the molecular mechanisms of HD development.

10.3.1 Glutamine-repeat Peptides

The X-ray fiber diffraction data for D2Q15K2 led to the water-filled β-helix model of fibrils, 

in which individual β-sheets are arranged around a 31.0 Å cylinder with 20 amino acid 

residues per turn and with a water-filled inner pore that is 11.8 Å (Perutz et al. 2002). The 

original diagram of the model is shown in Fig. 10.4. In this arrangement, alternating side 
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chains point into and out of the cylinder, and stabilizing hydrogen bonds are formed parallel 

to the cylinder axis between both the backbone and side chains.

This model was extended to fit existing x-ray diffraction data on fibrils formed by amyloid 

domains of Htt and yeast prion Sup35 proteins, as well as α-synuclein and amyloid β 

fragments (Perutz et al. 2002). However, recently an alternative interpretation of the same 

data was suggested (Sikorski and Atkins 2005). In this model, β-hairpins are tightly stacked 

on top of each other, 8.3 Å apart, to form the cross-β structure—the superpleated model. 

Subsequent molecular modeling studies revealed that the proposed β-helix model is unstable 

(Zanuy et al. 2006), and suggested that triangular β-helices with a dry fibril core might be a 

more suitable model (Stork et al. 2005). However, more recent simulations suggest that the 

β-helix model can be stable if the glutamine repeat is larger than 30 residues (Ogawa et al. 

2008).

A recent solid-state NMR study provided the fibril structure formed by the D2Q15K2, 

GK2Q38K2, and GK2Q54K2 peptides with glutamine repeats below, at, and respectively 

above the 38 polyQ threshold necessary for triggering HD (Schneider et al. 2011). Lateral 

packing of protofilaments, with approximate widths of 70–80 Å as observed by EM and 

NMR, favors structural variability in all three fibril preparations. Additionally, solid-state 

NMR 1H-13C and 1H-15N correlations suggest extensive hydrogen bonding involving 

glutamine side chains, as well as tight packing of β-sheets, resulting in the close proximity 

of side chain termini of one β-sheet and the backbone of an adjacent β-sheet. These data 

validates the steric zipper model (Sawaya et al. 2007) (see subsection 10.3.2 below). Water-

edited solid-state NMR spectroscopy employs transfer of proton magnetization from water 

to protein, to probe solvent accessibility at the amino acid residue level. When applied to 

these fibrils, the results suggest that the fibrils possess a dry, water-inaccessible core of at 

least 70–80 Å in diameter, which is incompatible with the water-filled β-helix model. This 

study also demonstrates that two equally populated conformations for the glutamine side 

chains exist in all three peptides. It is further shown through 13C/15N-13C correlations that 

these populations do not belong to two distinct fibril conformations present within the same 

sample, but rather occur within individual fibrils and even peptide monomers. The authors 

suggest a model in which peptides comprising 15 sequential glutamine residues form fibrils 

with single extended β-strands, while longer constructs most likely form a superpleated fibril 

structure in which each molecule contributes two or more antiparallel β-strands. Figure 10.5 

illustrates this model.

10.3.2 Atomic Structure of the GNNQQNY Peptide of the Prion-protein Sup35

One of the most extensive studied glutamine/asparagine rich peptide aggregates to date are 

those formed by the segment 7–13 of the prion protein Ure35, for which the first high-

resolution atomic structure of an amyloid-like fibril was determined by the Eisenberg group 

(Nelson et al. 2005). This work on the crystal structure of GNNQQNY was later extended to 

crystallographic studies of other small peptide domains from amyloid-forming proteins, 

including insulin, islet amyloid polypep-tide, and amyloid-β (Sawaya et al. 2007). The 

common feature of all structures is the self-complementarity in their binding within the 

crystal. This is denoted by “dry interfaces” in Fig. 10.6 and suggests that polar zippers are an 
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example of a more general steric zipper motif, for which a total of eight structural classes 

have been assigned (Sawaya et al. 2007). These classes are defined by the parallel or anti-

parallel arrangement of adjacent β-sheets as well as the parallel arrangement of adjacent 

strands within β-sheets, and by the inter-packing of adjacent sheets with the same or 

opposed surfaces.

At the same time, it is not known to what extent the crystal structures of these small peptides 

relate to the amyloid fibrils that they form. This gap in knowledge was filled by solid-state 

NMR studies performed by the group of Griffin. In an initial study (van der Wel et al. 2007), 

both monoclinic and orthorhombic crystals and three different fiber morphologies were 

prepared and analyzed by solid-state NMR. Interestingly, by determining the 13C and 15N 

chemical shifts for isotopically enriched crystalline and fibrillar preparations, the authors 

found that all five structures were different in small, but distinct details. In particular, all 

structures consist of parallel and in-register extended β-sheets, but the mobility of the 

aromatic tyrosine ring differs among the structures. This initial study was further expanded 

(van der Wel et al. 2010) to determine the complete assignment of 13C and 15N chemical 

shifts within the three fibril morphologies, and the precise backbone torsion angles ψ and φ, 

as well as the determination of the intermolecular contacts. All three GNNQQNY fibrils 

were found to consist of parallel and in-register β-sheets, with one form exhibiting a highly 

localized backbone distortion.

A third study by the Griffin group analyzed polymorphism of GNNQQNY fibrils 

(Lewandowski et al. 2011). Several fibrilization conditions were developed (involving 

temperature variations and/or changes in solution pH), and the resulting fibrils were 

investigated by electron microscopy (EM). EM images, supported by solid-state NMR 

experiments with samples of selectively [13C,15N]-labeled GN-NQQNY peptides, found that 

the protofilaments within the fibril were tightly associated with each other in specific ways 

to form mature fibrils, greatly increasing the structural complexity of the amyloid fibrils. It 

seems counterintuitive that these assemblies have no apparent dependence on fibrilization 

conditions, which is in contrast with other amyloid fibrils. For example, Aβ fibrils formed 

under quiescent and agitated conditions are very different (Petkova et al. 2005), and 

furthermore, the fibrils formed by de novo designed peptides at different pH also exhibit 

different polymorphisms.

10.3.3 Fibrils Formed by Prion Domains of Ure2p

The structure determination of amyloids formed by large glutamine- and asparagine-rich 

proteins of biological relevance is difficult. These fibrils typically exhibit structural 

heterogeneity which make crystallization virtually impossible and also negatively affects the 

quality of solid-state NMR spectra. The large number of glutamines and asparagines that 

directly participate in β-sheet formation also results in severe spectral overlap, further 

impeding solid-state NMR studies. Selective labeling of individual amino acids is not 

possible, as these proteins cannot be produced by solid phase peptide synthesis (the yields 

are impractical for large proteins); but rather, the proteins have to be recombinantly 

expressed in bacteria. Electron paramagnetic resonance (EPR) studies are more appropriate 

in this case because cysteine mutants required for nitroxyl spin labeling can be easily 
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produced during protein expression in bacteria. The majority of structural studies on large 

glutamine/asparagine rich proteins to date have been performed on the yeast prion protein 

Ure2p. The results described below qualitatively identify and describe the Ure2p amyloid 

core, but do not provide atomic level detail about its structure.

Guo (Ngo et al. 2011) recently performed a detailed EPR investigation of the Ure2p amyloid 

core, involving residues 1–89 (Ure2p(1–89)). This protein fragment was expressed as a 

fusion with the non-amyloidogenic M domain of the yeast prion protein Sup35 (residues 

124–253) to increase solubility. The resulting construct forms typical amyloid fibrils that are 

12 nm wide, and EPR spectroscopy demonstrated that the entire sequence is involved in the 

formation of an amyloid core with a parallel in-register β structure. In particular, 15 samples 

with a nitroxyl spin label at every fifth residue, from position 5 to 75, exhibit a single-line 

EPR spectra that are typical for parallel in-register amyloid fibrils (Margittai and Langen 

2008).

In addition, EPR data shows that the Ure2(30–65) segment is more compact and less 

exposed to water than the rest of the fibril core. For example, careful quantitative analysis of 

spin exchange frequencies obtained from spectral simulations reveals that the typical 4.7 Å 

separation between the β-strands is smaller by 0.1 Å in this region. The associated increase 

in the stability of the Ure2(30–65) segment is further supported by measurements of reduced 

side chain local mobility in the presence of 3M of the denaturant guanidine hydrochloride. 

Finally, reduced solvent accessibility was also found for the Ure2(30–65) domain by 

measuring the spin exchange frequency between the spin label and a large paramagnetic 

reagent present in solution.

Solid-state NMR experiments have been performed on the Ure2p amyloid by Tycko (Baxa 

et al. 2007; Chan et al. 2005). An initial study involved the Ure2p(10–39) segment (Chan et 

al. 2005)-the most highly conserved sequence in the prion domain of Ure2p, which was 

previously shown to form amyloid like fibrils (Baxa et al. 2005; Kajava et al. 2004). The 

parallel and in-register arrangement of β-strands within these fibrils was demonstrated by 

solid-state NMR experiments that precisely measured the 4.7 Å inter-strand separation in 

samples selectively labeled with 13C at the methyl group of alanine 15 and the carbonyl 

group of phenylalanine 37. This study (Chan et al. 2005) also experimentally demonstrated 

for the first time (in parallel with the x-ray analysis of the GNNQQNY crystals (Nelson et 

al. 2005)) the existence of hydrogen bonds between the glutamine side chains, which 

represents a key structural element of polar zippers (Perutz et al. 1993). For this purpose, a 

novel solid-state NMR technique to measure inter-molecular side chain contacts between 

the 13C-carbonyl and 15N-amine of glutamine 18 was devised.

Finally, a quantitative analysis of solid-state NMR 13C spectra was performed for samples of 

Ure2p(10–39) fibrils in the following states: (1) hydrated, centrifuged fibril pellet, (2) dry, 

lyophilized fibrils, and (3) lyophilized and subsequently rehydrated fibrils. In all cases, both 

the frequency and the line width of the 13C signals were preserved, except for a small 

increase in the line width for the lyophilized sample, due to the inhomogeneous broadening 

induced by local static structural disorder. This strongly supports the idea that hydration 
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does not affect the structure of the Ure2p(10–39) fibrils and is incompatible with the model 

of water-filled nanotubes (Perutz et al. 2002), which would collapse upon water removal.

This work was later extended to fibrils formed by Ure2p(1–89)—the entire prion domain of 

Ure2p (Baxa et al. 2007). These fibrils were shown to also adopt an in-register, parallel 

structure that permits polar zipper interactions between the glutamine and asparagine side 

chains. An extensive analysis of 13C and 15N line widths in uniformly labeled and fully 

hydrated Ure2p(1–89) fibrils strongly supports a higher degree of structural variability when 

compared to fibrils formed by residues 218–289 of the HET-s prion protein (Van 

Melckebeke et al. 2010; Wasmer et al. 2008). The authors suggest that HET-s has 

biologically evolved to form amyloid fibrils, and consequently, these fibrils exhibit an 

unusually high degree of structural order among amyloids. Quantitative analysis of 

asparagine-specific NMR signals also reveals that the asparagine-rich domain, Ure2p(44–

76), may not participate in the formation of a compact β-sheet structure. A molecular 

explanation may reside in the shorter side chain length of asparagine versus glutamine: only 

polyQ segments may be able to form networks of polar zippers with optimal geometry in 

cross-β structures (Baxa et al. 2007).

Subsequent studies involving full-length Ure2p also established a partial degree of structural 

disorder in fibrils formed under physiological-like conditions (Kryndushkin et al. 2011; 

Loquet et al. 2009). In addition, these studies demonstrate that the Ure2p functional C-

terminal domain remains very well-structured and unchanged within the fibrils and is not 

part of the Ure2p amyloid core. This is supported by the fact that solid-state NMR spectra of 

the fibrillar full-length Ure2p and the crystalline Ure2p(70–354) C-terminal domain share a 

very high degree of similarity (Loquet et al. 2009). In addition, since solid-state NMR 

experiments only reveal signals from the remaining β-sheet fibril core, the Ure2p C-terminal 

domain was shown to be completely accessible to and removed by proteases in fibrillar 

samples of full-length Ure2p (Kryndushkin et al. 2011).

All experimental data on the atomic structure of Ure2p can be summarized into a model 

schematically shown in Fig. 10.7. In sharp contrast to the β-helix model (Perutz et al. 2002), 

the amyloid core is formed by compact, dry, parallel and in-register β-sheets of the N-

terminal prion domain that is folded into a β-serpentine. The functional C-terminus is not 

part of the amyloid core and maintains the same structure as in the non-amyloid form of 

Ure2p. The exact number and distribution of the β-strands within the Ure2p prion domain is 

currently not known. As a result, several models for Ure2p amyloid were actually proposed. 

One model proposes that the β-serpentine fold of Ure2p prion domain contains nine β-

strands (Kajava et al. 2004), while another model suggests the presence of five β-strands 

(Kryndushkin et al. 2011). Additional experiments are required to improve our current 

understanding of the Ure2p amyloid structure.

10.4 Morphology, Structure and Mechanical Properties of Amyloid Fibrils

The interest in large amyloid aggregates, particularly nanofibrils, remains high for several 

reasons. First, the plaque deposits consist of primarily fibrils; therefore structural analysis of 

these aggregates is needed to understand their formation. Second, elucidating the mechanism 
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of fibril growth aids in the understanding of the mechanism of protein self-assembly into 

nanoaggregates. Finally, amyloid fibrils are natural nanomaterials, with a number of 

interesting physico-chemical properties, such as a relatively high mechanical stability, which 

make fibrils an attractive resource for a number of practical applications, such as 

biomaterials. The recent findings that fibrils are non-toxic to cells relieves the concern that 

such applications could be biohazardous. The subsections below outline specifics for each of 

these features of amyloid fibrils.

10.4.1 Morphology of Amyloid Fibrils

Structural organization of amyloid fibrils is predominantly studied by nanoimaging 

techniques, such as electron microscopy (EM) and AFM (reviewed in (Lyubchenko et al. 

2006; Stromer and Serpell 2005)). Figure 10.8 shows AFM images of fibrils formed by 

spontaneous aggregation of α-synuclein protein in an aqueous solution. The sample contains 

both long fibrils (indicated with 2), and short, thin fibrils (indicated with 1). These thin 

fibrils are protofibrils of the protein, which associate to form mature thick and straight 

fibrils. The association is evidenced by the section indicated by the arrow in the long fibril 2, 

on the top of the figure. Additional evidence comes from fibrils, indicated by 3 that have a 

clear twisted morphology with frayed ends. The smooth and twisted morphology of the 

fibrils suggests that different assembly pathways exist for the fibrils formation, and/or it 

indicates the difference in the structure of the protofibrils themselves.

A rather straight shape is a common feature of amyloid fibrils, however fibrils formed by 

Htt Exon 1 (Q67) have an alternate morphology with extensive branching (Dahlgren et al. 

2005). A gallery of four aggregates with different shapes is shown in Fig. 10.9. It was 

suggested that the fibril branching was likely caused by structural features close to the 

polyQ region, but not to the C-terminus of Htt. Branched morphology is a distinct feature of 

the Htt fibrils that differ them dramatically from other filamentous aggregates, such as those 

formed by amyloid β peptide and α-synuclein. The majority of models for the fibrils 

formation fall into a category of in-register, parallel intermolecular alignment of monomers, 

when strands form two or more parallel β-sheets through intermolecular hydrogen bonding 

(e.g. Ma and Nussinov 2002; Petkova et al. 2002; Tycko 2003). These models interpret the 

amyloid-type fibril structure to be long and straight with an un-branched morphology (see 

Fig. 10.8), but they do not explain branch morphology and thickness variations observed for 

the huntingtin fibrils. The explanation provided in (Dahlgren et al. 2005) suggests that Htt 

fibrils can grow in two directions—perpendicular and parallel to the fibrils structure 

proposed in (Der-Sarkissian et al. 2003). The parallel orientation of flat β-sheet structures 

allows for greater variations in the number of stacked sheets, and thus predicts the 

irregularity in the fiber thickness. The bulges, which are formed by the parallel orientation 

of the fibril axis, function as buds for growing new fibrils. In the majority of amyloids, such 

as fibrils formed by amyloid β peptides and α-synuclein, the lateral interaction between β-

sheets is relatively weak, therefore the stacked arrangement of the planes is most likely the 

predominant conformation of the fibril. The formation of branched structures suggests that 

in the case of Htt protein, both lateral and stacked interactions are comparable; therefore, 

lateral interactions leads to the arrangement of the planes along the fibril’s axis, in parallel 

with the stacking arrangement of the planes, which leads to branching.
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10.4.2 Mechanics and Stability of Amyloid Fibrils

This and the following subsections outlines the results obtained on various amyloid fibrils, 

and although the mechanical properties of Htt and other polyglutamine fibrils have not been 

studied to date, some of the mechanical properties can be translated to Htt fibrils.

There is growing evidence supporting the conclusion that the ability to form fibrils is a 

generic property of the polypeptide chain; i.e., many proteins, perhaps all, are potentially 

capable of forming amyloid fibrils under appropriate conditions (Dobson 1999, 2004a). This 

means that amyloidogenic polypeptides are unrelated in terms of sequence or structure. The 

experiments which probed aggregated amyloids with antibodies demonstrated that there is a 

class of structure specific antibodies that recognize protein aggregates (e.g. fibrils), but do 

not bind to a monomeric form of the same protein (O’Nuallain and Wetzel 2002). 

Importantly, among those structure-specific antibodies are those that distinguish different 

aggregated morphologies of the same protein (Glabe 2004; Kayed et al. 2003). At the same 

time, it was also established that some antibodies were able to recognize aggregates formed 

by different proteins. The striking conclusion based on these experiments was that the same 

structural morphologies formed by different proteins are recognized by the same structure-

specific antibody. These studies lead to the intriguing conclusion that aggregated proteins 

might have common structural motifs, even if they are not structurally similar prior to 

fibrillation: being rich in β-sheet, α-helix, β-helix, contain both α-helices and β-sheets, 

globular proteins with rigid 3D-structure or belong to the realm of natively unfolded (or 

intrinsically unstructured) proteins (Uversky and Fink 2004). Despite these differences, 

amyloid fibrils have similar structural features, such as fibril straightness.

Estimates of fibril stiffness can be made based on their morphology and the use of general 

principles of polymer statistics. Such an approach was applied initially in (Lyubchenko et al. 

2006). According to the polymer statistics, the flexibility of linear polymers is characterized 

by the persistence length: the larger the persistence length, the stiffer the polymer (Flory 

1953). For example, the persistence length of the DNA double helix (diameter of 2 nm) is 

ca. 45 nm (Lu et al. 2001), which appears on AFM images as a flexible polymer with 

straight regions, in the range of 10–20 nm. Amyloid β protofilaments appear with a similar 

morphology (Lyubchenko et al. 2006). RecA-DNA fibrils are 15 times stiffer, with a 

persistence length of approximately 700 nm and straight regions as long as 200–300 nm 

(Lyubchenko et al. 1995). The amyloid fibrils have a comparable width, but they are much 

straighter and some of them appear as straight as carbon nanofibrils, one of the stiffest 

fibrils.

The quantitative analysis based on a similar idea for fifty individual amyloid fibrils was 

performed in (Knowles et al. 2007) and revealed that the stiffness of amyloid fibrils 

measured by the bending rigidity varied by two orders of magnitude. The stiffest fibrils were 

made by the short peptide of transthyretin, while the most flexible were fibrils of α-

lactabumin. The data for the main amyloids, such as amyloid β and prion peptides of 

different lengths, were also converted into Young’s modulus and varied between 2 and 14 

GPa. Note for comparison that Young’s modulus for such biological proteinaceous materials 

as dragline silk, collagen and keratin is in the range of 10 GPa, approaching the stiffness of 

bones and concrete (Knowles and Buehler 2011). The combination of AFM imaging with 
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vibrational spectroscopy (vibrational sum-frequency generation, VSFG) revealed an 

interesting correlation between the stiffness of amyloid fibrils formed by β-lactoglobulin and 

the secondary structure of the fibril sample (van den Akker et al. 2011). It was found that 

straight fibrils have a 100 % β-sheet conformation, whereas softer fibrils have a substantial 

α-helical content.

Experimental approaches for measuring fibril stiffness are primarily based on direct probing 

of isolated fibrils with the AFM tip, in which the AFM cantilever is used as a sensor to 

measure the sample stiffness. Young’s modulus measurement for individual amyloid fibrils 

formed by insulin was 3.3 ± 0.4 GPa, which is in the range of the above-mentioned 

estimates (Smith et al. 2006). Similar approaches applied to α-synuclein fibrils, produced 

Young’s moduli values within the range of 1.3–2.1 GPa (Sweers et al. 2011). Note that these 

measurements were perfromed with the use of three different single-point nanoindentation 

approaches, which resulted in close values. Altogether, the theoretical analysis and 

experimental studies lead to the conclusion that amyloid fibrils have a high mechanical 

stiffness. These characteristics are important for potential biotechnological applications, 

including the use of amyloids as biomaterials. This issue is discussed in the recent review 

and references therein (Sweers et al. 2011).

10.4.3 Interaction within Amyloid Fibrils

The studies described above provide firm evidence of the high stiffness of amyloid fibrils, 

but they do not answer the question of how strong the interactions within the fibrils are. The 

AFM approach schematically shown in Fig. 10.10 was proposed to measure the strength of 

interprotein interactions within fibrils (Kellermayer et al. 2005).

In these experiments, the AFM tip was pressed against the fibril selected within the 

previously imaged area to create a strong interaction between the tip and the selected area on 

the fibril. The tip was pulled away from the fibril to measure the forces stabilizing the 

structure of the fibril and/or the unzipping of the protofibril within the fibril.

Initial experiments performed with fibrils formed by amyloid β peptides 1–40 and 25–35 

showed that this approach is capable of probing the mechanics of amyloid fibrils 

(Kellermayer et al. 2005). Different sets of force spectroscopy data obtained for these 

peptides can be explained by different unzipping mechanisms of β-sheets for both peptides. 

Acetylation of the peptide led to a dramatic decrease of the rupture forces, although both 

native and acetylated peptides form morphologically undistinguishable fibrils (Karsai et al. 

2005). However, pulling experiments performed with fibrils formed by α-synuclein protein 

revealed problems with the data interpretation and the experimental setup (Lyubchenko et al. 

2006). First, the fibril has to be strongly attached to the surface; otherwise sliding of the 

filament can be interpreted as a long unwrapping event. Second, performing AFM imaging 

both prior to and after probing, enables one to identify the damaged area of the fibrils, which 

can be used for structural interpretation of the pulling experiments (Mostaert et al. 2006). 

These conclusions are illustrated in Fig. 10.11 in which pulling experiments for α-synuclein 

fibrils at six selected points were performed; they are numbered in Fig. 10.11a and the 

probing points are indicated with crosses and arrows. Note that the fibrils were covalently 

immobilized on the surface. The AFM image in Fig. 10.11b shows the results of a pulling 
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experiment. Unambiguously identified gaps on fibrils are indicated in image b with white 

arrows and numbered according to the previous image (a). The filaments were removed 

from the fibril from points 4 to 6. The force measurements (Fig. 10.11c) revealed a 

characteristic extension-rupture pattern, which is an indication of fibril unzipping (extension 

part of the force curve), followed by the rupture event. In contrast to the results of 

(Kellermayer et al. 2005), extended plateaus on the force curves were not observed. 

However, such force curves were detected in the case when the fibrils were deposited on the 

functionalized APS-surface without cross-linking (Fig. 10.11d). The values of rupture forces 

in these experiments range between 100 pN and 1.5 nN, suggesting that in addition to 

unwrapping of individual proteins, multiple rupture events can occur. The use of low forces 

during the approach steps is beneficial for pulling individual proteins, enabling the authors 

to narrow the range of rupture forces to 108 ± 35 pN (Mostaert et al. 2009).

The approach proposed in (Dong et al. 2010) allows one to measure the strength of 

interaction within the individual fibril. In this approach, the monomeric form of the yeast 

prion protein was immobilized on the surface. The fibril assembled by the same protein was 

attached to the monomers at the end of the fibril and the strength of the construct was probed 

by pulling the fibril at another end with the use of an optical tweezers puller. The strength of 

the noncovalent monomer-fibril interaction was more than 250 pN, the limit of the puller, 

but the use of guanidine hydrochloride allowed the authors to stretch and rupture the fibrils. 

The main assumption for the proposed methodology was that the monomeric protein is 

capable of strong binding to the preformed fibrils. This assumption has recently been 

confirmed by detailed atomistic calculations in which the interaction of a monomeric 

amyloid β peptide with fibrils was modeled (Straub and Thirumalai 2011). According to 

these computer simulations, a non-structured monomer undergoes a structural transition to 

fit the conformation of monomers within the oligomer, leading to the elongation of the 

oligomer. Recent molecular dynamic simulations showed that the conformational fitting 

mechanism also works when monomers interact with dimers, the shortest oligomer (Rojas et 

al. 2011).

These recent advances in computer simulation highlighted an important property of amyloid 

protein—the inducible conformational transition enabling the proteins to adopt the 

conformation favorable for the aggregates’ growth. In fact, this property of amyloid proteins 

was hypothesized earlier (McAllister et al. 2005) and resulted in a novel technique for 

probing misfolded states of proteins (see review (Lyubchenko et al. 2010) and references 

therein). In this approach, protein monomers are covalently immobilized on the AFM tip and 

substrate, and the interaction between the proteins is measured by multiple approach-

retraction cycles of the AFM force spectroscopy operation mode. It was shown that at 

conditions facilitating protein aggregation, strong interactions between the proteins are 

detected. Moreover, this technique allows one to estimate the lifetime of the transient 

dimers, resulting in measurements as long as seconds. Compared to the conformational 

dynamics of monomeric amyloid peptides and protein that occurs in the nanosecond time 

scale, the formation of dimers leads to an enormous stabilization of the protein state in 

which they strongly interact. These findings suggest that the conformational fit of amyloid 

proteins occurs at the monomeric level, leading to the formation of mis-folded dimers with 
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elevated stability. These studies suggest that the formation of stable dimers is a key property 

of amyloid proteins and that their formation is a trigger for further aggregation processes.

10.5 Conclusions

Structural studies performed with various techniques provided a wealth of information on 

the structure of amyloid fibrils at different levels. They revealed numerous similarities in the 

structure of the fibrils, but also revealed differences that may reflect their function. The high 

mechanical stability of amyloids is a property that attracted attention to these fibrils, as 

potential biomaterials with various applications. The use of novel nanoimaging approaches 

was instrumental in understanding the mechanism of fibril formation and their mechanical 

properties. The progress in computer simulation provided atomistic views of fibril assembly 

and the role of weak bonds in the formation of mechanically strong periodic filaments. 

Undoubtedly, further experimental studies of amyloid protein self-assembly, with the use of 

novel nanotools, will aid in understanding the mechanisms of the development of diseases 

triggered by protein aggregation, and will eventually lead to effective preventative and 

therapeutic treatments of amyloid diseases.
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Figure 10.1. 
a Normalized kinetic curves of short peptide aggregation from Sup35 yeast prion protein at 

various pH values: pH 7.0 (triangles, tlag = 49 h), pH 5.6 (diamonds, tlag = 11 h), pH 3.7 

(circles, tlag = 19 h), and pH 2.0 (squares, tlag = 195 h). b Schematic for the aggregation 

kinetics of misfolded monomers (M) with formation of the dimer (M2), trimer (M3), 

tetramer (M4), and so on up to the n-mer (Mn)
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Figure 10.2. 
Proposed mechanism for polyQ peptide aggregation from an unfolded monomer to an 

insoluble fibrillar aggregate. The right-hand side shows the nucleation–elongation 

mechanism (steps (a) to (c)). a A monomer is in rapid equilibrium with a 

thermodynamically unfavorable β-sheet nucleus, b The β-Sheet nucleus serves as a template 

for the addition of a monomer. c Fibrils elongate in repeated rounds of monomer addition. 

The left-hand side outlines the association–conformational conversion mechanism (steps (d) 

to (f)). d Monomers lacking regular secondary structure rapidly associate into large soluble 

oligomers, driven by hydrophobic interactions, e Conformational rearrangement within the 

large oligomers leads to the formation of β-sheet nodes (indicated by the small dashed box), 

f β-Sheet formation propagates throughout the oligomers, producing insoluble fibrillar 

aggregates
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Figure 10.3. 
The first cartoon depiction of polar zippers formed by glutamate repeats by Perutz. 

Reproduced with permission from (De Baere et al. 1992)
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Figure 10.4. 
Diagram representation of the β-helical water-filled nanotube model proposed by Perutz for 

the amyloid structure. β-strands become a cylinder that is 31 Å in diameter (thick black line) 

with side chains alternatively pointing into and out of the cylinder (hashed rectangles). The 

inner channel is 11.8 Å and is filled with water, and the 3 Å layer is a structural part of the 

model. Reproduced with permission from (Perutz et al. 2002)

Lyubchenko et al. Page 24

Subcell Biochem. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 10.5. 
Sketches of the proposed polyglutamine fibril model derived from solid-state NMR data. An 

approximate scale bar is indicated at the top. Minimal repeat units of (a) polyQ15, (b) 

polyQ38, and (c) polyQ54 fibrils, assuming similar β-strand lengths, viewed down the fibril 

axis. (d) Illustration of the superpleated antiparallel cross-β arrangement of monomers in 

polyQ38 fibrils, viewed down the fibril axis. The fibril repeat unit consists of one 

GK2Q38K2 molecule that forms two β-strands and contributes to two stacked β-sheets. 

(Reproduced with permission from Schneider et al. 2011)
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Figure 10.6. 
The X-ray structure of monoclinic GNNQQNY crystals according to (Nelson et al. 2005). In 

(a) the fibril structure is depicted with individual β-strands represented as pointed arrows 

and side chains represented as balls and sticks. The polar zipper with stacked asparagines 

(Asn2 and Asn3) and glutamines (Gln5) can be observed. In (b) a transversal section 

through the crystal is shown and the “wet” and “dry” interfaces are highlighted. 

(Reproduced with permission from Nelson et al. 2005)
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Figure 10.7. 
a Proposed structural model for full-length Ure2p fibrils. In this view along the fibril axis, 

the amyloid core formed by the prion domain is in the center (residues 1–81 shown in the 

all-atom representation) and the C-terminal domains are folded as dimers and decorate the 

fibril laterally (residues 82–354 shown in cartoon representation). b A detailed view of the 

β-serpentine fold of the Ure2p prion domain: two molecules in a parallel, in-register β-sheet 

arrangement are shown, each monomer encompassing five β-strands. (Reproduced with 

permission from Kryndushkin et al. 2011)
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Figure 10.8. 
AFM images of α-synuclein fibrils. Figures 1, 2, and 3 indicate protofibrils, thick smooth 

fibrils and twisted fibrils respectively. Arrow points to the bulge region of the thick fibril. 

Images were taken in air with Nanoscope IIIa AFM operating in Tapping mode
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Figure 10.9. 
AFM images of Htt (Q7) aggregates. Images were taken in air with Nanoscope IIIa AFM 

operating in Tapping mode
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Figure 10.10. 
Schematic for the AFM probing experiments on measuring interactions within the fibril. The 

AFM tip picks a protein monomer inside the fibril shown as a periodic ladder and unfolds it 

upon the pulling step. (Reproduced with permission from (Mostaert et al. 2006)
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Figure 10.11. 
AFM pulling experiments of α-synuclein fibrils. Pulling points (1–6) are indicated with 

arrows in image (a) obtained before pulling. The fibrils were covalently immobilized on the 

surface. Inset (i) illustrates the pulling approach. Image (b) was taken after pulling. 

Damaged sections of fibrils in image (b) are indicated with white arrows and numbered 

according to image (a). (c) Force curves for pulling the fibrils cross-linked to the APS-mica 

surface (trigger—100pN, dwell time—2s). The tip spring constant, k = 67.31 pN/nm. (d) 

Force curves for pulling of the non-covalently bound fibrils (trigger 500 pN, dwell time 2 s). 

The tip spring constant, k = 51.69 pN/nm. Pulling was done in PBS buffer. (Reproduced 

with permission from Lyubchenko et al. 2006)
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