Mechanisms of amyloid-fibril formation of globular proteins
Ordered aggregation of proteins to amyloid fibrils is at the core of many systemic diseases, such as diabetes type II, and neurodegenerative diseases, such as Alzheimers's, Parkinson's, motor neuron disease, and prion diseases (Ross and Poirier, 2004). More and more evidence suggests that abberant protein folding and aggregation might be an initial trigger of such diseases, followed by other consequences, such as Ca2+ and metal ions imbalance, oxidative stress, chaperone and ubiquitin proteasome systems overload (Almeida et al., 2006, Irvine walsh 2008). Exactly, what causes what and, what is the primary trigger, is still under debate (eden in ' Bush).

In vitro studies have shown that globular proteins undergo this type of aggregation from an intermediate formed after partial unfolding or, natively unfolded proteins (Uversky), from a partially folded state - achieved after partial folding. It is obvious that understanding protein folding is very much desired to be able to understand protein 'mis-folding', better said folding to alternative, often multimeric state.

Basic research in either folding or aggregation does not serve just academic purpose as such knowledge is important for biotechnology, nanotechnology, pharmacy and medicine. The subject is multidisciplinary comprising physico-chemical and structural studies as well as cellular, animal models and clinical studies. In this review we will focus on the physico-chemical part of the story.

1. Structural and morphological data

Amyloidogenesis starts with either partial unfolding or partial folding. Sequence details are not that important as most proteins can under chosen conditions undergo such a transition.

Pre-amyloid, often oligomeric, intermediates at the cross-road between protein folding and aggregation possess some common structure regardless of sequence details as a common antibody binds to such oligomers of different amyloid proteins ( ). Is the structure of the prefibrillar, often annular oligomers indeed all ? sheet or, are ?-helical parts the ones which cross the membranes remains to be clarified. Structure of such oligomers as observed by AFM when inbedded into lipid bilayers ressemble the well ordered bacterial toxins (ref). However, catching the anular oligomers in cellular environment and in cellular membranes remains to be performed.

Mature amyloid fibrils refer to elongated protein aggregates characterized by their long and relatively straight morphologies, cross-? diffraction patterns, specific dye (Congo red and Thioflavin T) binding properties and rigid core structures. Amyloid fibril formation involves a structural rearrangement of the native state of protein into a ?-sheet rich fibrillar conformation [1].

In some systems, small amounts of preformed amyloid fibrils, added to the sample to act as seeds, induce the formation of amyloid fibrils more readily if protofibrils are present in the sample rather than non-aggregated or smaller oligomeric species. This observation suggests that, in these cases at least, fibrils can form preferentially from the assembly of protofibrils. Evidence exists, however, that some oligomeric aggregates assembling into chains and rings with 'bead-on-string' morphology may be off-pathway species that are not amyloid-competent [2].

Multiple morphological variants, as seen by atomic force microscopy and electron microscopy, have been seen to differ in the number of protofilaments that comprise the mature fibrils as well as in the helicity of their intertwining [9, 14-15].

There have been proposed many models for the mechanism of amyloid fibril formation, based on spectroscopically observed structural intermediates and kinetic on/off-pathway intermediates.

2. REVIEW of the existing models

2.1. OLDER MODELS; NUCLEATION AND TEMPLATING:

We will skip exact description of some older models and discuss only those appearing after the year 2000. That does not mean that some peptides may not obey mechanisms such as: 1. Nucleation-dependent polymerization (NDP) mechanism (ref), 2. Nucleated polymerization (NP) mechanism (ref) and 3. Nucleated conformational conversion model (ref Serio).

Figure 1. Nucleation-dependent polymerization mechanism [17].

Among the older models, which we will briefly describe are also: Templated assembly (TA) model, Monomer directed conversion (MDC) model and polar zipper' model.

Templated assembly (TA) model

In templated assembly model a preassembled nucleus binds to a soluble state (S) peptide in a random coil conformation in a rapid pre-equilibrium step. This is followed by a rate-determining structural change to add the peptide to the growing end of the fibril or filament, presumably as part of the ?-sheet-rich quaternary structure [55].

Figure 6. The templated assembly model [46].

Monomer directed conversion (MDC) model

Based on monomer directed conversion model a monomeric peptide can adopt a conformation called the A state that is analogous to the conformation adopted in the fibril. In the rate-determining step, this structured monomer (A) then binds and converts an S state monomer, resulting in an A state dimer [56]. The dimer then dissociates and the structured monomers rapidly add to the end of the growing fibril.

Figure 7. Monomer directed conversion model [46].

'Polar zipper' model

Perutz and co-workers proposed the 'polar zipper' model where ??sheets are stabilized with a network of hydrogen bonds involving polar residues such as glutamine and asparagine [86-87]. Such glutamine- and asparagine-rich regions are commonly found in the N termini of both mammalian and yeast prion proteins [88]. Perutz et al. [89] found several proteins containing repetitive sequences of polar residues. Molecular modelling showed these to be capable of linking ?-strands together into sheets or barrels by networks of hydrogen bonds between their main-chain amides and between their polar side chains. Perutz et al. called these sequences polar zippers.

In the literature, glutamine and asparagine are frequently found in the sequence of polypeptides known to form amyloid fibrils. They can act as polar zippers, joining protein molecules together similarly to the way leucine zippers join.

Examples: A-beta peptide

An example of the NDP is the amyloid-beta peptide, which occurs in Alzheimer's disease, and was recently found to be 'anti-bacterial', acting in innate immunity defense (ref). The amyloid-? protein transiently forms oligomers of varying sizes, as well as protofibrils. The kinetics of mature fibril formation by the amyloid-? protein display an initial lag phase, which is shortened upon seeding [9, 34]. But the formation of mature fibrils by amyloid-? is seen to be preceded by the accumulation of spherical oligomers and protofibrils [9, 35]. In vitro studies have identified three types of A? oligomers: 1) very short oligomers ranging from dimer to hexamer size [8, 36]; 2) A?-derived diffusible ligands (ADDLs), small oligomers ranging from 17 to 42 kDa [37]; and 3) protofibrills, that can be seen in electron microscopy, short fibril intermediates of < 8 nm in diameter and < 150 nm in length [38-40]. Protofibrils are transient structures observed during in vitro formation of mature amyloid fibrils [38-40]. All oligomeric A? assembly intermediates: oligomers, ADDLs, protofibrils and also mature A? fibrils are neurotoxic. Amyloid fibril formation might nucleate by conformational changes in the oligomeric and/or protofibrillar intermediates [41-42], and mature amyloid fibrils might form by association of the oligomeric intermediates, by addition of the oligomeric intermediates on to protofibrils, or by end-to-end and lateral association of protofibrils [43].

It was shown that two predominant in vivo A? alloforms, A?40 and A?42, have distinct oligomerization pathways [8, 44]. The peptides showed different behaviour at the earliest stage of assembly, monomer oligomerization. Studies of the kinetics of A? fibril formation have shown that A?42 forms fibrils much faster than A?40 [39, 45]. A?42 is more fibrillogenic and more neurotoxic than A?40. It was demonstrated [8] that the initial phase of oligomerization of A?42 monomers involves formation of pentamer/hexamer units, so-called paranuclei. For A?42, large oligomer and protofibril formation was shown to follow the initial assembly of pentamer/hexamer units during initial oligomerization [8]. Monomers, paranuclei and large oligomers are predominately unstructured with only short ?-sheet/?-turn and helical elements. During protofibril formation essential conformational changes occur when the unstructured, ?-helix, and ?-strand elements transform into ?-sheet/?-turn structures. Paranuclei could not be observed for A?40 at similar concentrations of the peptide. Aggregate-free A?40 existed as monomers, dimers, trimers, and tetramers, in rapid equilibrium [8]. The critical residue promoting the formation of pentamer/hexamer units is Ile-41.

Yeast prion protein Sup35

This protein follows model. The yeast prion proteins Sup35 have the prion-determining region NM, that is initially disordered, but slowly converts to partially folded structure and then into amyloid fibrils [41, 50-51]. Sup35 is a component of the translation termination factor. It is proposed that Sup35 follows the nucleated conformational conversion mechanism to fibrillate [41]. This model rationalizes the small concentration dependence observed for NM nucleation and assembly rates on the nearly constant concentration of assembly competent oligomers [41, 52]. The oligomers do not increase in concentration with higher soluble NM concentration because of the formation of higher molecular weight assembly-ineligible complexes. The low concentration of assembly competent oligomers also explains the limits in the rate enhancements observed beyond 1% (w/w) added seed. The oligomer concentration, not the fibril ends, appear to be rate limiting when the seed concentration exceeds 1% (w/w).

2.2. LINEAR GROWTH OF SPHERICAL OLIGOMERS; RESEMBLING COLLOID ASSEMBLY

Model of 'critical oligomers'

Modler et al. [57] proposed that the first step in amyloid fibrillation reaction is formation of a critical oligomer or an ensemble of critical oligomers. In the second growth stage the oligomers aggregate into protofibrillar structures in a linear fashion. The protofibrils can transform to mature fibrils. Acquisition of the ?-sheet structure and growth are coupled events interpreted in terms of a generalized diffusion-collision model, where stabilization of ?'strands takes place by intermolecular interactions. The kinetics of both steps is irreversible.

Figure 9. Model of critical oligomer [57].

Example: Yeast phosphoglycerate kinase (PGK)

Yeast phosphoglycerate kinase is non-disease related protein and adopt a partially folded intermediate state which initiates its conversion into amyloid-like structures [66-67]. PGK on the way to fibrillation forms the critical oligomers which assemble into protofibrils via a two-step process [57] in which monomers and subsequent critical oligomers associated among themselves [57]. Although no structural transition has been described within the oligomeric species, this two-step mechanism basically shares the common notion with our double-concerted fibrillation model in terms of the amyloid fibril formation. In the first stage of fibril formation a critical oligomer or an ensemble of critical oligomers is built up. In the second stage the oligomers aggregate into protofibrillar structures. The aggregation kinetics of PGK was monitored and points towards irreversible, cascade type models. ?-helical to ?-sheet conformational transition also proves linearly dependence with initial monomer concentration. The found coupling between growth of intermediates and acquisition of ?-sheet structure is interpreted in terms of a generalized diffusion'collision model, where stabilization of ?-strands takes place by intermolecular interactions.

'Dipole assembly model'

Xu et al. proposed a model [90] wherein the first step is formation of nucleation units driven by surface chemical potential of the spheres. Because of repulsion between spheres and protein monomers spheres reach a specific and uniform size. The nucleation units, describes as U-shaped structures that later envelope into the cross-?-sheet, have an intrinsic dipole moment and therefore aggregate linearly with charge-dipole and dipole-dipole interactions between the colloids forming amyloid fibres.

Figure 13. Dipole assembly model [91].

Example: Human tau 40

In Alzheimer's disease there are also fibrillar tangles of tau protein observed in the cell. Tau protein is a microtubule associated protein involved in stabilizing axonal microtubules. Its functions includes also signal transduction, and anchoring various kinases and phosphatases [92].

AFM and TEM analysis of amyloid fibre formation from human tau 40 reveals that the proteins aggregate to form colloidal sized spheres which then assemble into linear chains due to electrostatic dipole moment [90]. The spherical nucleation units and fibres assembled by these spheres were identified. Before linear aggregation all tau spheres should have a diameter of 21,1 ' 2,9 nm that represents 81 monomers, otherwise they do not aggregate into fibrils [91]. These colloidal spheres stop growing because electrostatic repulsion limits of total charge. Driven by charge-dipole interactions, the colloidal spheres aggregate into a linear chain. The peptide strands are oriented perpendicular to the direction of the dipole of each sphere and, therefore, are also perpendicular to the axis of the linear chain as it forms and evolves into the mature fibre [90].

Double-concerted fibrillation model

Double-concerted fibrillation mechanism, proposed by Bhak et al. [17], represent alternative to the prevailing nucleation-dependent fibrillation model [21]. Based on this double-concerted fibrillation model, the amyloid fibril formation is achieved via two consecutive, concerted associations of monomers and subsequently formed oligomeric granular species, in which the oligomeric species act as a growing unit for the fibril formation in the absence of template [17, 49]. Structural rearrangement within the oligomeric species could be a major driving force for the suprastructure formation. Since the oligomers already contain interactive regions between constituting monomers, those interactions could be shifted from intra-oligomeric to inter-oligomeric interactions, which results in the final fibril formation. Distorting the oligomeric structures with shear stress and organic solvents [17, 49], the fibrillation starts to occur almost instantaneously, in which the monomers, on the other hand, no longer participate for the fibrillar growth process.

Figure 5. Double-concerted fibrillation mechanism [17].

Example: ?-synuclein

A protein ?-synuclein is the principal component of Lewy bodies, sporadic intraneuronal cytoplasmic inclusions in Parkinson's disease. ?-synuclein is a small (140 amino acid) acidic protein that is a naturally unfolded, intracellular and presynaptic that becomes partly helical on binding to synaptic vesicles [50]. Its function may be, among others, regulation of synaptic vesicles and neurotransmitter release [50].

The double-concerted fibrillation mechanism [17] has been suggested to explain the development of ?-synuclein protein oligomer assembly. Three different conformational categories were observed, and one of which resembled the fibrillar state of ?-synuclein. The fibrillar state-like monomeric conformer was enriched in conditions which promote the fibrillation. Stable dimers of ?-synuclein obtained at low pH of the fibrillation promoting condition were also suggested to participate in the fibrillation as a nucleation site [4]. Spatial arrangement of monomers within the dimeric species must be carefully evaluated whether the resulting dimeric structure could provide interactive domains for the accreting monomers. The 3D domain swapping model has been suggested to explain the development of protein oligomer assembly [51]. Provided there are two interacting domains separated by a hinge region within the monomeric form, there may be two ways for the protein to be self-associated, one of which is a dead-end dimer and the other is polymers derived via domain swapping. In this respect, the stable dimer supposed to act as a seed would be a simple end product without participating in the fibrillar elongation procedure.

Spheroidal oligomeric species have been morphologically defined in terms of ?-synuclein since they are thought to be responsible for the cytotoxicity of neuronal cells observed in PD [52-53]. Oligomeric spheroid formation preceding the appearance of amyloid fibrils was augmented under the condition for accelerated fibrillation, indicating that the oligomers act as on-pathway intermediates during amyloidogenesis [54].

Isodesmic (linear) polymerization

For many proteins, rapidly formed oligomers and/or protofibrils during fibrillation have been proposed where, in many cases, mature fibrils appear after extended incubation [6, 8-9, 35, 41, 56, 61-67]. This aggregation mechanism has been referred to as 'assembly via oligomeric intermediates' [6, 38, 57]. In this mechanism, it appears that the formation of the pre-fibrillar aggregates is not limited by an unfavourable nucleation event [57-60] and can be considered as isodesmic polymerization [57]. Each association step involves an identical bond, i.e. the rate constants are independent of the size of the polymer.

Figure 8. Isodesmic (linear) polymerization [24].

Example: ??-microglobulin

??-Microglobulin (?2m) is a 12-kDa protein subunit that is necessary for cell surface expression of the class I major histocompatibility complex (MHC). Its crystal structure reveals a seven-stranded ?-sandwich structure with a disulfide bond between strands B and F, typical of proteins that belong to immunoglobulin superfamily [61]. In patients with dialysis-related amyloidosis, ??m forms amyloid fibrils mainly in the joints, resulting in a variety of arthritis.

??-microglobulin forms protein aggregates of distinct morphologies under varying aggregation conditions [62]. At low pH there are stable ?-rich oligomers, from which arise worm-like and rod-like fibrils [24]. Worm-like fibrils are formed at pH 3.5, in the presence of 200 mM NaCl and rod-like fibrils form at the same pH but at lower NaCl concentration (?50 mM), and they seem to represent intermediates in the formation of the worm-like fibrils. It appears that the worm-like fibrils are dead-end products, and cannot be converted into mature amyloid fibrils. The kinetics of the formation of rod- and worm-like fibrils of ??-microglobulin is monophasic without a lag phase [63]. A mass spectrometry study indicates that the formation of these fibrils involves a range of oligomeric states [64], suggesting that the reaction occurs in a progressive, non-cooperative manner. It appears that the formation of rod- and worm-like fibrils follows the isodesmic mechanism, and is not limited by an unfavourable nucleation event [62-64].

In contrast to the kinetics of the formation of rod-like and worm-like fibrils, the kinetics of the formation of long straight fibrils at pH 2,5 or 7 is sigmoidal with an initial lag phase. The duration of the lag phase reduces upon seeding [65]. Mass spectrometry studies indicate that the reaction does not involve stable higher order oligomeric or protofibrillar [64]. It therefore appears that the formation of long straight fibrils occurs via a nucleation-dependent reaction.

2.3. DOMAIN SWAPPING; CONTINOUS SWAP UPON PARTIAL UNFOLDING

Three-dimensional domain swapping is the process by which two identical protein chains exchange a part of their structure to form an intertwined dimer or higher-order oligomer. In most cases, this so-called 'hinge loop' region (the only region of the protein that adopts a different conformation in monomeric and domain-swapped forms) folds back on itself to form the monomer and adopts an extended conformation in the domain-swapped dimer.

In this mechanism the folded monomer temporarily opens and after when closed monomer-stabilizing conditions are restored, the open monomers may swap domains with one or multiple structural domain(s), particularly if the protein concentration is high [51]. Domain-swapped dimers are rate-limiting for fibril formation denoted with a high energetic barrier [51]. Domain-swapped dimers could lead to higher oligomerization and amyloid fibrillization [68-69]. If the exchange of secondary structure elements is not reciprocated but propagated along multiple polypeptide chains, higher order assemblies may form. In principle, any protein is capable of oligomerization by 3D domain-swapping [70]. By designing a helical structure that could domain swap, Eisenberg et al. [71] have shown that it was possible to design a sequence that permits a reciprocated swap and another that promotes a propagated swap.

Domain swapping can potentially occur in a reciprocal manner to form a dimer, in a cyclical manner to form a trimer, tetramer etc., or in an open-ended manner to form an oligomer leaving uncomplemented ends available to assemble further [72]. Domain swapping, initially proposed as a mechanism of functional regulation, has also been proposed to lead to misfolding and aggregation [73-74]. The stable dimer supposed to act as a seed can act as a simple end product without participating in the fibrillar elongation or as dimer participating in the accelerated fibrillation via the 3D domain swapping process [83].

Examples: Stefin A

Human stefin A is representative of the cystatin family of the cysteine protease inhibitors and together with its less stable homologue, human stefin B and some cathepsins, was identified in the core of amyloid plaques of various origin [75].

In stefin A monomer and dimer there are more salt bridges interconnecting the ?'helix and strand 2 to the rest of the structure compared to stefin B [76]. Consequently stefin A can form amyloid fibrils in vitro under very stringent conditions. Fibrillation can be started after heating the protein to predenaturational temperatures of around 90'C, which promotes domain-swapped dimer formation [77] and induced by reducing pH. Domain-swapped dimer is constituted by strand 1, the ?'helix and strand 2 from one monomer, and strand 3-5 from the other monomer [78-79]. Stainforth et al. proposed propagation of domain-swapper dimer into fibril through the open ends on the N- and C-termini [79].

Figure 10. A: Ensemble of the eight lowest energy structures of the domain-swapped human stefin A dimer; B: Ribbon representation of the dimer human stefin A; [88-89]. POgledam 'e Morgan et al' ref
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Off-pathway folding (OFF) model

Off-pathway folding model is a mathematical model describing the kinetics of assembly into the fibrils. In an amyloidogenic ('off') pathway model first denatured monomers Mu are rapidly refolded into either stable monomer M or dimer D, or less stable dimeric intermediate. The step is practically irreversible, followed by cooperatively assemble to nucleus N to initiate formation of thin filaments f. Filaments grow linearly by repeated addition of I. Cooperative lateral association of filaments resulted in formation of fibrils F. F elongated by end-to-end association [80].

Nonfibrillar assemblies could play several roles in fibril formation mechanisms: they could be necessary for fibril formation (obligate); they could be capable of converting to fibrils but not necessary for fibril formation (on-pathway); or they could be incapable of converting directly to fibrils (off-pathway). The off-pathway folding model states that the oligomers are the dead end of an alternative folding pathway. Off-pathway oligomer formation substantially slows fibril formation reactions are more dangerous than on-pathway or obligate assemblies. Worse, off-pathway oligomers can become even longer lived as the protein concentration increases. Off-pathway oligomers can thus be doubly detrimental: their lifetimes can increase as they become more abundant [81-82].

Example: Stefin B

Human stefin B belongs to the cysteine protease inhibitors [83] and is involved in EPM1 (progressive myoclonus epilepsy of type 1) pathology [84]. The fibrillation of stefin B at room temperature is characterized by an extensive lag phase, in which are observed granular aggregates, composed of micelle-like arrangements of rather labile oligomers. Following the lag phase, various morphologies have been detected during the fibril growth phase, from annular to spherical, rod-like, and amorphous species. Owing to the very steep growth phase between the lag phase and the plateau phase, the temporal order of the morphological changes is not readily resolved. At high temperatures, ThT fluorescence shows no visible lag phase. However, the subsequent growth phase shows an anomalous dependence on concentration. At low concentrations, the final value is reached faster than at higher concentrations. Explanation for this observation is that there is an off-pathway state with a rate-limiting escape rate. The transition into the off-pathway state has to be of second (or higher) order to satisfy this state being more populated at high protein concentrations than at low.

Stefin B is very prone to form domain-swapped dimers, though from the three-dimensional structure of its tetramer [85] through loop-swapping [85], termed ''handshaking.'' The kinetic model predicts a nucleus, in which a number NI = 64 of, presumably, domain swapped dimers accumulate and undergo a slow conformational change before the fibril growth continues [82].

Figure 12. Folding model of human stefin B with off-pathway way [82].

Example of IDP ?

Intrinsically disordered or natively unfolded proteins represent a high fraction of naturally occurring amyloidogenic proteins. This is most likely due to the ease with which they can form the ?-sheet topology required in amyloid fibrils, in contrast to folded globular proteins, for which the native conformation places major constraints for the required topological rearrangement. In contrast to tightly folded globular proteins, the first, and critical, step in the aggregation of intrinsically disordered proteins or polypeptides is partial folding. This results in a partially folded conformation/intermediate with hydrophobic surface patches that favours self-association. Similarly to intermediates formed from the partial folding of globular proteins, the aggregate-prone intermediates of IDP's can polymerize to form fibrillar or amorphous aggregates, or soluble oligomers.

Histones?

3. Forces which are deciding for amyloid aggregation as compared to folding

Could one suggest a generic mechanism of amyloid fibril formation? Is there a generic mechanism of protein folding? Or, are there extreme cases of 2-state folding on one end and non-cooperative transitions via multiple intermediates on the other and all the rest lie in between? (Pellarin ). In folding, the energetic landscape representation (Dill Chan) is used to show different scenarios, with steep tunnels or ragged surfaces, slowly descending into final tunnel. In certain cases of metastable states, the tunnels can end in 2 or 3 minima. In the case of amyloid fibril formation one can think of alternative folding towards the most stable cross-? fibrillar state. Starting point is not a completelly unfolded state but rather an intermediate, which under destabilizing conditions is the most stable conformation.

The partial (un)folding of proteins seems to facilitate specific intermolecular interactions, such as hydrophobic and electrostatic interactions, which are required to drive the polymerization of protein molecules into amyloid fibrils. But direct structural information on monomeric partially unfolded conformers competent to form amyloid fibrils, is available in only a few cases, because it is not easy to trap such partially unfolded conformers. In the case of natively unfolded proteins (such as ? -synuclein, amyloid-? protein, tau, etc.), the formation of partially structured conformers can occur by partial folding, and fibril formation is promoted by factors that induce partial folding [3-5]. For example, in the case ?-synuclein, either a decrease in pH or an increase in temperature appears to induce partial folding, and to enhance the propensity of the protein to fibrillate [4].
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Kaj od tega spodaj?

The connection between protein folding and aggregation is not straightforward (Uversky et al., 2003, 2001). No clear correlation between stability or folding rates and amyloid-fibril formation was found (Chiti's, Serrano's, Kenig et al., 2006). Rates of unfolding may be more important. It was predicted that parts of the protein with high propensity to form beta-strands already in the denatured state might be the clue ( ??, Kenig et al., 2006). Nevertheless, sequence and propensity of amyloid-fibrillation are clearly related (Chiti et al., 2000) and so are sequence and folding (Chiti et al., 2002). Recently, similar reasoning led to even better predictions (Vendrusculo ). In both processes hydrophobic, aromatic, charged and proline residues play a decisive role. Initially a hydrophobic collapse (Ptitsyn ) happens. It is expected that the role of other important residues, such as aromatic, charged and proline, differs in the next stages of folding to either folded native state (monomer) or well-ordered pre-fibrillar oligomer and subsequently ordered amyloid-fibril. While in protein folding aromatics get mostly buried and charges neutralized, in the process of aggregation they remain exposed, demanding some intermolecular stacking or shielding.

It was proposed that at the cross-road between folding and amyloid fibrillation some metastable conformation(s) get populated, which persist for longer times, divided from closed folded or open-ended oligomeric states by high energy barriers (Ferreira & De Felice, 2001, 'e nekaj od njih'). When folding starts from an unfolded state, (or on the ribosome) the protein starts from a monomeric (collapsed) intermediate. The cross-road may exist (depending on pH, salt, metal ions ) when amyloidogenic route into open-ended, perpetuating oligomers is preferred to folding into closed oligomers. The high barriers in protein folding are usually due to proline isomers or disulfide bond reshuffling. We and others have found similar barriers in amyloid-fibril formation than in proline isomerization reactions ('erovnik et al., 2007, 'kerget et al., 2009,, Smajlovic et al., Jenko Kokalj et al, 2007'.).

4. Calculating propensities to aggregate '

Protein mutations and changes in environmental conditions may affect the aggregation reaction by changing the aggregation pathway [6-11]. A protein may assemble into amyloid fibrils of multiple distinct morphologies in response to a change in amino acid sequence [10], upon a change in aggregation conditions [12-14], as well as under the same growth condition [9, 15-16].

The programs to calculate propensity of a protein to aggregate are built on known data of intrinsic and external factors. Some of them also take into account the forces and structural context.

Often partial proteolysis produces amyloidogenic fragments. Mutational analyses of fragment aggregation in vitro and in silico suggest that hydrophobicity, net charge and ?'sheet propensity modulate fragment self-association propensity. Algorithms have been developed to predict the location of amyloidogenic fragments based on polypeptide sequence alone, and it has been found that in well folded globular protein sequences amyloidogenic fragments are surrounded by residues that have a very low aggregation propensity ('amyloid-breakers'). Analysis of protein structures also suggest that natural selection has led to amyloidogenic sequence fragments being protected in the native states of protein structures found in nature. Therefore, the ability of amyloidogenic sequences to induce aggregation is modulated by the global stability and the structure of proteins. Protein aggregation propensity is, thus, the interplay between the stability of the native structure, which prevents protein aggregation, and the self-association of amyloidogenic sequence fragments from different polypeptide chains into in-register structures, which promotes protein aggregation. A protein's ability to undergo an ? to ? conformational change may be facilitated by containing amino acid regions that adopt an ?-helical conformation within the native structure, while having a higher st