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Abstract:

 Apomyoglobin is an excellent example of a monomeric all α-helical globular protein whose folding pathway has been extensively studied and well characterized. Structural perturbation induced by denaturants or high temperature as well as amino acid substitution have been described to induce misfolding and, in some cases, aggregation. In this article, we review the molecular mechanism of the aggregation process through which a misfolded form of a mutated apomyoglobin aggregates at physiological pH and room temperature forming an amyloid fibril. The results are compared with data showing that either amyloid or aggregate formation occurs under particular denaturing conditions or upon cleavage of the residues corresponding to the C-terminal helix of apomyoglobin. The results are discussed in terms of the sequence regions that are more important than others in determining the amyloid aggregation process.




Keywords:


apomyoglobin folding; apomyoglobin misfolding; amyloid aggregation








1. Introduction

Amyloidosis is an emerging category of diseases characterized by the extracellular accumulation of protein aggregates in body organs or tissues. These disorders include cerebral conditions such as Alzheimer’s disease, Parkinson’s disease, and Creutzfeldt-Jakob disease, and also a series of systemic amyloidoses in which amyloid deposition occurs in a wider variety of organs within the body [1,2]. Although the first cases of amyloidosis were described over 300 years ago, it is only within the past 20 years that the specific chemical composition and structure of amyloid have been understood. More than 20 different kinds of amyloidosis are known currently [3]. All have in common the presence of insoluble protein aggregates, generally termed “amyloid” [1,4,5], that share several physicochemical features: a fibrillar morphology, a predominantly β-sheet secondary structure, birefringence upon staining with the dye Congo red, insolubility in common solvents and detergents, and protease resistance. The amino acid sequence and the native structure of the proteins associated with amyloid diseases have been found to be highly variable, but structural studies have revealed that amyloid fibrils from different sources share a common ultra-structure. Amyloid fibrils are typically straight and unbranched and are formed from an assembly of protofilaments 2–5 nm wide. X-ray diffraction analysis has indicated a characteristic structure, the β-cross motif, in which the polypeptide chains form β-strands oriented perpendicular to the long axis of the fibril, and β-sheets propagating in the fibril direction [6–10].

Aggregating proteins are molecules with a misfolded structure, i.e., which results from the inability of the protein to fold correctly into its functionally active conformation or to maintain it [11]. There are various causes of protein misfolding that can lead to amyloid formation. For example, in the absence of chaperones, certain proteins fail to achieve their native state and may associate with each other. Misfolding can also occur when a protein is subjected to particular conditions, such as extremes of heat or pH. Moreover, misfolding is often associated with specific mutations that reduce the stability of the folded state [12–16]. Recent studies have allowed three major factors to be identified as important parameters in the conversion of the partially or totally unfolded state of a protein into aggregates. These are high hydrophobicity, high propensity to convert from α-helical to β-sheet structure, and low net charge [17–23]. Protein destabilization favors the formation of partially unfolded conformations that are highly prone to aggregation [24]. In these states, many of the hydrophobic residues and amide and carboxyl groups are exposed to the solvent and, therefore, susceptible to associate with each other resulting in the formation of protein aggregates. The association of two or more non-native peptide/protein molecules, largely driven by the hydrophobic interactions, gives rise to the formation of amorphous structures with a granular morphology as well as of highly ordered, fibrillar aggregates (Figure 1). Fibrillar aggregates may also originate from the assembly of soluble protein molecules in their native or native-like state, i.e., a conformation with only few minor structural modifications compared to the native form of the protein [25–28].

Figure 1. Association of two or more non-native peptide/protein molecules forming highly ordered, fibrillar aggregates.
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The ability to form amyloid fibrils is not a peculiar property of the relatively few amino acid sequences associated with specific diseases, but it is a generic phenomenon of a polypeptide chain. In fact, a considerable number of proteins, not involved in any amyloid disease, including those adopting full α-helical structures under native conditions, have been shown to form amyloid fibrils in vitro [29–32]. The ability of polypeptide chains to aggregate into morphologically similar amyloid-like fibrils, independently of the amino acid composition and sequence of the precursor proteins, has suggested that this process may be rationalized in terms of relatively simple, universally valid physicochemical principles. Such a property arises from the intrinsic tendency of polypeptide chains to self-organize into polymeric assemblies, which are stabilized by inter-molecular hydrogen bonds established between the peptide bonds of parallel or anti-parallel polypeptide stretches in a β-strand conformation. In this respect, natural proteins can be regarded as amino acid polymers selected by evolution so that their amino acid sequences are optimized to disfavor aggregation whilst favoring folding into compact, yet not rigid, states. This is mainly due to tertiary interactions among the side chains that shield not only the hydrophobic core but also the peptide backbone [33]. Conversely, protein aggregation into amyloid polymers, which are mainly stabilized by secondary interactions, can be considered the result of the emergence, under non-natural conditions, of the intrinsic primordial tendency of the peptide backbone to give secondary intermolecular interactions [1,33,34]. Thus, protein folding and protein aggregation are considered distinct but competing processes, and the environmental conditions dictate which one is favored for a given polypeptide chain [35].

Amyloid fibril formation in vitro is preceded by the formation of metastable, non-fibrillar forms often referred to as prefibrillar aggregates. These species have the appearance of spherical particles of 2–5 nm in diameter [36–38]. Prefibrillar precursors are often associated into bead-like chains or annular rings such as “doughnut” shaped structures [39–43]. Such assemblies appear to be precursors of longer protofilaments and mature fibrils that appear only after longer time.

Fibril formation is a nucleation-dependent polymerization process which can be simply described by a sigmoid curve, indicative of a three-stage process consisting of protein misfolding, nucleation, and fibril elongation [44] (Figure 2). In the first phase, called “lag phase”, soluble protein species, usually monomers, associate to form nuclei and the transition to oligomeric species with β-sheet conformation occurs. The protein precursor is responsible for the aggregation process via a variety of predisposing events to realize its fibrillogenic potential. Nucleus formation requires a series of association steps of monomers, which are thermodynamically unfavorable, representing the rate-limiting step. The second phase is the “exponential phase” or “growth phase.” Once a nucleus has been formed, further addition of monomers to the nucleus becomes thermodynamically favorable, resulting in rapid extension of fibrillar structures in vitro [45]. The path of fibril formation begins with pre-fibrillar kinetic precursors, collectively indicated as soluble, ordered aggregates. These species are oligomeric to an extent that exceeds the oligomer state required for normal function of the protein, and contain non-covalently-bound repeating units, which appear as globules 2.5–5.0 nm in diameter or larger. In the extension process, a key role is played by forces common to all proteins, without any meaningful dependence on the specific peptide sequence: hydrophobic interactions, backbone hydrogen bonding, stacking interactions. At the end of the second phase, larger ordered structures, termed protofibrils because of their intrinsic fibrillar structure [38,46], are formed. They represent the initial stable elements in the fibril formation pathway. Fibrils are completely formed during the third phase, or “saturation phase” [47]. There are two possible fibril growth mechanisms: β-sheet elongation, in which the fibril grows by adding individual peptides to the end of each β-sheet, and lateral addition, in which the fibril grows by adding an already-formed β-sheet to its side. Both mechanisms seem to play an equally significant initial role in fibril development. It has also been suggested that, consequently, two distinct phases in human fibrillogenesis can take place, where lateral growth of oligomers is followed by longitudinal growth into mature fibrils [48].

Figure 2. Nucleation-dependent fibril formation process.
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The nucleation-polymerization model has been validated by the observation that fibril extension kinetics accelerated by the addition of preformed fibrils, i.e., by a seeding effect [49]. In conclusion, amyloid aggregation occurs via multiple pathways [50,51] that are populated by distinct aggregated species, including soluble oligomers, protofibrils and annular species. However, it is still under debate whether these species are ‘on pathway’ intermediates for fibril formation or represent ‘off pathway’ species that may serve as a buffer monomer concentration or otherwise [52].



2. Apomyoglobin Folding

Proteins spontaneously fold from randomly unfolded conformations to biologically active structures in a hierarchical manner, with secondary structure preceding tertiary structure formation [53]. Secondary structure is primarily stabilized by hydrogen bonds between the amide groups of amino acids that are close in sequence [54,55], whereas tertiary structure is stabilized by hydrophobic interactions among side-chains of more distant segments of the chain [56,57]. This is supported by the observation that fluctuating elements of secondary structure often persist under denaturing conditions where the chain is disordered and devoid of specific tertiary interactions. Under physiological conditions, hydrophobic interactions among non-polar side-chains favor collapse of hydrogen-bonded secondary structure elements into a compact conformation [58]. In this respect, folding is usually envisaged as the convergence of an ensemble of disordered conformations, i.e., the unfolded state, toward lower-energy partially folded compact structures from which the biologically active protein is obtained [59].

Apomyoglobin, i.e., heme-free myoglobin, is a small, alpha-helical protein that contains two highly conserved tryptophanyl residues located at positions 7 and 14 in the N-terminal region of the molecule. The folding of this protein is known to proceed through compact intermediates that have been detected in both kinetic and equilibrium experiments [60–65]. In most of these intermediates, A, G, and H helices are folded and sterically oriented as in the native AGH subdomain, whereas the remainder of the molecule seems to be unordered (Figure 3). Uzawa et al. [66] presented evidence that the high level of helical structure in the earliest compact intermediate suggests the presence of helical regions outside the A, G, and H helix subdomain. Furthermore, the same authors supposed that the increases in helix content observed in the subsequent folding stages are probably due to an increase in the length of the pre-existing helices. The additional, secondary and tertiary structure modules are subsequently formed [67]. Once folding has occurred, the heme binds to the crevice formed essentially by E and F helices.

Figure 3. Schematic illustration of apomyoglobin (apoMb) folding.
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3. Apomyoglobin Misfolding and Amyloid Formation

In amyloid fibrils the main chain dominates the structure and the side-chains are incorporated in the most favorable manner consistent with this requirement. By contrast, in the evolved globular structures, the overall fold is determined by the close-packing of the side-chains, and the polypeptide backbone is incorporated in the most favorable manner. Globular proteins may then have evolved features to prevent aggregation by selecting and preserving key residues that interfere with the establishment of the interactions in the polypeptide backbone that would lead to aggregation. In this respect, the tryptophanyl residues located in the A helix of myoglobin seem to play such a crucial role in preventing the main chain from taking over the network of interactions that stabilizes the native three-dimensional structure. The simultaneous replacement of both indole residues determines a deviation from the correct folding pathway leading to protein aggregation and amyloid formation even under physiological conditions [68,69], whereas the presence of at least one of the two residues is required for the formation of the correct tertiary key interactions necessary for the formation of a native-like fold [70]. On the contrary, wild-type apomyoglobin forms amyloid fibrils only under stress conditions that favor the association of unfolded polypeptide segments [71,72].

The role played by tryptophanyl residues in driving the folding process of apomyoglobin has been recently investigated by examining three mutated proteins, i.e., the single W→F mutants, W7F and W14F apomyoglobin, and the amyloid-forming double W→F mutant, W7FW14F apomyoglobin [73]. The effects caused by W→F substitutions on the structure of the native and partially unfolded state of apomyoglobin were investigated by far UV circular dichroism and limited proteolysis both at neutral and acidic pH (pH 4.0). At the latter pH value, apomyoglobin adopts the compact, partially folded state [60–65]. Particular attention was devoted to the conformational and dynamic properties of this state because of its similarity to that detected during the kinetics of refolding and, thus, representative of the early organized structure from which the native fold originates. The secondary structure compositions are displayed in Table 1, the proteolysis results are shown in Figure 4.

Figure 4. Preferential cleavage sites pattern observed in W7FW14F, wild type, W7F, and W14F apomyoglobins at pH 7.0 (a) and in wild type, W7F, W14F, and W7FW14F apomyoglobins at pH 4.0 (b) (Data from [73]).
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Table 1. Percent content of secondary structure of wild type and mutant apomyoglobin at neutral and acidic pH (Data from [73,74]).



	
pH 7.0

	
wt

	
W7F

	
W14

	
W7FW14F






	
α

	
0.65

	
0.52

	
0.56

	
0.56




	
β

	
0.04

	
0.09

	
0.07

	
0.09




	
Turn

	
0.09

	
0.14

	
0.12

	
0.14




	
Unordered

	
0.22

	
0.25

	
0.25

	
0.21




	






	
pH 4.0

	
wt

	
W7F

	
W14

	
W7FW14F




	






	
α

	
0.46

	
0.26

	
0.37

	
0.28




	
β

	
0.10

	
0.23

	
0.13

	
0.22




	
Turn

	
0.17

	
0.21

	
0.21

	
0.22




	
Unordered

	
0.27

	
0.30

	
0.29

	
0.28









The lower α-helical content of both the native and partially folded state of single tryptophan-containing apomyoglobins compared to that of wild-type protein clearly indicates that each single-tryptophanyl substitution at either position 7 or 14 affects the protein secondary structure. In particular, the folding intermediate of W7F mutant, very similar to that of the amyloidogenic mutant, contains less α-helical structure and more β-content than wild type, thus indicating that the secondary structural organization of the folded portion (AGH subdomain) of the compact intermediate changes because of the substitution of the indole residue at position 7. Chow et al. [75] reported that the 1–36 N-terminal fragment of wild-type apomyoglobin displays a high level of β-structure and forms macroscopic aggregates when the pH becomes closer to neutrality. Both observations suggest that the tryptophanyl substitution at position 7 could cause an increased propensity of the N-terminal region to form a β-structure in the intact protein, confirm this suggestion. Infusini et al. [73] used some of the online available predictors, such as TANGO, PASTA, and Zyaggregator, to evaluate whether changes in the properties of the sequence are sufficient to explain these observations or, instead, structural modifications of the amyloidogenic double mutant need to be invoked. They found not only that the single substitutions W7F and W14F increase the β-aggregation propensity of segment 6–15 but also that their simultaneous occurrence has a much larger effect, a four times increase. However, even other regions other than the N-terminus showed a comparatively higher level of β-aggregation propensity [73].

Complementary proteolysis experiments carried out on the equilibrium intermediate formed at pH 4.0 (Figure 4) revealed few but significant differences between W7FW14F and wild-type apomyoglobin, that could be related to a different organization of the AGH core in the corresponding molten globule intermediate. In particular, in the double mutant, the region corresponding to D and E helices is protected against protease activity, while the G helix is exposed. The pattern of cleavage sites of W14F is identical to wild type apomyoglobin, with all the helices, except A and G, accessible to proteases, whereas in W7F the G helix is also accessible. Recent studies on permuted mutants [76] have indicated that a correct folding of the AGH core helps to constrain the fluctuation of the polypeptide backbone in the CDEF subdomain. The reciprocal influences of mutations in A helix on E helix have been reported by Nishimura et al. [77], who suggested that docking of the E helix onto the AGH core is one of the crucial steps of the apomyoglobin folding pathway, with E helix folding and packing occurring, especially when the A helix is already folded. More recently, Nishimura et al. [78] further confirmed that the instability at the N-terminus of apomyoglobin contributes to the energetic frustration of folding by preventing docking and stabilization of the E helix. In this respect, the protection of L69 in the double mutant suggests that packing of the E helix onto the AGH core mediated by this residue does not occur and, therefore, these regions may become available for amyloid aggregation. This is further corroborated by the picture of the fibril structure, revealed from proteolytic experiments, indicating that A, B, and E helices and part of D and G helices are protected from protease action and, thus, involved in the fibril core [73]. This result confirmed the most relevant aspect evidenced by the prediction analysis that the β-aggregating sequences involved in the formation of the fibril core correspond to the protein regions having the higher propensity to form an amyloid structure. Moreover, the 1–119 fragment of apomyoglobin obtained by removing the C-terminal segment forms water-soluble aggregates of low oligomeric state with up to 18% non-native β-strand secondary structure. The soluble apoMb119 aggregates are not fibrillogenic and do not display any significant thioflavin T binding at approximately neutral pH [75].

In conclusion, the W→F substitution at position 7 changes the secondary and tertiary organization of the AGH subdomain. However, this single mutation alone is not able to alter the productive folding pathway of W7F apomyoglobin that remains monomeric and soluble at pH 7.0 with an overall three-dimensional structure very similar to wild type, although with a significantly increased accessibility to H helix. The single substitution at position 14 has a less marked effect on the secondary structure of the compact intermediate state populated at pH 4.0. Although less marked, the reorganization of the secondary structure induced by W14F substitution increases the local flexibility of the N-terminal region [73,79]. When the two mutations occur together, their synergic effect determines an uncorrected pairing of the E helix on the pre-existing substructure, making the formation of the network of hydrogen bonds of the polypeptide backbone overcome the correct establishment of the tertiary interactions. This conclusion is sustained by the finding that A, B, E, and part of D and G helices participate in the formation of the amyloid fibril core. This further confirms that the mutations introduced in the N-terminal region are responsible not only for the increased propensity to aggregate but also for perturbing other molecular regions, especially the E and G helices, and involving them in fibril formation and elongation, with prediction analysis consistently evidencing that the regions with an intrinsic high β-aggregation propensity are α-helical structured and buried in the natively folded structure [73,79]. The simultaneous tryptophanyl replacement not only introduces structural distortion but also increases the overall flexibility of the molecule, favoring local unfolding and uncorrected helix pairings. The emerging picture is that mutated apomyoglobin forms misfolded early states with an increased propensity to form β-strands.

The mechanism described above for fibril formation from amyloidogenic apomyoglobin is substantially different from that proposed by Fandrich et al. [71,80] for wild type apomyoglobin. These authors reported that this protein forms amyloid fibril when incubated at 65 °C and at pH 9.0 for 24 h. The extent of fibril assembly was found to be correlated with the extent of denaturation; moreover, β-sheet-containing monomeric intermediates were not observed under the conditions of fibril formation. Because native myoglobin possesses 78% α-helical structure and because amyloid fibrils are always associated with β-sheet structure, more than 30% of the fibrillar β-sheets must be constructed from residues that are in α-helices in the folded protein. To enable fibril formation, these structural elements must first undergo unfolding. It is not known which helices might be involved in the transition from the soluble state to the β-sheet-rich amyloid fibril. However, peptide fragment corresponding to the G-helix or to the N terminus of myoglobin are known to form species with extensive β-structure [75,81,82]. The potential of peptide fragment corresponding to the G-helix to form amyloid structures is interesting, because the G-helix represents a very stable element of secondary structure of the globular apomyoglobin. Similarly, the N-terminal fragment 1–29 of apomyoglobin was found highly prone to form amyloid-like fibrils on reducing the pH from neutrality to 2.0. The aggregation properties of fragment 1–29 were rationalized by considering that protonation of the six negative moieties (two Asp, three Glu and the C terminus) of the peptide at low pH strongly reduces the electrostatic repulsion between the various peptide molecules, thus facilitating their association and stabilizing the resulting fibrils. More recently, it became clear that apomyoglobin can adopt two well-defined structural conformations at pH 9: below 55 °C, the helix-rich native-like structure α, and above 55 °C, the cross-β structure. The transition occurs because of the unfolding of helical structures that allows the neighbouring strands to interact with each other forming the cross-β-structure [83].



4. Conclusions and Perspectives

The increase in life expectancy has led to the emergence of a series of age-related disorders that pose novel challenges to modern society. Neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and Amyotrophic Lateral Sclerosis are debilitating and so far incurable disorders that demand intensive research. In these diseases, misfolding, aggregation, and precipitation of proteins seems to be directly related to neurotoxicity. Environmental and genetic factors are known to be involved in amyloid aggregation process, but the mechanism by which it occurs is poorly understood. Although the W7FW14F apomyoglobin mutant is unrelated to any human disease, it is a suitable model for amyloid aggregation studies because it rapidly aggregates under physiological conditions (pH 7.0 at room temperature), forming oligomeric species that slowly convert into protofibrils and mature amyloid fibrils. The conversion of oligomeric species into mature amyloid fibrils is due to a conformational re-organization which results in the formation of the beta-cross structure. This involves not only the N-terminal region but also the molecular regions which form the binding site for the prosthetic group in the native globular state. The results reported in this review indicates that point mutations occurring in certain region of protein molecules may induce crucial perturbation of other, sterically related molecular regions, involving them in beta-cross structure formation. The identification of the molecular regions susceptible to amyloid aggregation is important both for rationalizing the effects of sequence changes on the protein aggregation and for the development of strategies targeted to combat diseases associated with amyloid formation. The accurate knowledge of the molecular mechanism through which amyloid is formed will certainly help to find molecules that are able to intercept the misfolded protein molecules thus preventing protein oligomerization.






Conflict of Interest

The authors declare no conflict of interest.



References


	1. 
Stefani, M.; Dobson, C.M. Protein aggregation and aggregate toxicity: New insights into protein folding, misfolding diseases and biological evolution. J. Mol. Med 2003, 81, 678–699. [Google Scholar]

	2. 
Stefani, M. Protein misfolding and aggregation: Newexamples in medicine and biology of the dark side of the protein world. Biochim. Biophys. Acta 2004, 1739, 5–25. [Google Scholar]

	3. 
Sipe, J.D.; Benson, M.D.; Buxbaum, J.N.; Ikeda, S.; Merlini, G.; Saraiva, M.J.; Westermark, P. Amyloid fibril protein nomenclature: 2010 recommendations of the nomenclature committee of the International Society of Amyloidosis. Amyloid 2010, 17, 101–104. [Google Scholar]

	4. 
Lansbury, P.T. Evolution of amyloid: What normal protein folding may tell us about fibrillogenesis and disease. Proc. Natl. Acad. Sci. USA 1999, 96, 3342–3344. [Google Scholar]

	5. 
Merlini, G.; Bellotti, V. Molecular mechanisms of amyloidosis. N. Engl. J. Med 2003, 349, 583–596. [Google Scholar]

	6. 
Sunde, M.; Blake, C.C. From the globular to the fibrous state: Protein structure and structural conversion in amyloid formation. Quart. Rev. Biophys 1998, 31, 1–39. [Google Scholar]

	7. 
Makin, O.S.; Atkins, E.; Sikorski, P.; Johansson, J.; Serpell, L.C. Molecular basis for amyloid fibril formation and stability. Proc. Natl. Acad. Sci. USA 2005, 102, 315–320. [Google Scholar]

	8. 
Makin, O.S.; Serpell, L.C. Structures for amyloid fibrils. FEBS J 2005, 272, 5950–5961. [Google Scholar]

	9. 
Jahn, T.R.; Makin, O.S.; Morris, K.L.; Marshall, K.E.; Tian, P.; Sikorski, P.; Serpell, L.C. The common architecture of cross-beta amyloid. J. Mol. Biol 2010, 395, 717–727. [Google Scholar]

	10. 
Sorrentino, A.; Giosafatto, C.V.; Sirangelo, I.; de Simone, C.; di Pierro, P.; Porta, R.; Mariniello, L. Higher susceptibility to amyloid fibril formation of the recombinant ovine prion protein modified by transglutaminase. Biochim. Biophys. Acta 2012, 1822, 1509–1515. [Google Scholar]

	11. 
Rochet, J.C.; Lansbury, P.J. Amyloid fibrillogenesis: Themes and variations. Curr. Opin. Struct. Biol 2000, 10, 60–68. [Google Scholar]

	12. 
Hurle, M.R.; Helms, L.R.; Li, L.; Chan, W.; Wetzel, R. A role for destabilizing amino acid replacements in light-chain amyloidosis. Proc. Natl. Acad. Sci. USA 1994, 91, 5446–5450. [Google Scholar]

	13. 
Goedert, M.; Ghetti, B.; Spillantini, M.G. Tau gene mutations in frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17). Their relevance for understanding the neurogenerative process. Ann. N. Y. Acad. Sci 2000, 920, 74–83. [Google Scholar]

	14. 
Quintas, A.; Vaz, D.C.; Cardoso, I.; Saraiva, M.J.; Brito, R.M. Tetramer dissociation and monomer partial unfolding precedes protofibril formation in amyloidogenic transthyretin variants. J. Biol. Chem 2001, 276, 27202–27213. [Google Scholar]

	15. 
Canet, D.; Last, A.M.; Tito, P.; Sunde, M.; Spencer, A.; Archer, D.B.; Redfield, C.; Robinson, C.V.; Dobson, C.M. Local cooperativity in the unfolding of an amyloidogenic variant of human lysozyme. Nat. Struct. Biol 2002, 9, 308–315. [Google Scholar]

	16. 
Niraula, T.N.; Haraoka, K.; Ando, Y.; Li, H.; Yamada, H.; Akasaka, K. Decreased thermodynamic stability as a crucial factor for familial amyloidotic polyneuropathy. J. Mol. Biol 2002, 320, 333–342. [Google Scholar]

	17. 
Konno, T. Amyloid-induced aggregation and precipitation of soluble proteins: An electrostatic contribution of the Alzheimer’s beta (25–35) amyloid fibril. Biochemistry 2001, 40, 2148–2154. [Google Scholar]

	18. 
Chiti, F.; Calamai, M.; Taddei, N.; Stefani, M.; Ramponi, G.; Dobson, C.M. Studies of the aggregation of mutant proteins in vitro provide insights into the genetics of amyloid diseases. Proc. Natl. Acad. Sci. USA 2002, 99, 16419–16426. [Google Scholar]

	19. 
Chiti, F.; Stefani, M.; Taddei, N.; Ramponi, G.; Dobson, C.M. Rationalization of the effects of mutations on peptide and protein aggregation rates. Nature 2003, 424, 805–808. [Google Scholar]

	20. 
Tjernberg, L.; Hosia, W.; Bark, N.; Thyberg, J.; Johansson, J. Charge attraction and beta propensity are necessary for amyloid fibril formation from tetrapeptides. J. Biol. Chem 2002, 277, 43243–43246. [Google Scholar]

	21. 
Ciani, B.; Hutchinson, E.G.; Sessions, R.B.; Woolfson, D.N. A designed system for assessing how sequence affects alpha to beta conformational transitions in proteins. J. Biol. Chem 2002, 277, 10150–10155. [Google Scholar]

	22. 
Monsellier, E.; Ramazzotti, M.; de Laureto, P.P.; Tartaglia, G.G.; Taddei, N.; Fontana, A.; Vendruscolo, M.; Chiti, F. The distribution of residues in a polypeptide sequence is a determinant of aggregation optimized by evolution. Biophys. J 2007, 93, 4382–4391. [Google Scholar]

	23. 
Tartaglia, G.G.; Pawar, A.P.; Campioni, S.; Dobson, C.M.; Chiti, F.; Vendruscolo, M. Prediction of aggregation-prone regions in structured proteins. J. Mol. Biol 2008, 380, 425–443. [Google Scholar]

	24. 
Uversky, V.N.; Fink, A.L. Conformational constraints for amyloid fibrillation: The importance of being unfolded. Biochim. Biophys. Acta 2004, 1698, 131–153. [Google Scholar]

	25. 
Bousset, L.; Thomson, N.H.; Radford, S.E.; Melki, R. The yeast prion Ure2p retains its native alpha-helical conformation upon assembly into protein fibrils in vitro. EMBO J 2002, 21, 2903–2911. [Google Scholar]

	26. 
Chow, M.K.M.; Ellisdon, A.M.; Cabrita, L.D.; Bottomley, S.P. Polyglutamine expansion in ataxin-3 does not affect protein stability: Implications for misfolding and disease. J. Biol. Chem 2004, 279, 47643–47651. [Google Scholar]

	27. 
Pedersen, J.S.; Christensen, G.; Otze, D.E. Modulation of S6 fibrillation by unfolding rates and gatekeeper residues. J. Mol. Biol 2004, 341, 575–588. [Google Scholar]

	28. 
Plakoutsi, G.; Taddei, N.; Stefani, M.; Chiti, F. Aggregation of the Acylphosphatase from Sulfolobus solfataricus: The folded and partially unfolded states can both be precursors for amyloid formation. J. Biol. Chem 2004, 279, 14111–14119. [Google Scholar]

	29. 
Chiti, F.; Webster, P.; Taddei, N.; Clark, A.; Stefani, M.; Ramponi, G.; Dobson, C.M. Designing conditions for in vitro formation of amyloid protofilaments and fibrils. Proc. Natl. Acad. Sci USA 1999, 96, 3590–3594. [Google Scholar]

	30. 
Dobson, C.M. The structural basis of protein folding and its links with human disease. Philos. Trans. R. Soc. Lond. B 2001, 356, 133–145. [Google Scholar]

	31. 
Dobson, C.M. Protein folding and misfolding. Nature 2003, 426, 884–890. [Google Scholar]

	32. 
Bucciantini, M.; Giannoni, E.; Chiti, F.; Baroni, F.; Formigli, L.; Zurdo, J.; Taddei, N.; Ramponi, G.; Dobson, C.M.; Stefani, M. Inherent toxicity of aggregates implies a common mechanism for protein misfolding diseases. Nature 2002, 416, 507–511. [Google Scholar]

	33. 
Stefani, M. Structural features and cytotoxicity of amyloid oligomers: Implications in Alzheimer’s disease and other diseases with amyloid deposits. Prog. Neurobiol 2012, 99, 226–245. [Google Scholar]

	34. 
Chiti, F.; Dobson, C.M. Protein misfolding, functional amyloid, and human disease. Annu. Rev. Biochem 2006, 75, 333–366. [Google Scholar]

	35. 
Wiseman, R.L.; Powers, E.T.; Kelly, J.W. Partitioning conformational intermediates between competing refolding and aggregation pathways: Insights into transthyretin amyloid disease. Biochemistry 2005, 44, 16612–16623. [Google Scholar]

	36. 
Lashuel, H.A.; Hartley, D.M.; Petre, B.M.; Wall, J.S.; Simon, M.N.; Walz, T.; Lansbury, P.T., Jr. Mixtures of wild-type and a pathogenic (E22G) form of Abeta40 in vitro accumulate protofibrils, including amyloid pores. J. Mol. Biol. 2003, 332, 795–808. [Google Scholar]

	37. 
Poirier, M.A.; Li, H.; Macosko, J.; Cail, S.; Amzel, M.; Ross, C.A. Huntingtin spheroids and protofibrils as precursors in polyglutamine fibrillization. J. Biol. Chem 2002, 277, 41032–41037. [Google Scholar]

	38. 
Serpell, L.C.; Sunde, M.; Benson, M.D.; Tennent, G.A.; Pepys, M.B.; Fraser, P.E. The protofilament substructure of amyloid fibrils. J. Mol. Biol 2000, 300, 1033–1039. [Google Scholar]

	39. 
Maliskauskas, M.; Zamotin, V.; Jass, J.; Noppe, W.; Dobson, C.M.; Morozova-Roche, L.A. Amyloid protofilaments from the calcium-binding protein equine lysozyme: Formation of ring and linear structures depends on pH and metal ion concentration. J. Mol. Biol 2003, 330, 879–890. [Google Scholar]

	40. 
Hatters, D.M.; MacPhee, C.E.; Lawrence, L.J.; Sawyer, W.H.; Howlett, G.J. Human apolipoprotein C-II forms twisted amyloid ribbons and closed loops. Biochemistry 2000, 39, 8276–8283. [Google Scholar]

	41. 
Porat, Y.; Kolusheva, S.; Jelinek, R.; Gazil, E. The human islet amyloid polypeptide forms transient membrane-active prefibrillar assemblies. Biochemistry 2003, 42, 10971–10977. [Google Scholar]

	42. 
Ding, T.T.; Lee, S.J.; Rochet, J.C.; Lansbury, P.T., Jr. Annular alpha-synuclein protofibrils are produced when spherical protofibrils are incubated in solution or bound to brain-derived membranes. Biochemistry 2002, 41, 10209–10217. [Google Scholar]

	43. 
Relini, A.; Torrasa, S.; Rolandi, R.; Gliozzi, A.; Rosano, C.; Canale, C.; Bolognesi, M.; Plakoutsi, G.; Bucciantini, M.; Chiti, F.; et al. Monitoring the process of HypF fibrillization and liposome permeabilization by protofibrils. J. Mol. Biol 2004, 338, 943–957. [Google Scholar]

	44. 
Lee, C.C.; Nayak, A.; Sethuraman, A.; Belfort, G.; McRae, G.J. A three-stage kinetic model of amyloid fibrillation. Biophys. J 2007, 92, 3448–3458. [Google Scholar]

	45. 
Harper, J.D.; Lansbury, P.T., Jr. Models of amyloid seeding in Alzheimer’s disease and scrapie: Mechanistic truths and physiological consequences of the time dependent solubility of amyloid proteins. Annu. Rev. Biochem. 1997, 66, 385–407. [Google Scholar]

	46. 
Serpell, L.C.; Sunde, M.; Blake, C.C. The molecular basis of amyloidosis. Cell. Mol. Life Sci 1997, 53, 871–887. [Google Scholar]

	47. 
Bhak, G.; Choe, Y.J.; Paik, S.R. Mechanism of amyloidogenesis: Nucleation-dependent fibrillation versus double-concerted fibrillation. BMB Rep 2009, 42, 541–551. [Google Scholar]

	48. 
Nguyen, H.D.; Hall, H.K. Molecular dynamics simulations of spontaneous fibril formation by random-coil peptides. Proc. Natl. Acad. Sci. USA 2004, 101, 16180–16185. [Google Scholar]

	49. 
Harper, J.D.; Lieber, C.M.; Lansbury, P.T., Jr. Atomic force microscopic imaging of seeded fibril formation and fibril branching by the Alzheimer's disease amyloid-beta protein. Chem. Biol. 1997, 4, 951–959. [Google Scholar]

	50. 
Stefani, M. Protein folding and misfolding on surfaces. Int. J. Mol. Sci 2008, 9, 2515–2542. [Google Scholar]

	51. 
Necula, M.; Kayed, R.; Milton, S.; Glabe, C. Small molecules inhibitors distinguish between amyloid beta oligomerization and fibrillization pathways. J. Biol. Chem 2007, 28, 10311–10324. [Google Scholar]

	52. 
Uversky, V.N. Mysterious oligomerization of the amyloidogenic proteins. FEBS J 2010, 277, 2940–2953. [Google Scholar]

	53. 
Baldwin, R.L.; Rose, G.D. Is protein folding hierarchic? II. Folding intermediates and transition states. Trends Biochem. Sci 1999, 24, 77–83. [Google Scholar]

	54. 
Aurora, R.; Creamer, T.P.; Srinivasan, R.; Rose, G.D. Local interactions in protein folding: Lessons from the alpha-helix. J. Biol. Chem 1997, 272, 1413–1416. [Google Scholar]

	55. 
Baldwin, R.L. In search of the energetic role of peptide hydrogen bonds. J. Biol. Chem 2003, 278, 17581–17588. [Google Scholar]

	56. 
Kauzmann, W. Some factors in the interpretation of protein denaturation. Adv. Protein Chem 1959, 14, 1–63. [Google Scholar]

	57. 
Tanford, C. The Hydrophobic Effect; Wiley: New York, NY, USA, 1973; pp. 120–125. [Google Scholar]

	58. 
Dill, K.A. Theory for the folding and stability of globular proteins. Biochemistry 1985, 24, 1501–1509. [Google Scholar]

	59. 
Kim, P.S.; Baldwin, R.L. Intermediates in the folding reactions of small proteins. Annu. Rev. Biochem 1990, 59, 631–660. [Google Scholar]

	60. 
Hughson, F.M.; Wright, P.E.; Baldwin, R.L. Structural characterization of a partly folded apomyoglobin intermediate. Science 1990, 249, 1544–1548. [Google Scholar]

	61. 
Kay, M.S.; Baldwin, R.L. Packing interactions in the apomyglobin folding intermediate. Nat. Struct. Biol 1996, 3, 439–445. [Google Scholar]

	62. 
Barrick, D.; Baldwin, R.L. Stein and Moore award address the molten globule state intermediate of apomyoglobin and the process of protein folding. Protein Sci 1993, 2, 869–876. [Google Scholar]

	63. 
Sirangelo, I.; Bismuto, E.; Tavassi, S.; Irace, G. Apomyoglobin folding intermediates characterized by the hydrophobic fluorescent probe 8-anilino-1-naphthalene sulfonate. Biochem. Biophys. Acta 1998, 1385, 69–77. [Google Scholar]

	64. 
Sirangelo, I.; Dal Piaz, F.; Malmo, C.; Casillo, M.; Birolo, L.; Pucci, P.; Marino, G.; Irace, G. Hexafluoroisopropanol and acid destabilized forms of apomyoglobin exhibit structural differences. Biochemistry 2003, 42, 312–319. [Google Scholar]

	65. 
Sirangelo, I.; Iannuzzi, C.; Malmo, C.; Irace, G. Tryptophanyl substitutions in apomyoglobin affect conformation and dynamic properties of AGH subdomain. Biopolymers 2003, 70, 649–654. [Google Scholar]

	66. 
6Uzawa, T.; Akiyama, S.; Kimura, T.; Takahashi, S.; Ishimori, K.; Morishima, I.; Fujisawa, T. Collapse and search dynamics of apomyoglobin folding revealed by submillisecond observations of alphahelical content and compactness. Proc. Natl. Acad. Sci. USA 2004, 101, 1171–1176. [Google Scholar]

	67. 
Jennings, P.A.; Wright, P.E. Formation of a molten globule intermediate early in the kinetic folding pathway of apomyoglobin. Science 1993, 262, 892–896. [Google Scholar]

	68. 
Sirangelo, I.; Malmo, C.; Casillo, M.; Mezzogiorno, A.; Papa, M.; Irace, G. Tryptophanyl substitutions in apomyoglobin determine protein aggregation and amyloid-like fibril formation at physiological pH. J. Biol. Chem 2002, 277, 45887–45891. [Google Scholar]

	69. 
Sirangelo, I.; Malmo, C.; Iannuzzi, C.; Mezzogiorno, A.; Bianco, M.R.; Papa, M.; Irace, G. Fibrillogenesis and cytotoxic activity of the amyloid-forming apomyoglobin mutant W7FW14F. J. Biol. Chem 2004, 279, 13183–13189. [Google Scholar]

	70. 
Sirangelo, I.; Tavassi, S.; Martelli, P.L.; Casadio, R.; Irace, G. The effect of tryptophanyl substitution on folding and structure of myoglobin. Eur. J. Biochem 2000, 267, 3937–3945. [Google Scholar]

	71. 
Fändrich, M.; Forge, V.; Buder, K.; Kittler, M.; Dobson, C.M.; Diekmann, S. Myoglobin forms amyloid fibrils by association of unfolded polypeptide segments. Proc. Natl. Acad. Sci. USA 2003, 100, 15463–15468. [Google Scholar]

	72. 
Vilasi, S.; Sarcina, R.; Maritato, R.; de Simone, A.; Irace, G.; Sirangelo, I. Heparin induces harmless fibril formation in amyloidogenic W7FW14F apomyoglobin and amyloid aggregation in wild-type protein in vitro. PLoS One 2011, 6, e22076. [Google Scholar]

	73. 
Infusini, G.; Iannuzzi, C.; Vilasi, S.; Birolo, L.; Pagnozzi, D.; Pucci, P.; Irace, G.; Sirangelo, I. Resolution of the effects induced by W→F substitutions on the conformation and dynamics of the amyloid-forming apomyoglobin mutant W7FW14F. Eur. Biophys. J 2012, 41, 615–627. [Google Scholar]

	74. 
Iannuzzi, C.; Vilasi, S.; Portaccio, M.; Irace, G.; Sirangelo, I. Heme binding inhibits the fibrillization of amyloidogenic apomyoglobin and determines lack of aggregate cytotoxicity. Protein Sci 2007, 16, 507–516. [Google Scholar]

	75. 
Chow, C.C.; Chow, C.; Raghunathan, V.; Huppert, T.J.; Kimball, E.B.; Cavagnero, S. Chain length dependence of apomyoglobin folding: Structural evolution from misfolded sheets to native helices. Biochemistry 2003, 42, 7090–7099. [Google Scholar]

	76. 
Ribeiro, E.A., Jr; Ramos, C.H.I. Circular permutation and deletion of myoglobin indicate that the correct position of its N-terminus is required foe native stability and solubility but not for nativelike heme binding and folding. Biochemistry 2005, 44, 4699–4709. [Google Scholar]

	77. 
Nishimura, C.; Dyson, H.J.; Wright, P. Identification of native and non-native structure in kinetic folding intermediates of apomyoglobin. J. Mol. Biol 2006, 355, 139–156. [Google Scholar]

	78. 
Nishimura, C.; Dyson, H.J.; Wright, P.E. Energetic frustration of apomyoglobin folding: Role of the B helix. J. Mol. Biol 2010, 396, 1319–1328. [Google Scholar]

	79. 
Infusini, G.; Iannuzzi, C.; Vilasi, S.; Maritato, R.; Birolo, L.; Pagnozzi, D.; Pucci, P.; Irace, G.; Sirangelo, I. W-F substitutions in apomyoglobin increase the local flexibility of the N-terminal region causing amyloid aggregation: A H/D exchange study. Protein Pept. Lett. 2013. in press. [Google Scholar]

	80. 
Fandrich, M.; Fletcher, M.A.; Dobson, C.M. Amyloid fibrils from muscle myoglobin. Nature 2001, 410, 165–166. [Google Scholar]

	81. 
Waltho, J.P.; Feher, V.A.; Merutka, G.; Dyson, H.J.; Wright, P.E. Peptide models of protein folding initiation sites. 1. Secondary structure formation by peptides corresponding to the G- and H-helices of myoglobin. Biochemistry 1993, 32, 6337–6347. [Google Scholar]

	82. 
Picotti, P.; de Franceschi, G.; Frare, E.; Spolaore, B.; Zambonin, M.; Chiti, F.; de Laureto, P.P.; Fontana, A. Amyloid fibril formation and disaggregation of fragment 1–29 of apomyoglobin: Insights into the effect of pH on protein fibrillogenesis. J. Mol. Biol. 2007, 367, 1237–1245. [Google Scholar]

	83. 
Fabiani, E.; Stadler, A.M.; Madern, D.; Koza, M.M.; Tehei, M.; Hirai, M.; Zaccai, G. Dynamics of apomyoglobin in the a-to-b transition and of partially unfolded aggregated protein. Eur. Biophys. J 2009, 38, 237–244. [Google Scholar]

















© 2013 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





nav.xhtml


  ijms-14-14287


  
    		
      ijms-14-14287
    


  




  





media/file3.png
WT @)
R31 EES LEY
1 — T HOOH T H T -
A B c D E F G H
WF R31 mgmjisg
S I N e HECH T H
A B c )] E F G H
BE R31 Esa?im El36
T i I e B [ e S
A B C )1} E F (=] H
®)
WT L1 E3% E54 La? EtS E136
S e e il HCCH H T+
A B C D E F G H
W14F L1 E3% ES4 L6Y E&5 El36
S HHT H T T
A B cC D E F G H
WTF
L1y E3% E54 L6Y E&5 EL05 E103 E136
1 ) i
A B c D E F G H
WTFA14F
L1y E3% E&5 EL0? E136
1 i [T H " H H H
A B cC D E F [ H






media/file0.png
folded state

— —

intermediate state

unfolded state

ordered aggregate

amyloid fibril





media/file1.png
Aggregation State

Fibril

Saturation Phase
Protofibril

s Growth Phase
Oligomers

Native Misfolded
protein  protein ﬁ m

Lag Phase

Time





media/file2.png
Unfolded full AGH apoMB Native full
length apoMb folding intermediate length apoMb





