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The study of the mechanisms whereby proteins achieve their native functionally competent conformation has been a key issue in molecular biosciences over the last 6 decades. Nevertheless, there are several debated issues and open problems concerning some aspects of this fundamental problem. By considering the emerging complexity of the so-called “native state,” we attempt hereby to propose a personal account on some of the key topics in the field, ranging from the relationships between misfolding and diseases to the significance of protein disorder. Finally, we briefly describe the recent and exciting advances in predicting protein structures from their amino acid sequence.
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INTRODUCTION
One of the most fascinating topics in life sciences lies in the understanding of the processes of self-assembly of supramolecular architectures. Because of its vital importance in essentially all cellular pathways, the study of the folding of proteins has undoubtedly taken center stage in biomolecular sciences over the last few decades (Eaton 2021). The birth date of the protein-folding problem has been assigned to the publication of the pioneering article by Anfinsen, Haber, Sela, and White on the refolding of denatured ribonuclease on 15 September 1961 (Anfinsen et al., 1961), which therefore last year celebrated its 60th anniversary. In 1972, half a century ago, Chris Anfinsen was awarded the Nobel prize in Chemistry with the following motivation: for his work on ribonuclease, especially concerning the connection between the amino acid sequence and the biologically active conformation.
There were two critical breakthroughs arising from this work: first, it was unambiguously demonstrated that a protein might refold spontaneously to its physiologically active state, a statement that, incidentally, fits the concept of substance as defined by Aristotle (Substantia causa sui); second, by analyzing the dependence of the enzymatic activity versus the time of reoxidation, the authors could contribute the first attempt to describe the order of events of the molecular pathway leading to the biologically active state. Noteworthy, these aspects reflect the bi-faceted nature of the protein-folding problem—the description of i) the amino acid code that specifies for a given structure and ii) the mechanism by which this state is achieved.
In a nutshell, protein folding is the reaction leading a polypeptide from disorder to order, from unfolded to folded. In his seminal assay “Case and Necessity,” Jacques Monod suggested that one of the key foundations of life is in the ability to spontaneously reach an active state (self-organization of its constituents). Thus, folding is the manifestation of the morphogenesis of a protein, whereby an amino acid sequence is able to self-assemble into a so-called native conformation, from Latin “nativus—born,” which is the biologically active state endowed of a specific function. Whilst the native conformation of a protein is generally assigned to its precise three-dimensional structure as obtained, for example, by X-ray diffraction in a crystal, intense research carried out over the last few decades has tremendously increased our understanding of its complexity. In this mini-review, we attempt to offer a critical outlook on some of the key aspects arising from the study of such complexity, vis-a-vis the essence of the protein-folding problem, as framed by the pioneering work of Anfinsen and co-workers. Furthermore, we attempt to highlight some key questions that, in our opinion, demand to be elucidated.
Native State in Solution
Since life primarily occurs in hydration, the maintenance of protein solubility is an essential feature to achieve the native condition. It is generally known that native globular proteins are highly soluble in water. For example, in the human red blood cell, hemoglobin A is at a concentration of >100 g L−1, not far from solubility (Antonini and Brunori 1971). Intracellular precipitation of the protein is avoided because of (i) the simultaneous presence of oxy and deoxy hemoglobins that have different solubility (Adachi and Asakura 1979) and (ii) the continuous mixing of the intracellular components due to squeezing of the erythrocytes while traveling through the capillaries and more. In other species, intracellular precipitation is contrasted by the presence of more than one hemoglobin component having similar functional properties but different amino acid sequences.
The great solubility in water of native globular proteins may appear in contrast with the statement made long ago by Linus Pauling that: “… proteins are sticky.” It is common practice that heating leads to coagulation and massive aggregation of unfolded, denatured proteins, the condensed state being stabilized by-and-large by hydrophobic interactions. Biochemists have often been discouraged, if not irritated, by the unwanted precipitation of an interesting protein that may occur during purification; this is why a cold room is classically present in every biochemistry institute.
Of interest, in the cellular environment, it has been reported that the expression of human genes is anti-correlated with aggregation propensity of their phenotypes (Tartaglia et al., 2007; Vecchi et al., 2020). This finding indicates that human proteins evolved to escape the formation of aggregates. Accordingly, detection of supersaturated proteins in specific tissues may represent a possible source of vulnerability and could reveal a potential link to cellular dysfunction (Ciryam et al., 2016; Kundra et al., 2017; Yerbury et al., 2019). Additionally, it was observed that minor changes to the amino acid composition on the surface of proteins can dramatically change their solubilities (Garcia-Seisdedos et al., 2017; Garcia Seisdedos et al., 2022), illustrating the fine balance of forces driving protein aggregation. Thus, as briefly recapitulated as follows, it is of great importance to understand the complex scenario that links the thermodynamics of the soluble native state to the formation of aberrant insoluble structures.
Protein Aggregation: The Amyloid State and Cell Toxicity
The end of the last century has witnessed a neat revolution in our understanding of native state thermodynamics and stability. In fact, whilst Anfinsen’s experiment would theoretically imply that the native state is the most stable conformation of a given polypeptide chain, it was observed that a protein may form fibrillar aggregates displaying significantly higher stabilities (Prusiner 1985; Canet et al., 1999; Chiti and Dobson 2006; Tycko and Wyckner 2013). This type of state, built by a single specific protein polymerizing into (intra or inter) cellular long filaments with a characteristic 3D structure, has been called an amyloid, a generic name adopted after Rudolf Virkow in 1853 (Figure 1).
[image: Figure 1]FIGURE 1 | Protein aggregation and misfolding. Panel (A) Electron microscopy image of the amyloid state of Aβ, adapted from Lu et al. (2013). As discussed in the text, it appears that in spite of differences in the amino acid sequences or in the structure of the protein involved, the typical amyloid state consists of thread-like fibrils of about 10 nm diameter and rich in β-sheet structure. Panel (B) Schematic representation of the folding of a small globular protein and the formation of amyloid. The native state (depicted on the top left) consists of two α-helices (in red) and two β-strands (in blue). Aggregation and formation of the amyloid is triggered by the accumulation of a misfolded intermediate (in square parenthesis).
The association between amyloid and human disease dates back to the early identification by Dr. Alois Alzheimer of mysterious aggregates in the brain of Mme. Auguste Deter, who died in her fifties with a devastating dementia, nowadays carrying the name of the discoverer. However, an increasing number of globular proteins with no obvious connection to pathology has been shown to have an intrinsic propensity to yield, under appropriate conditions, fibrillar aggregates with the characteristic overall morphology of an amyloid (Chiti et al., 2002; Chiti and Dobson 2009; Knowles et al., 2014; Dobson et al., 2020). This suggested that the inclination to form an amyloid is an inherent generic property of virtually all proteins, although the propensity to aggregate can vary dramatically with sequences and conditions. Chris Dobson summarized the matter by stating that “… in principle every protein can assemble into an amyloid state.”
From a structural perspective, an amyloid filament is generally contributed by a single type of protein assembled in a thread-like structure of approximately 7–13 nm diameter, formed by protofilaments associated laterally (Balbach et al., 2000; Eisenberg and Juncker 2012; Tycko and Wyckner 2013; Iadanza et al., 2018; Gallardo et al., 2020). The stability of the fibrils depends on hydrophobic interactions and H-bonds along the main axis. Association of protofilaments leads to an amyloid whose thermodynamic stability exceeds that of the originating native protein. In addition, the barrier to depolymerization is very high making the reaction essentially irreversible (Chiti and Dobson 2009).
The monotony of the basic architecture led to believe that in all cases the 3D structure is essentially the same (Brunori 2021). However studies by solid state NMR and cryo-electron microscopy have indicated that despite recurrent canonical features in the morphology, the 3D structure displays a certain degree of polymorphism for different types of amyloid (ex vivo or in vitro; from the brain of cadavers or assembled in vitro from synthetic polypeptides) (Colvin et al., 2016; Wälti et al., 2016; Cao et al., 2021; Iakovleva et al., 2021; Yang et al., 2022)). This is particularly evident when an amyloid is assembled from shorter peptides, but it is also seen with whole proteins such as Tau or α-synuclein (Ulamec et al., 2020). In some cases, polymorphism has been correlated to the binding of different cofactors or truncation of a domain or interactions with cellular components (Gallardo et al., 2020). Notably, it is still unknown whether the amyloid made of a single protein may or may not display differences in the onset of cellular dysfunction or in the progression of a disease, which may be correlated to polymorphism.
Many biochemists have been attracted over the years by the significance of amyloids in the brains of people those died of one or another disease associated to neurodegeneration and eventually dementia. This group of pathologies expanded with time, from the more frequent syndromes named after Dr. Alzheimer and Dr. Parkinson to many others affecting not only the central or peripheral nervous tissue(s) but also other organs in the body such as the pancreas, the heart, and more (Kelly 1998; Chiti and Dobson 2006; Chiti and Dobson 2009; Singh et al., 2021; Cascella et al., 2022; Chiti and Kelly 2022; Koopman et al., 2022). At the very beginning of this century, there was enough reliable information to pursue and defend a general view assigning a central role to (i) the aggregation of a specific protein typical of a specific neurodegenerative disease; (ii) the correlation between the intrinsic propensity of a protein to aggregate and single site mutations that further reduce solubility; and (iii) the population of misfolded states (often quite compact) in the mechanism of formation of the kernel and the extended amyloid, largely by β-sheet interactions. In fact, this class of devastating fatal diseases which prevail in older people (see below) are nowadays called misfolding disorders (Chiti and Dobson 2006; Knowles et al., 2014; Chiti and Kelly 2022). In summary, although aggregation may initiate starting from different states (native, denatured, or intermediate), clear-cut data indicate that even elusive misfolded intermediates play a significant role in the formation of amyloids (Figure 1) (Kelly 1998; Chiti and Dobson 2006; Chiti and Dobson 2009; Knowles et al., 2014; Dobson et al., 2020; Cawood et al., 2021).
A quantitative description of the complex aggregation kinetics is very difficult, and a dissection of the microscopic events involved is very challenging (Buell et al., 2014). The overall time course seems to mimic the one reported for the polymerization of the deoxygenated sickle cell hemoglobin single mutant ((Hofrichter et al., 1974; Eaton and Hofrichter 1990). The formation of the amyloid follows a time lag whose length depends on the specific protein involved and on its concentration. It is accepted that a classical nucleation–propagation mechanism is inadequate to fit experimental data, and a crucial role for filament fragmentation and secondary nucleation has been advocated. Determination of the rate constants for the microscopic steps and their dependence on experimental conditions is very difficult; the nonlinear nature of the rate equations makes it difficult to apply a rigorous quantitative analysis. Breaking down the significant parameters demands (a) extensive experiments to unveil the role of protein concentration and seeding on the time course of aggregation and (b) very sophisticated mathematical analysis.
Unveiling the mechanism and sorting out intermediates is crucial to combat the disease because of the following reasons: the first goal is to search for drugs or antibodies that may bind with high affinity to the misfolded monomers or oligomers and thereby interfere with polymerization; clearly, this demands the identification and structural characterization of reaction intermediates and their kinetics of formation and interconversion. The search to discover molecules to combat neurodegeneration following this strategy seems to produce some positive results. Dobson and co-workers provided self-consistent solutions of the equations describing the steps of primary and secondary nucleation, as well as fragmentation of the growing fibers (Knowles et al., 2009). By systematically dissecting each microscopic step in the mechanism of aggregation of Aβ42 (the peptide forming the amyloid in Alzheimer’s disease), it was discovered that bexarotene, an approved anticancer drug, may act as a controller of the primary nucleation, thus delaying the formation of larger aggregates and toxic species (Habchi et al., 2016; Ruggeri et al., 2021).
An important second goal is to tackle the problem of identifying the toxic species and defining the mechanism of cellular toxicity. The hypothesis that brain damage was caused primarily, if not exclusively, by the extensive brain plaques or intracellular fibrillary tangles has lost some of the initial relevance. Recent data suggest that some of the polymerization intermediates are likely to be the main species toxic to neurons (Fusco et al., 2017; Cascella et al., 2019; Venkatramani et al., 2022); in particular, the oligomers are presumed to increase the level of cellular damage because of their propensity to bind to and diffuse inside the cellular membrane and kill the cell. Moreover, they are crucial to the multiplication of the amyloid being able to condense into new kernels starting the formation of secondary protofibrils.
Why Is Aging Associated With an Increase in Misfolding Diseases?
Neurodegenerative diseases are quite frequent in older people, with a devastating impact on individuals, families, and societies. It has been estimated that Alzheimer’s disease alone will affect between one-third and one-half of people above 85 years of age. Currently, these diseases have no cure; therefore, the individual, social, and financial burden of assisting these disabled patients will grow, and by 2050, the economic toll is expected to rise to about one trillion US$ per year in the USA alone. In spite of obvious clinical differences—with symptoms ranging from progressive dysfunction of motor control to mood disorders and cognitive deficits, and eventually full-blown dementia—at the molecular and cellular levels, these disabling diseases display some fundamental commonalities (Small and Petsko 2015; Brunori 2021). As outlined previously, an important step forward has been the discovery that protein misfolding is likely to be a unifying molecular mechanism. Unveiling the molecular, genetic, and cellular commonalities of these age-related disorders and discovering methods and drugs that either prevent or interfere with the formation and accumulation of misfolded proteins are mandatory.
The mechanism whereby longevity affects the onset of a disease is still somewhat of a conundrum. The likelihood to produce intracellular or intercellular amyloids depends to a first approximation on a few factors, starting with the intrinsic propensity to aggregate of the protein/peptide involved. Quite often, a mutation of the protein in question is associated to a considerable increase in the propensity to aggregate and clinically with an early onset of the disease. This effect, discovered long ago for synuclein which forms the Levy’s bodies typical of Parkinson’s disorder (Goedert et al., 2017), has been observed for most other cases including, for example, the amyloid precursor protein (APP) involved in Alzheimer’s and superoxide dismutase (SOD) involved in a quota of amyotrophic lateral sclerosis (ALS) (Morrison and Morrison 1999; Nordlund and Oliveberg 2006). It should not be overlooked that a mutant protein endowed with an increased propensity to aggregate is synthesized from the time of conception, yet deposition of the fibrils almost always begins late in life—why?
At present, the aging-dependent cellular processes that jeopardize the efficiency of the homeostasis network are not fully clear (Brunori 2021). A major task is to unveil the biochemical mechanisms responsible for the enhanced rate of formation of the amyloidogenic proteins/peptides or the decrease in efficiency of clearance of the misfolded states. Protein homeostasis is a complex biochemical network whose job is cleaning the cell from molecular garbage. Under normal conditions, the potentially amyloidogenic proteins/peptides are processed via the physiological degradation paths. With aging however, proteostasis may begin to decline with an increase in the concentration of the amyloidogenic species and formation of kernels which promote polymerization and subsequently fragmentation, with an increase in the oligomeric toxic species.
Aging may depend on deterioration of several different components of the homeostasis network and a decrease of the necessary biological energy supply. The complexity of neurodegenerative disorders that deserves the highest priority along two main lines: (i) to understand the biochemical mechanisms responsible for the decline in the clearance efficiency of the amyloidogenic events and to device a protocol to rescue control; (ii) to unveil the reactions responsible for the increase in the rate of production of the amyloidogenic species in an attempt to interfere with accumulation of toxic oligomers, thereby reducing the rate of fibrillation.
An interesting hypothesis that emerged at the end of the last century is based on the age-dependent dysfunction of the retromer (Seaman et al., 1998; Seaman 2012), a complex protein assembly which is crucial for endosomal protein trafficking, including the intracellular sorting and recycling of the APP (Figure 2). Early on, it was observed by optical microscopy of the Alzheimer’s brain that endosomes, the intracellular hub collecting membrane proteins to be recycled and physiologically addressed to the Golgi, appeared damaged. More recently, it was shown by genetic and functional studies that retromer dysfunction is linked to Alzheimer’s disease and (afterward) to Parkinson’s disease as well (Small and Petsko 2015; Small et al., 2017; Small and Petsko 2020). In the last few years, the number of neurological disorders linked to a retromer dysfunction has increased considerably, including Down syndrome (Curtis et al., 2022). From a structural perspective, the retromer complex appears to be assembled in an arch-shaped scaffold with highly dynamic properties (Chandra et al., 2020). Furthermore, it appears that the retromer exists as monomers and low-order oligomers (dimers, trimers, and tetramers) when interacting with membranes (Mecozzi et al., 2014; Deatherage et al., 2020); an observation that is consistent with single-particle cryo-EM data indicating that dimers and tetramers were the prevalent retromer species in vitrified ice (Chen et al., 2019).
[image: Figure 2]FIGURE 2 | Intracellular protein trafficking and the retromer. Top panel: the retromer is part of the endosome, the hub in intracellular protein trafficking; retromer’s role is to transfer proteins to the Golgi apparatus or to the lysosome for proteolysis. Retromer’s dysfunction in Alzheimer’s disease causes improper sorting of APP (the amyloid precursor protein) with accumulation of Aβ40/42 and eventually plaque formation (inspired by a scheme suggested by Prof. G Petsko, New York, USA, reproduced with permission). Bottom panel: structural organization of the retromer. The crystal structure of human VPS6A is shown in cyan (PDB 2FAU), and those of human VPS29 and VPS35 are shown in green and red, respectively (PDB 2R17). Residues surrounding the inactive metallophosphoesterase site of VP29 are shown in a stick model. The structure of the SNX dimer is represented in purple (Adapted from Brunori and Gianni (2016); reported with permission).
A very interesting aspect highlighting the role of the retromer in the pathophysiology of some misfolding diseases of the brain emerged from structural studies on the proteins forming this complex assembly, proteins which are defective in Alzheimer’s disease. In fact, depleting the retromer complex of the core’s central protein (called VPS35) is associated to the disruption of physiological recycling functions; therefore, the APP is not addressed to the Golgi as normal but to the lysosome, with an increase in the cleavage of APP and thus an enhanced formation of the Aβ40/42 amyloidogenic peptides feeding the growth of amyloid plaques. Small and Petsko (2015) and Small and Petsko (2020) went further presenting a set of VPS35 depletion–repletion studies in mice and even selecting small molecular weight pharmacological chaperones that have beneficial effects on the stability of the retromer.
Intrinsically Disordered Proteins: Frustration and Disorder
As briefly recalled previously, Anfinsen’s experiments demonstrated the presence in proteins of a strong energetic bias toward the native conformation, resulting in spontaneous folding. One of the most elegant theories to explain folding implies the so-called principle of minimal frustration, which postulates proteins to display a minimal degree of frustration. In physical systems, frustration occurs when it is impossible to simultaneously minimize the free energy of all the possible interactions (Bryngelson et al., 1995; Onuchic et al., 1996). A critical corollary of such a principle implies that the amino acidic sequence of a polypeptide is optimal for its corresponding native structure. In line with Anfinsen’s observations, the free energy landscape appears funneled and strongly biased toward the native state. Recalling that proteins are principally optimized to function, the evolutionary constraint on function might be remarkably different from that of optimizing folding. Therefore, it is observed that proteins contain local frustration of non-optimized structure that often overlaps with their functional sites (Ferreiro et al., 2007; Ferreiro et al., 2011; Gianni et al., 2014). Local frustration is therefore a signature of the conflicting demands between folding and function.
As championed by Hans Frauenfelder (Austin et al., 1973; Frauenfelder et al., 1991; Frauenfelder et al., 2001), it may be assumed that all proteins possess some degree of frustration, sampling a continuum between the order (low frustration) and disorder (high frustration). Since frustration promotes the formation of multiple local minima in a free energy landscape, its increase would imply the population of different conformational sub-states resulting in more heterogeneous ensembles (Austin et al., 1973; Frauenfelder et al., 2001; Gianni et al., 2021). This leads to the emergence of a structural multiplicity which may be manifested in different ways such as (i) different alternative secondary structures; (ii) conformations of flexible linkers, dictating tertiary long distance interactions; or (iii) highly heterogeneous disordered domains populating different interconvertible conformations (Figure 3). Proteins possessing such very broad structural ensembles are often denoted as “intrinsically disordered proteins” (IDP). In this case, the native state is in fact a conformational ensemble of rapidly interconverting states, displaying very different properties compared to the relative order of a canonical globular protein.
[image: Figure 3]FIGURE 3 | Protein structure and disorder. (A) As discussed in the text, the concept of a native state has been recently enriched by the identification of a disorder that characterizes several proteins. To exemplify this concept, we report three different cases characterized by a remarkable difference in the protein disorder. The pbd codes of the different cases are 1ay7, 2ly4, and 2fft (from left to right). (B) 3D structure of Gα88, Gβ88, and the variant E19Q of Gβ88 as predicted by the AlphaFold algorithm. Structures were obtained at the web server reported in Mirdinta et al. (2021).
The discovery that a considerable fraction of the human proteome contains a significant quota of dynamic disorder has substantially changed the outlook on our understanding of the linkage between the structure and function (Dunker et al., 2008; Uversky and Dunker 2010; Tantos et al., 2012; Uversky 2018). In fact, since IDPs are abundant and often very important in cell metabolism, a recurrent question in molecular bioscience is whether there is a hitherto overlooked potential value of protein disorder. More than one hypothesis has been put forward to unveil the significance of disorder. From a thermodynamic viewpoint, it has been suggested that the destabilization of a structured native state may result in reduction of affinity for the physiological ligand, without necessarily jeopardizing specificity (Spolar and Record 1994; Uversky 2018). The latter model represents to date one of the most controversial aspects (Gianni and Jemth 2019). From a kinetic viewpoint, it has been suggested that the IDPs populate an increased capture radius to recognize a partner (Shoemaker et al., 2000). In fact, a disordered protein could form with a physiological partner an extended high-energy complex that would be locked in place by the induced folding reaction. Importantly, it should be stressed that not all IDPs necessarily fold upon binding to their physiological partners, and a broad spectrum of disorders may still be found in bound complexes. Moreover, the presence of disordered stretches connecting folded domains might be crucial in regulating their transient interaction, thereby providing an allosteric platform to regulate function. Finally, more recently, IDPs have been associated with their capability to assemble in cell membrane-less organelles, thereby contributing to compartmentalization of the cellular environment.
Predicting the Atomic Structure of the Native State
The general concept that emerged from Anfinsen’s experiment is that the amino acid sequence of a protein contains in itself all the information necessary to fold to the native state, in water. Thus, it was clear that the 3D structure of a protein could, in principle, be calculated from the amino acid sequence, provided the code relevant to morphogenesis was cracked. Over the last 50 years, many smart scientists have engaged in attempts to solve this terribly difficult problem, with fantastic but not definitive solutions. To evaluate progress and praise the best models for predicting the protein structure, an international competition called Critical Assessment of Protein Structure Prediction (CASP) has been organized every 2 years since 1994 by Moult et al. (1995). Our friend and colleague, the late Anna Tramontano, Professor of Biochemistry in Rome, represented a critical personality engaged in running several CASP meetings until 2016, when she sadly passed away.
In 2020, at the 14th CASP event, it was recognized that a Google algorithm called AlphaFold based on artificial intelligence allowed to calculate the 3D structure of a globular protein in water to an unprecedented accuracy that rivaled the best experimental structures (Kryshtafovych et al., 2021). The success achieved by AlphaFold seems to result from the remarkable improvements of the artificial intelligence methodologies in general and their applications to biological systems (Thorn 2022). At the same CASP meeting, David Baker reported exciting results comparable to AlphaFold obtained with an extension of his algorithm called the Rosetta fold (Humphreys et al., 2021). Remarkably, these innovative techniques appear to return in few minute predictions whose reliability is comparable to the experimental uncertainties arising in crystallographic experiments.
As an example for the predicting power of AlphaFold, we ran a structural prediction on two particularly difficult proteins, named Gα88 and Gβ88, sharing an 88% sequence identity but displaying completely different 3D structures (Alexander et al., 2007). Because of the exceptionally high-sequence identity of these two structurally different proteins, running this test would appear particularly challenging for the algorithm. Remarkably, AlphaFold correctly predicted the two alternative structures (as shown in Figure 3) despite the fact that the two proteins differed by only 7 out of 56 amino acid residues. In the course of our study, we designed a single-point mutation of Gβ88, where Glu19 was mutated to Gln, and observed by CD spectroscopy an increase in the propensity of Gβ88 to partially populate a helical fold (Gianni et al., 2018). To our delight, subjecting the mutated sequence to AlphaFold, the program correctly predicted such a structural heterogeneity returning different models, which include among others a conformation that appears hybrid between Gα88 and Gβ88 (Figure 3B). The extraordinary performance of AlphaFold will be extremely valuable to investigate the role of IDPs, considering that the program is exceptionally user-friendly and freely available to the scientific community (Mirdinta et al., 2021).
CONCLUDING REMARKS
Since the pioneering work of Anfinsen and his co-workers (1961), our understanding of the native state of a protein has been enormously enriched. In fact, the initial assumption that protein function is fully compatible with the structural architecture of a relatively static macromolecule has been challenged long ago by introducing a more complex picture, taking into account both the dynamics of the polypeptide and its tendency to aggregate. Importantly, the large repertoire of folds of native globular proteins, each dictated by a genetically determined sequence, underlies the Darwinian selection process driven by functional evolutionary pressure; a mechanism that notably has not emerged for the amyloid fold as far as we know. In this context, it is accepted that dynamics, frustration, and local instability are often crucial components of protein function, at variance with the monotonous structure, the minimal frustration, and the pronounced stability of an amyloid. Since the latter state is generally very stable and resistant to heat or proteolytic attack, it may be said that a protein molecule captured into an amyloid is immortalized, this state being incompatible with the life of the cell. To close, it may be appropriate to quote the French poet Paul Claudel: “L’ordre est le plaisir de la raison; mais le désordre est le délice de l’imagination.”
AUTHOR CONTRIBUTIONS
MB and SG wrote the manuscript.
FUNDING
This work was partly supported by grants from the Sapienza University of Rome (RP11715C34AEAC9B and RM1181641C2C24B9, RM11916B414C897E, and RG12017297FA7223 to SG), by an ACIP grant (ACIP 485-21) from the Institut Pasteur Paris to SG, the Associazione Italiana per la Ricerca sul Cancro (Individual Grant—IG 24551 to SG), and the Regione Lazio (Progetti Gruppi di Ricerca LazioInnova A0375-2020-36559 to SG).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adachi, K., and Asakura, T. (1979). The Solubility of Sickle and Non-sickle Hemoglobins in Concentrated Phosphate Buffer. J. Biol. Chem. 254, 4079–4084. doi:10.1016/s0021-9258(18)50698-0
 Alexander, P. A., He, Y., Chen, Y., Orban, J., and Bryan, P. N. (2007). The Design and Characterization of Two Proteins with 88% Sequence Identity but Different Structure and Function. Proc. Natl. Acad. Sci. U. S. A. 104, 11963–11968. doi:10.1073/pnas.0700922104
 Anfinsen, C. B., Haber, E., Sela, M., and White, F. H. (1961). The Kinetics of Formation of Native Ribonuclease during Oxidation of the Reduced Polypeptide Chain. Proc. Natl. Acad. Sci. U.S.A. 47, 1309–1314. doi:10.1073/pnas.47.9.1309
 Antonini, E., and Brunori, M. (1971). Hemoglobin and Myoglobin in Their Reactions with Ligands. Amsterdam. Netherlands: North-Holland Publ.
 Austin, R. H., Beeson, K., Eisenstein, L., Frauenfelder, H., Gunsalus, I. C., and Marshall, V. P. (1973). Dynamics of Carbon Monoxide Binding by Heme Proteins. Science 181, 541–543. doi:10.1126/science.181.4099.541
 Balbach, J. J., Ishii, Y., Antzutkin, O. N., Leapman, R. D., Rizzo, N. W., Dyda, F., et al. (2000). Amyloid Fibril Formation by Aβ16-22, a Seven-Residue Fragment of the Alzheimer's β-Amyloid Peptide, and Structural Characterization by Solid State NMR. Biochemistry 39, 13748–13759. doi:10.1021/bi0011330
 Brunori, M. (2021). From Kuru to Alzheimer: A Personal Outlook. Protein Sci. 30, 1776–1792. doi:10.1002/pro.4145
 Brunori, M., and Gianni, S. (2016). Molecular Medicine - to Be or Not to Be. Biophys. Chem. 214, 33–46. doi:10.1016/j.bpc.2016.05.004
 Bryngelson, J. D., Onuchic, J. N., Socci, N. D., and Wolynes, P. G. (1995). Funnels, Pathways, and the Energy Landscape of Protein Folding: a Synthesis. Proteins 21, 167–195. doi:10.1002/prot.340210302
 Buell, A. K., Dobson, C. M., and Knowles, T. P. J. (2014). The Physical Chemistry of the Amyloid Phenomenon: Thermodynamics and Kinetics of Filamentous Protein Aggregation. Essays Biochem. 56, 11–39. doi:10.1042/bse0560011
 Canet, D., Sunde, M., Last, A. M., Miranker, A., Spencer, A., Robinson, C. V., et al. (1999). Mechanistic Studies of the Folding of Human Lysozyme and the Origin of Amyloidogenic Behavior in its Disease-Related Variants. Biochemistry 38, 6419–6427. doi:10.1021/bi983037t
 Cao, Q., Boyer, D. R., Sawaya, M. R., Abskharon, R., Saelices, L., Nguyen, B. A., et al. (2021). Cryo-EM Structures of hIAPP Fibrils Seeded by Patient-Extracted Fibrils Reveal New Polymorphs and Conserved Fibril Cores. Nat. Struct. Mol. Biol. 28, 724–730. doi:10.1038/s41594-021-00646-x
 Cascella, R., Bigi, A., Cremades, N., and Cecchi, C. (2022). Effects of Oligomer Toxicity, Fibril Toxicity and Fibril Spreading in Synucleinopathies. Cell. Mol. Life Sci. 79, 174. doi:10.1007/s00018-022-04166-9
 Cascella, R., Perni, M., Chen, S. W., Fusco, G., Cecchi, C., Vendruscolo, M., et al. (2019). Probing the Origin of the Toxicity of Oligomeric Aggregates of α-Synuclein with Antibodies. ACS Chem. Biol. 14, 1352–1362. doi:10.1021/acschembio.9b00312
 Cawood, E. E., Karamanos, T. K., Wilson, A. J., and Radford, S. E. (2021). Visualizing and Trapping Transient Oligomers in Amyloid Assembly Pathways. Biophys. Chem. 268, 106505. doi:10.1016/j.bpc.2020.106505
 Chandra, M., Kendall, A. K., and Jackson, L. P. (2020). Unveiling the Cryo-EM Structure of Retromer. Biochem. Soc. Trans. 48, 2261–2272. doi:10.1042/bst20200552
 Chen, K. E., Healy, M. D., and Collins, B. M. (2019). Towards a Molecular Understanding of Endosomal Trafficking by Retromer and Retriever. Traffic 20, 465–478. doi:10.1111/tra.12649
 Chiti, F., Calamai, M., Taddei, N., Stefani, M., Ramponi, G., and Dobson, C. M. (2002). Studies of the Aggregation of Mutant Proteins In Vitro Provide Insights into the Genetics of Amyloid Diseases. Proc. Natl. Acad. Sci. U.S.A. 99, 16419–16426. doi:10.1073/pnas.212527999
 Chiti, F., and Dobson, C. M. (2009). Amyloid Formation by Globular Proteins under Native Conditions. Nat. Chem. Biol. 5, 15–22. doi:10.1038/nchembio.131
 Chiti, F., and Dobson, C. M. (2006). Protein Misfolding, Functional Amyloid, and Human Disease. Annu. Rev. Biochem. 75, 333–366. doi:10.1146/annurev.biochem.75.101304.123901
 Chiti, F., and Kelly, J. W. (2022). Small Molecule Protein Binding to Correct Cellular Folding or Stabilize the Native State against Misfolding and Aggregation. Curr. Opin. Struct. Biol. 72, 267–278. doi:10.1016/j.sbi.2021.11.009
 Ciryam, P., Kundra, R., Freer, R., Morimoto, R. I., Dobson, C. M., and Vendruscolo, M. (2016). A Transcriptional Signature of Alzheimer's Disease Is Associated with a Metastable Subproteome at Risk for Aggregation. Proc. Natl. Acad. Sci. U.S.A. 113, 4753–4758. doi:10.1073/pnas.1516604113
 Colvin, M. T., Silvers, R., Ni, Q. Z., Can, T. V., Sergeyev, I., Rosay, M., et al. (2016). Atomic Resolution Structure of Monomorphic Aβ42 Amyloid Fibrils. J. Am. Chem. Soc. 138, 9663–9674. doi:10.1021/jacs.6b05129
 Curtis, M. E., Yu, D., and Praticò, D. (2022). Dysregulation of the Retromer Complex System in Down Syndrome. Ann. Neurol. 88, 137–147. doi:10.1002/ana.25752
 Deatherage, C. L., Nikolaus, J., Karatekin, E., and Burd, C. G. (2020). Retromer Forms Low Order Oligomers on Supported Lipid Bilayers. J. Biol. Chem. 295, 12305–12316. doi:10.1074/jbc.ra120.013672
 Dobson, C. M., Knowles, T. P. J., and Vendruscolo, M. (2020). The Amyloid Phenomenon and its Significance in Biology and Medicine. Cold Spring Harb. Perspect. Biol. 12, a033878. doi:10.1101/cshperspect.a033878
 Dunker, A. K., Silman, I., Uversky, V. N., and Sussman, J. L. (2008). Function and Structure of Inherently Disordered Proteins. Curr. Opin. Struct. Biol. 18, 756–764. doi:10.1016/j.sbi.2008.10.002
 Eaton, W. A., and Hofrichter, J. (1990). Sickle Cell Hemoglobin Polymerization. Adv. Protein Chem. 40, 63–279. doi:10.1016/s0065-3233(08)60287-9
 Eaton, W. A. (2021). Modern Kinetics and Mechanism of Protein Folding: A Retrospective. J. Phys. Chem. B 125, 3452–3467. doi:10.1021/acs.jpcb.1c00206
 Eisenberg, D., and Jucker, M. (2012). The Amyloid State of Proteins in Human Diseases. Cell. 148, 1188–1203. doi:10.1016/j.cell.2012.02.022
 Ferreiro, D. U., Hegler, J. A., Komives, E. A., and Wolynes, P. G. (2007). Localizing Frustration in Native Proteins and Protein Assemblies. Proc. Natl. Acad. Sci. U.S.A. 104, 19819–19824. doi:10.1073/pnas.0709915104
 Ferreiro, D. U., Hegler, J. A., Komives, E. A., and Wolynes, P. G. (2011). On the Role of Frustration in the Energy Landscapes of Allosteric Proteins. Proc. Natl. Acad. Sci. U.S.A. 108, 3499–3503. doi:10.1073/pnas.1018980108
 Frauenfelder, H., McMahon, B. H., Austin, R. H., Chu, K., and Groves, J. T. (2001). The Role of Structure, Energy Landscape, Dynamics, and Allostery in the Enzymatic Function of Myoglobin. Proc. Natl. Acad. Sci. U.S.A. 98, 2370–2374. doi:10.1073/pnas.041614298
 Frauenfelder, H., Sligar, S. G., and Wolynes, P. G. (1991). The Energy Landscapes and Motions of Proteins. Science 254, 1598–1603. doi:10.1126/science.1749933
 Fusco, G., Chen, S. W., Williamson, P. T. F., Cascella, R., Perni, M., Jarvis, J. A., et al. (2017). Structural Basis of Membrane Disruption and Cellular Toxicity by α-synuclein Oligomers. Science 358, 1440–1443. doi:10.1126/science.aan6160
 Gallardo, R., Ranson, N. A., and Radford, S. E. (2020). Amyloid Structures: Much More Than Just a Cross-β Fold. Curr. Opin. Struct. Biol. 60, 7–16. doi:10.1016/j.sbi.2019.09.001
 Garcia Seisdedos, H., Levin, T., Shapira, G., Freud, S., and Levy, E. D. (2022). Mutant Libraries Reveal Negative Design Shielding Proteins from Supramolecular Self-Assembly and Relocalization in Cells. Proc. Natl. Acad. Sci. U. S. A. 119, e2101117119. doi:10.1073/pnas.2101117119
 Garcia-Seisdedos, H., Empereur-Mot, C., Elad, N., and Levy, E. D. (2017). Proteins Evolve on the Edge of Supramolecular Self-Assembly. Nature 548, 244–247. doi:10.1038/nature23320
 Gianni, S., and Jemth, P. (2019). Affinity versus Specificity in Coupled Binding and Folding Reactions. Protein Eng. Des. Sel. 32, 355–357. doi:10.1093/protein/gzz020
 Gianni, S., Camilloni, C., Giri, R., Toto, A., Bonetti, D., Morrone, A., et al. (2014). Understanding the Frustration Arising from the Competition between Function, Misfolding, and Aggregation in a Globular Protein. Proc. Natl. Acad. Sci. U.S.A. 111, 14141–14146. doi:10.1073/pnas.1405233111
 Gianni, S., Freiberger, M. I., Jemth, P., Ferreiro, D. U., Wolynes, P. G., and Fuxreiter, M. (2021). Fuzziness and Frustration in the Energy Landscape of Protein Folding, Function, and Assembly. Acc. Chem. Res. 54, 1251–1259. doi:10.1021/acs.accounts.0c00813
 Gianni, S., McCully, M. E., Malagrinò, F., Bonetti, D., De Simone, A., Brunori, M., et al. (2018). A Carboxylate to Amide Substitution that Switches Protein Folds. Angew. Chem. Int. Ed. 57, 12795–12798. doi:10.1002/anie.201807723
 Goedert, M., Jakes, R., and Spillantini, M. G. (2017). The Synucleinopathies: Twenty Years on. Jpd 7, S51–S69. doi:10.3233/jpd-179005
 Habchi, J., Arosio, P., Perni, M., Costa, A. R., Yagi-Utsumi, M., Joshi, P., et al. (2016). An Anticancer Drug Suppresses the Primary Nucleation Reaction that Initiates the Production of the Toxic Aβ42 Aggregates Linked with Alzheimer's Disease. Sci. Adv. 2, e1501244. doi:10.1126/sciadv.1501244
 Hofrichter, J., Ross, P. D., and Eaton, W. A. (1974). Kinetics and Mechanism of Deoxyhemoglobin S Gelation: a New Approach to Understanding Sickle Cell Disease. Proc. Natl. Acad. Sci. U.S.A. 71, 4864–4868. doi:10.1073/pnas.71.12.4864
 Humphreys, I. R., Pei, J., Baek, M., Krishnakumar, A., Anishchenko, I., Ovchinnikov, S., et al. (2021). Computed Structures of Core Eukaryotic Protein Complexes. Science 347, 4805. doi:10.1126/science.abm4805
 Iadanza, M. G., Jackson, M. P., Hewitt, E. W., Ranson, N. A., and Radford, S. E. (2018). A New Era for Understanding Amyloid Structures and Disease. Nat. Rev. Mol. Cell. Biol. 19, 755–773. doi:10.1038/s41580-018-0060-8
 Iakovleva, I., Hall, M., Oelker, M., Sandblad, L., Anan, I., and Sauer-Eriksson, A. E. (2021). Structural Basis for Transthyretin Amyloid Formation in Vitreous Body of the Eye. Nat. Commun. 12, 7141. doi:10.1038/s41467-021-27481-4
 Kelly, J. W. (1998). The Alternative Conformations of Amyloidogenic Proteins and Their Multi-step Assembly Pathways. Curr. Opin. Struct. Biol. 8, 101–106. doi:10.1016/s0959-440x(98)80016-x
 Knowles, T. P., Vendruscolo, M., and Dobson, C. M. (2014). The Amyloid State and its Association with Protein Misfolding Diseases. Nat. Rev. Mol. Cell. Biol. 15, 384–396. doi:10.1038/nrm3810
 Knowles, T. P. J., Waudby, C. A., Devlin, G. L., Cohen, S. I. A., Aguzzi, A., Vendruscolo, M., et al. (2009). An Analytical Solution to the Kinetics of Breakable Filament Assembly. Science 326, 1533–1537. doi:10.1126/science.1178250
 Koopman, M. B., Ferrari, L., and Rüdiger, S. G. D. (2022). How Do Protein Aggregates Escape Quality Control in Neurodegeneration?Trends Neurosci. 45, 257–271. doi:10.1016/j.tins.2022.01.006
 Kryshtafovych, A., Schwede, T., Topf, M., Fidelis, K., and Moult, J. (2021). Critical Assessment of Methods of Protein Structure Prediction (CASP)-Round XIV. Proteins 89, 1607–1617. doi:10.1002/prot.26237
 Kundra, R., Ciryam, P., Morimoto, R. I., Dobson, C. M., and Vendruscolo, M. (2017). Protein Homeostasis of a Metastable Subproteome Associated with Alzheimer's Disease. Proc. Natl. Acad. Sci. U. S. A. 114, E5703–E5711. doi:10.1073/pnas.1618417114
 Lu, J.-X., Qiang, W., Yau, W.-M., Schwieters, C. D., Meredith, S. C., and Tycko, R. (2013). Molecular Structure of β-Amyloid Fibrils in Alzheimer's Disease Brain Tissue. Cell. 154, 1257–1268. doi:10.1016/j.cell.2013.08.035
 Mecozzi, V. J., Berman, D. E., Simoes, S., Vetanovetz, C., Awal, M. R., Patel, V. M., et al. (2014). Pharmacological Chaperones Stabilize Retromer to Limit APP Processing. Nat. Chem. Biol. 10, 443–449. doi:10.1038/nchembio.1508
 Mirdinta, M., Schutze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S., and Steinegger, M. (2021). ColabFold - Making Protein Folding Accessible to All. bioRxiv . doi:10.1101/2021.08.15.456425
 Morrison, B. M., and Morrison, J. H. (1999). Amyotrophic Lateral Sclerosis Associated with Mutations in Superoxide Dismutase: a Putative Mechanism of Degeneration. Brain Res. Rev. 29, 121–135. doi:10.1016/s0165-0173(98)00049-6
 Moult, J., Pedersen, J. T., Judson, R., and Fidelis, K. (1995). A Large-Scale Experiment to Assess Protein Structure Prediction Methods. Proteins 23. doi:10.1002/prot.340230303
 Nordlund, A., and Oliveberg, M. (2006). Folding of Cu/Zn Superoxide Dismutase Suggests Structural Hotspots for Gain of Neurotoxic Function in ALS: Parallels to Precursors in Amyloid Disease. Proc. Natl. Acad. Sci. U.S.A. 103, 10218–10223. doi:10.1073/pnas.0601696103
 Onuchic, J. N., Socci, N. D., Luthey-Schulten, Z., and Wolynes, P. G. (1996). Protein Folding Funnels: the Nature of the Transition State Ensemble. Fold. Des. 1, 441–450. doi:10.1016/s1359-0278(96)00060-0
 Prusiner, S. B. (1985). Scrapie Prions, Brain Amyloid, and Senile Dementia. Curr. Top. Cell. Regul. 26, 79–95. doi:10.1016/b978-0-12-152826-3.50014-0
 Ruggeri, F. S., Habchi, J., Chia, S., Horne, R. I., Vendruscolo, M., and Knowles, T. P. J. (2021). Infrared Nanospectroscopy Reveals the Molecular Interaction Fingerprint of an Aggregation Inhibitor with Single Aβ42 Oligomers. Nat. Commun. 12, 688. doi:10.1038/s41467-020-20782-0
 Seaman, M. N. (2012). The Retromer Complex - Endosomal Protein Recycling and beyond. J. Cell. Sci. 125, 4693–4702. doi:10.1242/jcs.103440
 Seaman, M. N. J., Michael McCaffery, J., and Emr, S. D. (1998). A Membrane Coat Complex Essential for Endosome-To-Golgi Retrograde Transport in Yeast. J. Cell. Biol. 142, 665–681. doi:10.1083/jcb.142.3.665
 Shoemaker, B. A., Portman, J. J., and Wolynes, P. G. (2000). Speeding Molecular Recognition by Using the Folding Funnel: the Fly-Casting Mechanism. Proc. Natl. Acad. Sci. U.S.A. 97, 8868–8873. doi:10.1073/pnas.160259697
 Singh, A., Dawson, T. M., and Kulkarni, S. (2021). Neurodegenerative Disorders and Gut-Brain Interactions. J. Clin. Investig. 131, e143775. doi:10.1172/JCI143775
 Small, S. A., and Petsko, G. A. (2020). Endosomal Recycling Reconciles the Alzheimer's Disease Paradox. Sci. Transl. Med. 12, 1717. doi:10.1126/scitranslmed.abb1717
 Small, S. A., and Petsko, G. A. (2015). Retromer in Alzheimer Disease, Parkinson Disease and Other Neurological Disorders. Nat. Rev. Neurosci. 16, 126–132. doi:10.1038/nrn3896
 Small, S. A., Simoes-Spassov, S., Mayeux, R., and Petsko, G. A. (2017). Endosomal Traffic Jams Represent a Pathogenic Hub and Therapeutic Target in Alzheimer's Disease. Trends Neurosci. 40, 592–602. doi:10.1016/j.tins.2017.08.003
 Spolar, R. S., and Record, M. T. (1994). Coupling of Local Folding to Site-specific Binding of Proteins to DNA. Science 263, 777–784. doi:10.1126/science.8303294
 Tantos, A., Han, K.-H., and Tompa, P. (2012). Intrinsic Disorder in Cell Signaling and Gene Transcription. Mol. Cell. Endocrinol. 348, 457–465. doi:10.1016/j.mce.2011.07.015
 Tartaglia, G. G., Pechmann, S., Dobson, C. M., and Vendruscolo, M. (2007). Life on the Edge: a Link between Gene Expression Levels and Aggregation Rates of Human Proteins. Trends Biochem. Sci. 32, 204–206. doi:10.1016/j.tibs.2007.03.005
 Thorn, A. (2022). Artificial Intelligence in the Experimental Determination and Prediction of Macromolecular Structures. Curr. Opin. Struct. Biol. 74, 102368. doi:10.1016/j.sbi.2022.102368
 Tycko, R., and Wickner, R. B. (2013). Molecular Structures of Amyloid and Prion Fibrils: Consensus versus Controversy. Acc. Chem. Res. 46, 1487–1496. doi:10.1021/ar300282r
 Ulamec, S. M., Brockwell, D. J., and Radford, S. E. (2020). Looking beyond the Core: The Role of Flanking Regions in the Aggregation of Amyloidogenic Peptides and Proteins. Front. Neurosci. 14, 611285. doi:10.3389/fnins.2020.611285
 Uversky, V. N., and Dunker, A. K. (2010). Understanding Protein Non-folding. Biochimica Biophysica Acta (BBA) - Proteins Proteomics 1804, 1231–1264. doi:10.1016/j.bbapap.2010.01.017
 Uversky, V. N. (2018). Intrinsic Disorder, Protein-Protein Interactions, and Disease. Adv. Protein Chem. Struct. Biol. 110, 85–121. doi:10.1016/bs.apcsb.2017.06.005
 Vecchi, G., Sormanni, P., Mannini, B., Vandelli, A., Tartaglia, G. G., Dobson, C. M., et al. (2020). Proteome-wide Observation of the Phenomenon of Life on the Edge of Solubility. Proc. Natl. Acad. Sci. U.S.A. 117, 1015–1020. doi:10.1073/pnas.1910444117
 Venkatramani, A., Mukherjee, S., Kumari, A., and Panda, D. (2022). Shikonin Impedes Phase Separation and Aggregation of Tau and Protects SH-Sy5y Cells from the Toxic Effects of Tau Oligomers. Int. J. Biol. Macromol. 204, 19–33. doi:10.1016/j.ijbiomac.2022.01.172
 Wälti, M. A., Ravotti, F., Arai, H., Glabe, C. G., Wall, J. S., Böckmann, A., et al. (2016). Atomic-resolution Structure of a Disease-Relevant Aβ(1-42) Amyloid Fibril. Proc. Natl. Acad. Sci. U. S. A. 113, E4976–E4984. doi:10.1073/pnas.1600749113
 Yang, Y., Arseni, D., Zhang, W., Huang, M., Lövestam, S., Schweighauser, M., et al. (2022). Cryo-EM Structures of Amyloid-β 42 Filaments from Human Brains. Science 375, 167–172. doi:10.1126/science.abm7285
 Yerbury, J. J., Ooi, L., Blair, I. P., Ciryam, P., Dobson, C. M., and Vendruscolo, M. (2019). The Metastability of the Proteome of Spinal Motor Neurons Underlies Their Selective Vulnerability in ALS. Neurosci. Lett. 704, 89–94. doi:10.1016/j.neulet.2019.04.001
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Brunori and Gianni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-909567-g003.gif
‘e, ,@%& -
IR R





OPS/xhtml/nav.xhtml
Contents

		Cover

		An Outlook on the Complexity of Protein Morphogenesis in Health and Disease		Introduction		Native State in Solution

		Protein Aggregation: The Amyloid State and Cell Toxicity

		Why Is Aging Associated With an Increase in Misfolding Diseases?

		Intrinsically Disordered Proteins: Frustration and Disorder

		Predicting the Atomic Structure of the Native State





		Concluding Remarks

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-909567-g001.gif





OPS/images/fmolb-09-909567-g002.gif
_—
e e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





