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Abstract

Amyloids are traditionally observed in the context of disease. However, there is growing 

momentum that these structures can serve a beneficial role where the amyloid carries out a specific 

function. These so called ‘functional amyloids’ have all the structural hallmarks of disease-

associated amyloids, raising the question as to what differentiates a well-behaved benign amyloid 

from a lethally destructive one. Here, we review our work on the repeat domain (RPT) from 

Pmel17, an important functional amyloid involved in melanin biosynthesis. Particularly, we 

focused our attention on the unique reversible aggregation-disaggregation process of RPT that is 

controlled strictly by solution pH. This pH dependence of RPT amyloid formation functions as a 

switch to control fibril assembly and maintains the benign nature that is associated with functional 

amyloids.
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1 Introduction to Amyloids

Amyloids are highly-ordered protein aggregates that have a filamentous morphology.[1] 

These structures are un-branched with indefinite length and diameters between 2–20 nm. 

They are rich in β-sheet secondary structure and are formed by non-covalent polymerization 

of protein monomers that assemble with their β-strands running approximately 

perpendicular to the fibril axis. This distinctive protein assembly fold is also termed as cross-

β structure, where the distances between inter β-strands and β-sheets is 4.7 and 10 Å as 

determined by x-ray diffraction.[2]

Biochemical and physical properties of amyloids include resistance to proteolysis (e.g. 
proteinase-K), chemical denaturation (molar concentrations of guanidinium-HCl and urea), 

and moderate detergent extraction such as Triton X-100 and sodium dodecyl sulfate.[3] 

Staining amyloid with dyes such as Congo red gives a yellow-green birefringence under 

polarized light,[4] while an intense fluorescence signal is observed upon binding to 
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thioflavin-T (ThT).[5] Transmission electron microscopy (TEM) and atomic force 

microscopy (AFM) have been instrumental in gross structural characterization of amyloid 

fibrils.[6] In fact, TEM has been used to identify amyloid polymorphism, a phenomenon 

where molecular structures of fibrils formed by a given polypeptide can vary, depending on 

the precise details of growth conditions.[7] Such changes can result in different fibril 

morphologies, e.g. ribbons or twists.[7b, 8] Electron microscopy can also measure the mass 

per length of fibrils, which gives the number of protein monomers (or fraction of a 

monomer) that compose a unit length of the fibril, determining important constraints for 

structural model building.[9]

While amyloids are generally referred to in a negative context, since their presence is 

associated with neurodegenerative diseases such as Alzheimer’s,[10] Parkinson’s,[11] and 

Huntington’s,[12] some fulfill a beneficial role where the amyloid carries out a particular 

function. Examples have been identified in bacteria,[13] fungi,[14] and humans,[15] offering 

molecular and cellular insights of using amyloids to carry out a function.

In this review, we first discuss two hypotheses that may differentiate pathological from 

functional amyloids. This is followed by reviewing our work on a functional amyloid 

involving the repeat domain (RPT) of Pmel17 that forms amyloid only under acidic 

melanosomal pH.[16] This work shows that unlike pathological amyloids, these RPT fibrils 

rapidly dissolve to monomeric species at neutral pH. From a biological perspective, we 

hypothesize that if RPT fibrils were to escape from melanosomes, they would be exposed to 

a more neutral environment, and eventually dissolve and maintain a soluble benign form. 

This highly pH dependent mechanism ensures that RPT only aggregates in the melanosome.

1.1 Structural Differences between Pathological vs. Functional Amyloid

Although amyloids are generally non-crystalline, short synthetic peptides (4–10 residues) 

derived from amyloid-forming proteins have been crystallized and atomic structure 

determination reveals β-strands with an interlocking of self-complementary surfaces of 

adjacent β-strands, a structure termed “steric zipper”.[17] These structures are proposed to be 

a characteristic hallmark of amyloid structures. Some of the most informative structural 

information on fibrils from full-length proteins have come from solid-state NMR 

(ssNMR)[2,18] and electron paramagnetic resonance (EPR) spectroscopy.[19] For ssNMR 

uniformly 13C,15N-labeled samples offer the most valuable information, but fibril 

polymorphism still makes structural determination challenging.[20] Despite this limitation, 

high resolution atomic models have been obtained for amyloid structures. [7b, 21]

Parallel in-register β-sheet structures appear to be the most common underlying architecture 

observed for pathological amyloids (Figure 1A). [1b, 22] Here, the β-strands lie perpendicular 

to the fibril axis and form hydrogen bonds running parallel with the fibril. Each residue 

within a single polypeptide forms an aligned row along the long axis of the fibril. The best 

characterized pathological amyloid structure is that of Aβ1–40, a protein aggregate associated 

with Alzheimer’s disease.[7a, 23] A sole exception to parallel in-register β-sheet structure is a 

mutant form of Aβ1–40 associated with early-onset familial Alzheimer’s disease that was 

found to form fibrils with antiparallel strands (Figure 1A).[24]
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For functional amyloids, structural information is generally lacking; however, a full atomic 

model of the HET-s prion protein of Podospora anserina was revealed by ssNMR to be a β-

helix (or solenoid) model (Figure 1B) containing parallel β-sheets, with the strands 

wrapping around an axis in a helical arrangement.[21a] Unlike parallel in-register β-sheets, 

parallel strands in these helices had intramolecular backbone hydrogen bonds. Furthermore, 

no fibril polymorphism was observed suggesting a single structure is formed. The Curli 

protein from E.coli which is a filamentous homopolymer that functions in extracellular 

biofilm formation[25] is suggested to also form a β-helical structure.[26] Based on these two 

structures, a β-helical model has been suggested to be more common amongst functional 

rather than pathological amyloids, possibly providing the molecular basis for their disparate 

biological behavior.

1.2 Cellular Control During Amyloid Formation

There is gaining momentum that oligomers, increasingly pinpointed as the pathogenic 

agents,[27] offer clues as to what differentiates a well-behaved amyloid, from a lethally 

destructive amyloid. Studies now target amyloid toxicity to oligomeric intermediates that 

build-up during amyloid formation (Figure 1C).[27–28] For example, it has been observed 

that soluble oligomers of Aβ correlate better with disease severity than the insoluble fibrillar 

deposits that are present in amyloid plaques, suggesting that oligomeric forms are the toxic 

species.[29]

For functional amyloids, a possible solution to avoid toxicity would be tight kinetic control 

during amyloid formation. Insights from the functional bacterial amyloid ‘Curli’ show cell 

regulation at several steps by other proteins that facilitate localization and nucleate rapid 

polymerization of the protein CsgA.[13] Thus, multiple cellular factors in E. coli have 

evolved to promote efficient amyloid assembly and ensure that amyloid fibrillization is 

spatially sequestered in the extracellular matrix. Another example comes from the ingenious 

method of storing peptide hormones in secretory granules in a concentrated amyloid-state, 

and rapidly releasing non-toxic functional monomers, providing an elegant mechanism for 

bypassing stable oligomeric species.[15b, 30]

Newly discovered functional amyloids from RNA proteins have also been shown to 

reversibly transform from a soluble state into polymeric, amyloid-like fibrils. While the 

biological function for this phenomenon is unknown,[31] rapid aggregation kinetics that 

circumvent oligomeric intermediates have been suggested, which again could solely explain 

their non-toxic nature.[31a]

2 Pmel17 and Its Role in Melanin Synthesis

Pmel17 is a transmembrane protein that is associated with intralumenal fibrous striations in 

melanosomes, organelles where melanin is formed and stored.[32] Melanin synthesis 

involves a multitude of oxidation steps initiated by the action of tyrosinase on the substrate 

tyrosine (Figure 2A). Specifically, tyrosine is converted to L-DOPA (L-3,4-

dihydroxyphenylalanine), which is readily oxidized to the melanin precursor, indole-5,6-

quinone. The subsequent polymerization of these precursors to form melanin is suggested to 

occur on these filamentous striations, which acts as a scaffold for depositing melanin.[33] 
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Since melanin intermediates are cytotoxic, sequestration of these molecules provide a 

detoxifying environment that permits safety during melanin biosynthesis (Figure 2A).

Melanosome maturation consists of four morphological stages at the ultrastructural level that 

is defined based on Pmel17 fibril formation and melanin synthesis.[33] Stages I and II are 

defined by formation of fibrils which initiates during stage I and is completed by stage II. 

Ellipsoidal shaped stage II melanosomes harbor mature fibrils that are found in parallel 

arrays, spanning the length of the organelle. These fibrils are approximately 6–10 nm in 

diameter. Once mature fibrils are formed, melanin synthesis begins with enrichment of the 

enzyme, tyrosinase, catalyzing melanin formation during stages III/IV. TEM images reveal 

that these fibrils grow 2-fold in diameter reaching 14–20 nm upon melanin deposition.[33] In 

highly pigmented cells, fibrils are completely masked with melanin.

Pmel17 was first identified genetically in 1930, as the ‘silver gene’ in mice, whose mutation 

resulted in hypopigmentation.[34] However, it took more than 60 years for the gene to be 

mapped to the silver locus and cloned.[35] Transient expression of Pmel17 in 

nonmelanocytic cell lines (e.g. HeLa cells) induced fibril formation, reminiscent to those 

seen in melanosomes.[36] Pmel17 is synthesized as a 668-residue protein with a single 

transmembrane domain, a short C-terminal cytoplasmic domain and a large luminal domain 

exposed within the lumen of the endoplasmic reticulum (Figure 2B). After a series of N- and 

O-glycosylation steps, Pmel17 is delivered to endosomes where it associates internally with 

intraluminal vesicles (IVLs). Cleavage by a protease activity between residues 467 and 468 

produces a C-terminal fragment Mβ (residues 468-668) including the transmembrane and 

cytoplasmic domains and an N-terminal fragment Mα (residues 25–467) with most of the 

luminal domain (Figure 2B).[32, 37] Within Mα, several distinct regions have been ascribed 

based primarily on primary amino acid sequence. An N-terminal region with a lack of 

sequence homology to other proteins aside from the closely related homolog gpNmb[38] 

contains two N-glycosylation sites and cysteine residues that likely participate in disulfide 

bond formation. Currently, no structural information is available for this region. The 

immediately adjacent region is referred to as the polycystic kidney disease (PKD)-like 

domain due to its sequence homology to a short peptide consensus sequence in the protein 

polycystin-1.[39] It is suggested to contain a β-sandwich domain like PKD but no structural 

information is available for this domain. Finally, there is a region called the repeat domain 

(RPT) due to its series of 10 imperfect repeats of 13 residues each rich in proline, serine, 

threonine, and glutamic acid residues (Figure 3A).[36] Deletion of any of these regions was 

shown in vivo to either disrupt Pmel17 trafficking within endosomes or ablate fibril 

formation.[36, 40]

3 Identifying the Amyloid-forming Region of Pmel17

Pmel17 derived fibrils were first shown to be amyloidogenic using purified melanosome 

fractions from bovine eyes that were positively stained with thioflavin S (ThS) and Congo 

red, two known amyloidogenic dyes.[15a] A Triton X-100 insoluble melanosomal extract 

showed an almost exclusive overlap between ThS stained particles and Pmel17 

immunofluorescence. Supporting the involvement of Pmel17 in amyloid formation, a 

recombinant fragment Mα (residues 25-467) expressed in E. coli showed rapid aggregation 
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upon dilution out of guanidinium-HCl.[15a] These structures had all the hallmarks of 

amyloid with its rapid aggregation suggestive to be biologically relevant for a functional 

amyloid.

Our attempts to replicate this rapid or even gradual fibril formation with an identical Mα 
construct using the reported conditions were unsuccessful.[41] While it was observed that 

Mα aggregated upon dilution out of denaturant, in our hands the morphology of these 

aggregates visualized by TEM looked more amorphous than filamentous. Supporting this 

observation, Mel220 cells overexpressed with Pmel17 were shown to generate Mα that was 

found in the Triton-X100 soluble fraction, implying Mα is not in an insoluble amyloid 

state.[42]

To define the likely amyloidogenic region within Pmel17, several fragments from the Mα 
region (residues 25–467) were expressed and purified from E. coli.[41] Of all the fragments 

tested, only the protein fragment corresponding to the RPT domain (residues 315–444) 

(Figure 2B)[36] formed amyloid. Starting as an unstructured protein at pH 5, RPT then 

aggregated with typical sigmoidal kinetics, consisting of a lag, growth and stationary phase 

(Figure 3B). TEM images taken post aggregation at pH 5 showed straight amyloid fibrils 

with a diameter of ~10 nm (Figure 3C). Amyloid presence was also confirmed by Congo red 

birefringence, proteinase-K resistance as well as being β-sheet rich using circular dichroism 

(CD) spectroscopy, electron diffraction and ssNMR.[41] Deletion of RPT in vivo ablates 

fibril formation.[36, 40] Also, antibodies directed against the only known O-glycosylation site 

in RPT (between residues 328 to 344) (Figure 3A) decorates ex vivo fibrils,[36, 43] further 

validating RPT as a constituent of melanosomal fibrils.

While our work highlights the requirement of RPT in fibril formation, the groups of 

Marks[38, 44] and Cresswell[42, 45] offer a different perspective as to what composes the 

amyloid-forming region in melanosomes. Rather, they consider the PKD domain as the fibril 

core with the RPT domain likely serving a regulatory rather than a structural role. Our 

reasons for believing that the RPT domain constitutes the amyloid-forming region in 

melanosomes are further discussed in more detail in section 10.

4 RPT Fibrils Enhance Melanin Synthesis

Using a Pmel17 knockout mutation in mice, a 40–50% reduction in melanin content in hair 

was demonstrated, suggesting melanosomal fibrils contribute to overall melanin content.[46] 

To recapitulate fibrils enhance melanin formation, an in vitro assay was performed using 

RPT fibrils, tyrosinase, and L-3,4-dihydroxyphenylalanine at pH 5. In the presence of RPT 

fibrils, a 6-fold increase in the yield of melanin was observed when compared to a control 

reaction containing only soluble RPT.[41] This observation is consistent with in vivo data 

showing a strong correlation between the presence of fibrils and total melanin 

production.[46] Interestingly, other amyloids such as the yeast prion Sup35 and the fungal 

prion Het-s also enhanced melanin formation,[41] suggesting a specific amyloid structure is 

not critical to enhancing melanin synthesis.
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5 Structural Features of RPT Fibrils

Using ssNMR, RPT fibrils formed at pH 5 adopt the parallel in-register β-sheet architecture 

that is generally observed in human pathogenic amyloids.[47] By labelling at least one or a 

few residues with13C-labelled amino acid (Ala, Val, or Met) in the carbonyl position, the 

nearest intra/intermolecular 13C distance between β-strands in a β-sheet was 0.5 nm, 

indicative of parallel in-register structure. This observation is inconsistent with the prevailing 

notion that all functional amyloids adopt a β-solenoid structure.[1b]

ssNMR measurements of three independently prepared 13C15N-labeled RPT fibril samples 

at pH 5 revealed fibril polymorphism.[47] Here, subtle variations in aggregating conditions 

led to fibrils that were readily distinguishable in ssNMR spectra. Sequence assignment 

showed only a subset (~30%) of the full amino acid sequence contributes to the immobilized 

fibril core. A term ‘segmental polymorphism’[48] was used to describe these polymorphic 

fibrils that differ in the identity of the protein segments that form the fibril core. While these 

RPT polymorphs had distinct amyloid core-forming segments, the C-terminal residues 406–

422 were always shown to have β-sheet backbone assignments indicating a key role for the 

C-terminus in fibril assembly. Additional supporting evidence comes from proteinase K 

resistance,[49] a lack of prolines between residues 403-431, W423 fluorescence[50] as well as 

computational methods that predict the amyloid-forming segments between residues 403–

413.[47] Corroborating these data, a peptide segment 405VSIVVLSGT413 was shown to self-

aggregate into amyloid affirming this region as the most aggregation prone.[51]

6 The RPT Domains of Pmel17 Orthologs Form Amyloid

To observe if fibril formation is conserved amongst other repeat regions from various 

Pmel17 orthologs, repeat sequences from mouse (mRPT) and zebrafish (zRPT) Pmel17 were 

studied.[52] Sequence comparison between human and mouse repeat regions share only 50% 

sequence identity, while those of zebrafish are completely unrelated. In addition to these, a 

known splice variant of human Pmel17 (sRPT) where 42 amino acids is deleted from repeats 

5 to 8 was also investigated.[53]

Upon incubation at pH 5 with gentle agitation, all three RPT orthologs generated fibrils but 

with differing fibril morphology. For mRPT, twisted fibrils formed at pH 5 with an average 

diameter of 14 nm. Mass per unit length measurements of unstained mRPT fibrils gave a 

mean mass/length 2.12 ± 0.3 monomers/4.7 Å, suggesting paired filaments. In the case of 

zRPT, TEM images showed these fibrils to be thinner (~4 nm) and more prone to bundling 

into higher formed aggregates. The sRPT fibrils formed bundles of twisted fibrils, which are 

clearly different from the straight, single fibril morphology observed for RPT. ssNMR 

measurements from labeled mRPT, zRPT, and sRPT fibrils revealed all three samples adopt 

a parallel in-register structure.[52]

7 Mechanism of pH Dependent RPT Amyloid Formation

Melanosome maturation is accompanied by a change in pH starting more acidic (pH ~4.0) 

during stages I and II and likely approaching near neutral pH in fully melanized 

melanosomes (Figure 4A).[54] Our observation that RPT forms amyloid at pH 5 suggests 
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that intramelanosomal pH could influence RPT amyloid formation. A combination of 

techniques including ThT and Trp fluorescence, light scattering and TEM were used to 

observe RPT structural changes as a function of pH (Figure 3B).[50] At low pH (~4.0), 

aggregation of RPT was rapid with a moderate ThT response and formation of small pre-

fibrillar structures that have an amorphous appearance.[50] Between pH 5–5.5, aggregation 

was initiated within hours with TEM images revealing long un-branched fibrils, a typical 

morphology associated with amyloid and in vivo melanosomal fibrils [1b, 33]. At pH > 6.0, 

RPT remained soluble, showing no signs of secondary structure by CD spectroscopy and the 

presence of aggregates by TEM.[50]

To mimic RPT amyloid formation as a function of pH during melanosome maturation, an in 
vitro assay was performed where preformed RPT aggregates at pH 4.0 were first titrated to 

pH 5.0. Rapid (< 10 min) morphological changes occurred with these aggregates changing 

from small squiggles into long unbranched fibrils (Figure 4B). This structural change is 

reminiscent of the transition observed in stages I and II melanosomes, where organized 

arrays of intralumenal fibrils are shown by Stage II.[33] The biological time frame is also 

relevant since incorporation of Mα into insoluble fibrils occurs within minutes or at most a 

few hours, as judged by metabolic pulse/chase assays.[32, 37]

This pH dependent aggregation process would imply that protonation sites likely from 

specific carboxylic acids modulate amyloid kinetics. A total of 15 Glu and 1 Asp are present 

throughout the RPT sequence with a bias more towards the C-terminus. Since the C-

terminus is likely the amyloid core region, we investigated the role of specific Glu residues: 

E404, E422, E425 and E430.[49] To assess the importance of protonation as well as 

hydrogen bonding at these sites, both Ala and Gln mutations were generated as well as 

single, double, and quadruple mutants to evaluate potential allosteric interactions.

Aggregation kinetics revealed residue E422 as the critical side chain in controlling the pH 

sensitivity of RPT amyloid. Here, E422 mutants had a substantial impact, shifting the pH 

dependence more than one pH unit, with fibrils now forming at pH 6.5 (Figure 5A). 

Mutation at E404, E425, or E430 had little to no effect. We suggest that protonation at E422 

is essential for initiating amyloid formation, while other Glu residues play a lesser role in 

this process. From a structural perspective, both E404 and E422 reside within the amyloid-

forming region of RPT. A schematic representation for one possible conformation is shown 

in Figure 5B with two β-strands (indicated by arrows) formed by residues 403–411 and 415–

423 aligned perpendicular to the filament axis.

8 Lysolipids Modulate RPT Fibril Formation

The association of Pmel17 processing and fibril formation with IVLs during early stage 

melanosome development (Figure 4A) suggests lipids might influence RPT fibrilogenesis. 

Since melanosome membranes contain a high content of lysophospholipids (lysolipids), 

their effects on RPT fibril formation were studied.[55] Vesicles containing either negatively 

charged lysophosphatidylglycerol (LPG) or zwitterionic lysophosphatidylcholine (LPC) 

stimulated RPT fibril formation, with LPG exerting the greater effect by reducing the 

apparent lag phase during aggregation.
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Since fibril oligomers are likely to be the cytotoxic agent, enhanced fibril aggregation due to 

association with IVLs would circumvent the over-population of these intermediates. 

Additionally, sequestration of melanin precursors on fibrils would be promoted, suggesting a 

dual role for lipid involvement during fibril formation.

9 Biophysical Characterization of RPT Fibril Disassembly

The unique pH dependence of RPT amyloid formation was shown to be reversible, where 

pre-formed fibrils at pH 5 rapidly disassembled upon exposure to neutral pH (Figure 

6A).[41, 49–50, 56] This reversible polymerization behavior is different from those exhibited 

by pathological amyloids, which only behave similarly when subjected to the harshest of 

treatments, for example, chemical denaturants and non-physiological pH. However, 

functional amyloids formed from peptide hormones[15b] and RNA proteins[31c] also show a 

reversible aggregation/disaggregation processes, which fit well with that observed for RPT.

Using AFM the fibril disassembly of RPT was studied at the ultrastructural level.[56] Upon 

washing preformed RPT fibrils with pH 6.5 buffer, fragmentation of larger fibrils followed 

by the complete disappearance of the smaller fragments on the order of minutes was 

visualized by AFM (Figure 6B). A technique known as scanning force kymography was 

used to examine the kinetics of fibril disassembly, which revealed asymmetric dissolution 

rates at both fibril ends. This observation could result from fibril polymorphism where 

different fibril conformations have varying sensitivity towards pH.

At the residue level, our data revealed fibrillar aggregates incubated at near neutral pH and 

monitored by solution-state NMR revealed all Glu residues became deprotonated upon fibril 

disassembly.[49] An absence of populated oligomers with only monomer formation was 

observed by both solution-state NMR and size exclusion chromatography. The fact that 

(toxic) intermediate states are not populated during RPT fibril disassembly at near neutral 

pH provides mechanistic insight into the benign nature of these fibrils.

10 The Dark Side of RPT

While it is universally agreed that the RPT domain is a feature of melanosome fibrils, others 

pinpoint the PKD domain as the amyloid-forming region and suggest RPT likely serves a 

regulatory rather than a structural role. While we cannot preclude the involvement of the 

PKD domain,[44] we do not believe the prevailing reasons against RPT forming amyloid in 
vivo are sufficient and conclusive.

First, the fact that the RPT domain is thought to be charged with many O-linked, sialylated 

glycans in vivo has been over-stated. In fact, the only known glycosylation sites are located 

in the region between residues 328–344, [36] which is located far away from the C-terminal 

RPT amyloid core that we have characterized.[47, 49–50, 55–56] Specifically, in our work, we 

determined by deleting residues, 405–410, where there is no glycosylation, amyloid 

formation is ablated.[49] In addition, the notion that a glycosylated RPT would be unable to 

fibrillate in vivo is questioned by the fact that a short C-terminal segment of RPT composed 

of 405VSIVVLSGT413 alone was capable of self-assembling into amyloid fibrils.[51] This 

implies that short small peptides might serve as the minimum requirement needed to form in 
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vivo melanosome fibrils. Most importantly, there are two studies that directly show that 

deletion of RPT results in melansomes devoid of fibrils while processing and trafficking of 

Pmel17 are unaffected[36, 40] and immunohistochemistry (HMB45 antibody) shows that O-

glycosylated RPT is a component of fibrils.[44]

Second, since the RPT domain is the most variable part in the sequence of Pmel17, it was 

suggested that the diversity in the number and sequence of repeats in RPT makes it an 

improbable candidate for the amyloid core for an evolutionarily conserved functional 

amyloid.[44] However, our data reveal very divergent mouse and zebrafish RPT domains 

form amyloid, in a similar pH-dependent way as human RPT, indicating that the variation of 

RPT sequence should not discount its ability to be amyloidogenic.

Third, the contradictory work on a different recombinant RPT fragment (residues 303–467) 

which suggested that RPT does not form fibrils in vitro[44] should be taken with caution, 

since it contains extra residues on both the N- and C-termini that would change the 

properties of the protein. For example, constructs slightly expanded from our RPT region 

such as residues 293–456 did not exhibit filamentous morphology by TEM.[41]

Lastly, the unique reversible pH dependence of RPT is questioned because there is no 

current evidence of fibril dissolution in mature melanosomes, which are thought to approach 

neutral pH. We believe that upon melanosome maturation, the fibrils are fully coated by 

melanin and hence would be (1) difficult to assess whether fibril dissolution has indeed 

occurred and (2) the deposition of melanin in mature melanosomes would likely protect 

fibrils from disassembly at any pH. We also note that it remains controversial as to the exact 

intramelanosomal pH during melanin synthesis.[57] In our view, since both domains are 

shown to be essential for melanosome fibril formation, we believe that only by isolating ex 
vivo fibrils would their structural properties unequivocally be revealed. Thus, the identities 

of the fibrillar components in melanosomes remain to be validated.

11 Summary and Outlook

In this review, we highlighted our work on the repeat domain of Pmel17 that forms amyloid 

fibrils only at the physiological pH (4–5.5) of melanosomes. Collectively, we have revealed 

an elegant mechanism that shows a reversible aggregation/disaggregation process of RPT 

that is strictly controlled by pH. We have identified the molecular origin of this pH 

dependence to the charge neutralization of E422. Remarkably, the removal of a single 

negative charge at E422 out of a total of 16 carboxylic acids shifted the pH dependence by a 

full pH unit. Fibril dissolution studies have indicated that the disassembly process is fully 

reversible with no detectable oligomers by AFM, solution-state NMR spectroscopy, and 

size-exclusion chromatography. We have also shown that RPT aggregation is strongly 

influenced by the negatively-charged lysophosphatidylglycerol, an abundant melanosomal 

lipid, whereas its two-chained phospholipid counterpart, phosphatidylglycerol, had no 

effects. As melanosomes are enriched in lysolipids, it is proposed that membrane lipids 

contribute to the regulation of Pmel17 amyloid formation in vivo, consistent with the 

observation of fibril association with IVLs.
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This unique pH dependence to control fibril assembly has strong biological implications, 

where fibril formation is formed under its acidic melanosomal environment. While RPT 

amyloid is sequestered, in an event of releasing RPT amyloid into the cytosol, the ability for 

RPT to rapidly disaggregate at neutral pH provides an essential response to avoid 

cytotoxicity associated with amyloid structures. This reversible aggregation/disaggregation 

process is analogous to amyloids from peptide hormones and RNA proteins, suggesting a 

common mechanism may be shared amongst human functional amyloids. The emerging 

concept of “functional” amyloids is challenging the way we view amyloids, especially 

regarding how cells can deal with and manipulate amyloids. We foresee that more 

discoveries will be forthcoming involving dynamic assemblies of functional organized 

amyloid structures.
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Figure 1. 
(A) Schematic showing parallel in-register β-sheet structures composed of individual 

polypeptides stacking in-register every ~4.7 Å along the fibril axis (top). Antiparallel β-sheet 

structures are also composed of polypeptides stacking every ~4.7 Å but β-strands alternately 

run in opposite directions (bottom). (B) β-Helices of Het-S are composed of a single 

polypeptide wrapping around an axis, forming intramolecular parallel β-sheets (PDB 

accession no. 2LBU). (C) Schematic diagram depicting fibril formation via oligomeric 

intermediates associated with pathological amyloids.
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Figure 2. 
(A) Schematic representation showing stage III/IV melanosomes. Melanin is depicted as 

black polymer deposits on preformed fibrils (left). Chemical transformation of L-tyrosine by 

tyrosinase to the melanin precursor, indole-5,6-quinone (right). (B) Stage I contains full-

length Pmel17, which undergoes membrane cleavage, liberating the Mα from the Mβ 
transmembrane fragment. Further proteolytic processing of Mα (Stage II) generates smaller 

fragments containing at least two domains, including RPT, which contributes to the fibrillar 

matrix.
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Figure 3. 
(A) The RPT sequence is composed of 10 imperfect repeats rich in Pro, Ser, Thr, and Glu (in 

red). The conserved amyloid core region determined by solid-state NMR is boxed. Putative 

O-glycosylation sites are marked with an asterisk. (B) pH dependent aggregation of RPT 

monitored by light scattering.[50] (C) Representative TEM image of RPT fibrils formed at 

pH 5.[49]
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Figure 4. 
Schematic representation showing the morphological stages of melanosome maturation. 

Stage I contains prefibrillar aggregates generated from Pmel17 processing and their 

association with intraluminal vesicles (IVLs). Stage II consists of long fibrillar striations that 

run in parallel arrays spanning the length of the melanosome. (B) pH induced RPT fibril 

morphological conversion. TEM images (left) of aggregated RPT at pH 4, after adjusting the 

pH to 5 (right).[50]
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Figure 5. 
(A) Effect of pH on the aggregation kinetics of E422Q RPT monitored by ThT fluorescence 

at pH 5.5 (circle), 6.0 (triangle), 6.5 (square), and 7 (line). Representative TEM images 

E422Q fibrils at pH 6.5.[49] (B) Schematic diagram showing a possible conformation of the 

central core of RPT filaments; it is composed of two β-strands (403–411) and (415–423) and 

depicts the side-chain orientations for E404 (green) and E422 (blue) as being outside and 

inside the β-strands, respectively. The fibril axis is coming out of the page. Removal of the 

critical amyloidogenic region, VSIVVL (cyan), completely abrogates fibril formation.[49]
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Figure 6. 
(A) Schematic diagram showing the reversible pH disassembly of RPT fibrils. The critical 

deprotonation/protonation event of E422 residue that is responsible for controlling the pH 

dependence of amyloid fibril formation is illustrated. (B) Real-time AFM measurements of 

RPT fibril dissolution. Fibrils formed at pH 5.0 were washed with pH 6.5 buffer and 

monitored over time (an asterisk denotes one disassembly event). Gray scale indicates fibril 

height.[56]
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