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Abstract

Amyloid has been traditionally viewed in the context of disease. However, the emerging concept
of `functional amyloid' has taken a new direction into how we view amyloid. Recent studies have
identified amyloid fibrils ranging from bacteria to humans that have a beneficial role, instead of
being associated with a misfolded state that has been implicated in diseases such as Alzheimer's,
Parkinson's and prion diseases. Here, we review our work on two human amyloidogenic
polypeptides, one associated with Parkinson's disease, α-synuclein (α-syn), and the other
important for melanin synthesis, the repeat domain (RPT) from Pmel17. Particularly, we focused
our attention on spectroscopic studies of protein conformation and dynamics and their impact on
α-syn amyloid formation and for RPT, we discussed the strict pH dependence of amyloid
formation and its role in melanin biosynthesis.

1. Introduction

Since the term `amyloid' was first proposed, which nowadays reflects the mistaken
identification of the substance as starch based on crude staining techniques;1 a more
contemporary definition can now be used to define amyloid: `a highly-ordered protein
aggregate with an unbranched filamentous morphology' These filaments are rich in β-sheet
secondary structure that is described as a cross-β fold, where the β-strands are aligned
perpendicular to the fibril axis.2 Both functional and pathological amyloids share this
hallmark, yet recent advances in high resolution structural techniques show that fibrils do
indeed have structural differences on the morphological and atomic level, even ones formed
from the same polypeptide sequence.3

Because of their intimate and long time association with human diseases such as
Alzheimer's and Parkinson's disease, a central question is then why are functional amyloids
benign in the cellular millieux whereas the pathological ones are detrimental to cellular
health. Recent studies have suggested that toxicity is attributable to oligomeric or annular
intermediates that build-up during amyloid aggregation.4 Thus, one working hypothesis is
that functional amyloidogenic polypeptides circumvent such misfolded fibrillar precursors
during aggregation. Alternately, their amyloid formation and degradation are efficiently
controlled by the cell and therefore, the fibrils are not cytotoxic.5

In this perspective, we begin with a brief historical background on the research efforts in
structural determination of amyloid followed by detailed discussions on two specific
polypeptides, α-synuclein (α-syn) and the repeat domain (RPT) from Pmel17 that form
pathological and functional amyloid in Parkinson's disease and melanin biosynthesis,
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respectively. In the case of α-syn, we focused our attention on spectroscopic studies of
protein conformation and dynamics and their impact on amyloid formation kinetics. For
RPT, we discuss the strict pH dependence of amyloid formation and its functional role in the
melanosome.

2. Historical background

The word `amyloid' (amylo (starch) + oid (like)) was first introduced in 1854 by Rudolph
Virchow because of its reaction with iodine.6 For many years, it was thought that amyloid
deposits were lipid or carbohydrate derived, until, in 1859, it was shown that proteins were
present in these deposits. In 1875, the use of aniline dyes such as methyl violet was used in
the recognition of amyloid (Figure 1). The aniline dye, Congo red was first shown as an
amyloid dye by Bennhold in 1922, upon which its binding gave apple-green birefringence
when viewed under polarized light.7 In 1959, Vassar and Culling used Thioflavin T (ThT) as
a diagnostic tool to detect amyloid deposits.8 To this date, ThT has become a gold standard
amongst amyloid fibril detection. Structural studies on amyloid began to emerge in the
1930's with the pioneering x-ray diffraction studies of Astbury and co-workers.9 In 1959,
Cohen and Calkins showed that all amyloids gave a non-branching fibrillar structure when
viewed under the electron microscope (EM).10 Eanes and Glenner reported in 1968 that x-
ray diffraction of fibrils gave a cross-β x-ray pattern, which nowadays is a hallmark of
amyloid.11 More recently, great strides have been made in amyloid structural determination
on the residue level using solid state nuclear magnetic resonance (ssNMR) and electron
paramagnetic resonance (EPR) spectroscopies (see recent reviews2,12–14). These techniques
have shown that a parallel-in-register β-sheet structure is the most commonly observed
feature for pathological amyloid.15

Many of these disease-related amyloids have exhibited structural heterogeneity,3 otherwise
known as fibril polymorphism, which has limited detailed atomic-level information.
Nevertheless, for the amyloid-β, the peptide implicated in Alzheimer's disease, two distinct
fibril structures have been determined by Tycko and coworkers by ssNMR.16,17 Figure 1
shows one variant which gives an in-register parallel β-sheet structure where each molecule
has a hairpin conformation and two stacks of molecules are paired with a two-fold
symmetry. For functional amyloids, the prion fungal protein, HET-s, gave high quality
NMR data, which enabled Meir and coworkers to solve its three-dimensional structure with
atomic resolution.18 Here, the β-strands wrap around the fibril axis in a helical arrangement
(β-solenoid), and unlike pathological amyloids, parallel strands in helices have intra-
molecular backbone hydrogen bonds.

While amyloids have yet to be crystallized and characterized by x-ray crystallography, short
amyloidogenic segments from different amyloids have been crystallized and their atomic
architecture determined.19–21 From these structures, the β-sheets have an interlocking of
self-complementary side chains known as a steric zipper. Indeed, steric zippers could be one
of the underlying motifs in stabilization of amyloid structure in certain types of
amyloidogenic sequences.

3. α-Synuclein, a pathological amyloid

α-Synuclein and Parkinson's disease

α-Synuclein (α-syn), the protein encoded by the SNCA gene, has been associated with
Parkinson's disease (PD) since 1997, when its missense mutation, A53T, was identified to
cause early-onset autosomal dominant PD.22 Subsequent discovery of other mutations,
A30P23 and E46K,24 as well as gene duplications and triplications25,26 has further bolstered
its genetic connection to PD. Importantly, deposits of aggregated, fibrillar α-syn constitute
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as the major proteinacious material in Lewy bodies (LBs), classical pathological hallmarks
of PD. While α-syn is widely implicated in PD, it is noteworthy that it was first identified in
1993 as the precursor protein for the non-β amyloid component (NAC) found in Alzheimer's
disease plaques.27

The specific roles of α-syn and amyloid in PD remain controversial. Although some studies
suggest LB formation is directly responsible for neurodegeneration,28–30 other reports
support that LBs may actually serve a neuroprotective role.31–33 On the other hand, there is
compelling evidence to suggest that oligomeric, smaller prefibrillar α-syn as the neurotoxic
species (see recent reviews34–36). Nevertheless, these observations underscore the
significance of biophysical studies for α-syn structure and dynamics both in solution and
during amyloid formation process. Gaining insights on how a soluble, benign α-syn
transitions to aggregates will allow elucidation of molecular events in amyloid pathology. In
addition, because of α-syn is both cytoplasmic and membrane-associated in vivo,
investigation of effects of solution conditions as well as other relevant biomolecules such as
phospholipids are also necessary.

α-Synuclein in its amyloid form

Though it has been linked to different biological roles (see recent review37), α-syn, a 140-
residue presynaptic protein, is mostly studied for its propensity to form amyloid, the PD-
associated conformational state. Like other pathological amyloids, α-syn fibrils also adopt a
cross-β structure.38 Established by various experimental techniques,39–41 the fibril core has
been identified to contain approximately the central polypeptide region from residues 30 to
100 (Figure 2). Further, NMR chemical shifts measurements suggest that the N-terminal
portion is structurally heterogeneous whereas the C-terminal tail is characterized as
flexible.42 As indicated from ssNMR,39,42 AFM,43 and TEM studies,44 α-syn fibrils are
polymorphic and thus, a high resolution structure remains elusive. However, two
independent models have been proposed based on site-directed spin labeling EPR
spectroscopy as well as hydrogen/deuterium (H/D) exchange and ssNMR analyses.

Using site-directed spin labeling EPR spectroscopy, Langen and coworkers proposed that
within the amyloid core region there are two antiparallel, β-strands with residues 62–67
forming the intervening β-turn.40,45 The individual β-strands are organized parallel-in-
register and perpendicular to the fibril axis. Based on H/D exchange and ssNMR data, an
alternative model was proposed by Riek and coworkers,39 identifying five β-strands
comprised of the amyloid core residues, 35–96. The individual β-strands have approximate
lengths of 6–8 and 9–13 residues.

Although α-syn fibril core is reasonably well characterized, the dynamics of polypeptide
structural rearrangements during amyloid formation are ill-defined. In order to develop a
mechanistic understanding of the aggregation process, studies that focus on solution
polypeptide dynamics and provide information on the residue-level during aggregation are
critical. In the following sections, we will discuss recent work on α-syn polypeptide
conformation and dynamics in solution and research efforts in elucidating its aggregation
mechanism.

Spectroscopic approaches to conformational mapping of α-synuclein

The α-syn amino acid sequence consists of three regions: the N-terminal region, constituting
conserved, amphipathic hexamer motifs, KTKEGV, that can form helices in association
with membranes; the central hydrophobic NAC region (residue 61–95), thought to be
essential for aggregation; and the C-terminal tail, highly acidic and proline rich (Figure 2).
At neutral pH, the N-terminal (residues 1–60), central (residues 61–95) and C-terminal
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(residues 96–140) region has a net charge of +4, −1, and −12, respectively. The distinct
distribution of charges within the protein implies that its conformation is strongly dependent
on solution conditions.

In the soluble state, α-syn lacks both secondary and tertiary structure and thus, has been
classified as an intrinsically disordered protein (IDP).46 Like many other IDPs, the primary
sequence of α-syn contains a high overall charge (−9) and low hydrophobic character.47

While traditional structural determination techniques such as x-ray crystallography and
NMR spectroscopy provide little insight into the properties of dynamic and heterogeneous
collection of conformations, other spectroscopic techniques such as time-resolved
fluorescence energy transfer (trFET)48,49 and single molecule fluorescence
spectroscopy,50–52 have been employed to gain residue-specific conformational changes
under numerous solution conditions. Specifically, measurements of trFET have provided
structural information on pseudo-WT48–52 and A30P α-syn49,51 because energy transfer
rates or efficiencies depend on the inverse sixth power of the distance between a fluorescent
donor (D) and energy acceptor (A).53 A DA pair is characterized by a critical length (ro) that
defines the range of distances (r) that can be probed (0.1ro < r < 1.5ro). In heterogeneous
systems, such as unstructured α-syn, analysis of FET kinetics allows the determination of
DA distance distributions. Moreover, due to the high sensitivity of this technique it is
possible to determine protein conformational changes down to a single polypeptide.50–52

Initial work using a naturally occurring DA pair, tryptophan and 3-nitro-tyrosine (3NY),
probability distributions for 6 different pairs were obtained under various solution
conditions.49 Indeed, these results revealed a heterogeneous protein ensemble composed of
compact, intermediate, and extended conformations.

Based on these data, α-syn clearly behaves as a highly disordered polymer under all
solutions examined. However, local conformational rearrangement and population
redistribution were observed within the ensemble. For example, under acidic solution, the C-
terminal region (94–136) adopts more collapsed structures and in the A30P mutant, pairs
proximal to the Pro30 (4–19 and 19–39) indicate that the polypeptide is expanded in the
vicinity of Pro30 (Figure 3). Subsequent work by numerous research groups also finds a rich
conformational landscape for α-syn as in the case of solution pH52 and in particular, upon
micelle50 and phospholipid vesicle binding.54

Measurements of α-synuclein tertiary contacts and long range interactions

From various biophysical measurements, it is evident that the α-syn ensemble is quite
heterogeneous adopting a distribution of conformers and consequently, these subpopulations
are likely dynamic and interchanging. While trFET studies provided ns snapshots of
probability distance distributions, the short D excited state lifetime is insufficient for
characterization of the time scales (tens of ns to μs) expected for intrachain diffusion and
without considerations for dynamics only static distributions can be obtained.49 Therefore,
experimental investigations of tertiary contact formation rates55–57 and long-range
interactions58–62 have been aimed to elucidate conformational dynamics because large
amplitude motions could play a crucial role during the aggregation process that is implicated
in pathogenesis.

Determination of biopolymer contact times can be accomplished by exploiting
measurements of rates of reactions with very small intrinsic barriers such as electron transfer
(ET).55,56,63 By examining ET rates between a powerful electron donor, triplet excited state
of W, and an acceptor, 3NY, ten different pairs have been examined in α-syn, probing loop
sizes between 10 and 132 residues (Figure 4).55,56 The observed loop contact rates range
between 105 and 107 s−1 (200 ns to 1 μs) which do not exhibit a monotonic correlation with
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loop size as would be expected if α-syn behaved as a random polymer. Interestingly, while
rates measured for shorter loops (<20 residues) decrease with increasing size, larger loops
level off in the range of 1–5 × 105 s−1 (2 to 10 μs), suggesting that the average distance
between W and 3NY is not substantially changing for these loops.

Numerous NMR studies have provided additional insights into long-range and transient
interactions in α-syn in solution.58–62 While inherent heterogeneity and dynamical nature of
α-syn are limiting factors for conventional, high resolution structural characterization by
NMR such as nuclear Overhauser effects, the introduction of paramagnetic relaxation
enhancement (PRE) NMR measurements overcome these difficulties and allow
characterization of distances up to 20 Å. Indeed, extremely good agreement was obtained for
distance distributions extracted from trFET and ET studies55 and conformational ensembles
generated by molecular dynamics simulations using experimental PRE constraints.61

Importantly, detailed structural analyses reveal that there are a number of significant long-
range interactions that deviate from a random coil. Particularly, intramolecular contacts have
been mapped between residues 120–140 of the C-terminus and central residues 30–100,58

residues 85–95 of the NAC region and residues 110–130 of the C-terminus,59 and N-
terminal residues 1–20 and C-terminal residues 121–140.60

It is clear that there are nonrandom structural preferences in distinct regions of α-syn. The
current consensus is that the C-terminal region is critical in modulating α-syn conformation
due to its highly net negative charge and thus, it is proposed that it plays a role in the
initiation and progression of aggregation. Indeed, C-terminally truncated α-syn has greater
aggregation propensity and is capable of seeding fibril formation of the full length protein
both in vivo and in vitro.64,65 Consistent with this idea, recent PRE data also point to the
existence of a transient and weakly intermolecular contact between N- and C-terminus.62

Finally, in a biological context, α-syn is known to interact with more than 30 proteins and
particularly, the C-terminal region has been suggested as a protein-protein interaction site,
acting as a chaperone under certain physiological circumstances (see recent reviews37,66–68).
These observations reiterate the need for continued research efforts in understanding how
these interactions could affect the conformation and dynamics of α-syn as well as their
potential physiological or pathological effects.

Residue-specific probes of amyloid formation kinetics

Characterization and evaluation of amyloid formation kinetics pose difficult technical
challenges.69,70 But, through a combination of protein engineering, biophysical, and
biochemical analyses including fluorescence spectroscopy and microscopy, studies of α-syn
amyloid formation in a wide range of in vitro71–77 and in vivo78–81 systems are now
possible. For example, research efforts in expansion of fluorophore diversity have yielded
new amyloid-sensitive spectroscopic probes.74,76,82,83 Despite the high sensitivity and
ability to monitor fibrils in a continuous assay, there are potential effects that an extrinsic or
covalently-attached fluorophore can have on the aggregation process especially if larger,
hydrophobic molecules are chosen. Moreover, while detection of early events (i.e. formation
of oligomers) is a common aim as it is pertinent to disease, kinetic details at the residue level
during amyloid formation are of equal importance. Therefore, an ideal fluorescent probe
must report not just the average progress of aggregation but also able to provide residue-
specific information without perturbing the kinetics.

To shed light on the α-syn aggregation mechanism, a recent study assessed and compared
the involvement of N- and C-termini as well as residues proximal to amyloid core using site-
specific labeling at 4 different sites and an environmentally sensitive fluorophore, dansyl
(Dns).77 Because the fluorophore is relatively small and hydrophilic (two fused 6-member
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rings containing a charged sulfonate group), Dns-variants exhibited nearly identical
conformational behavior as the WT protein in its soluble, micelle-binding, and aggregated
states. Upon aggregation, spectroscopic changes indicate that all Dns sites are shielded from
the aqueous solvent. The hydrophobic microenvironments for Dns7 and Dns136, sites
outside the core, are likely due to their participation in interfilament interactions.

For the first time, direct kinetic comparisons showed that residues 7 and 136 exhibit local
conformational changes prior to, whereas changes for residues 26 and 100 occur
simultaneously with, macroscopic fibril formation. Notably, kinetics obtained for the
disordered region (7 and 136) preceded proximal (26 and 100) amyloid core sites suggesting
that the amyloid formation pathway may develop initially from the termini followed by
residues toward the fibril center. Further evidence from seeded aggregation experiments
support that this early event detection is occurring during the elongation process rather than
during the nucleation step.

These results can be rationalized because the N- and C-terminal regions are involved in
transient interactions in solution, as discussed earlier. In order for α-syn to form parallel-in-
register β-strands and adopt a cross β-fold, local structural reorganization must occur at the
disordered termini to break the conformational constraints arising from existing long-range
intra/inter-molecular contacts (Figure 5). It is worth noting that, using two-dimensional
Fourier transform infrared spectroscopy,84 Zanni and coworkers showed that for the human
islet amyloid polypeptide implicated in type 2 diabetes, the fibril core exhibits earliest
transitions, whereas the N- and C-termini occur later. For these two disease-related
amyloids, each appears to have a distinct amyloid folding mechanism. Rather than having
the final fold as the determinant for aggregation mechanism, the inherent differences in
polypeptide properties such as charge distribution may ultimately dictate the pathway.

4. Pmel17, a functional amyloid

Pmel17 and its role in melanin synthesis

Pmel17 is a structural protein important for melanin deposition that forms intralumenal
fibrous striations in melanosomes, organelles where melanin is formed and stored.85

Melanin synthesis involves a series of oxidation steps initiated by action of tyrosinase on the
substrate tyrosine. 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 proposed to
occur in the presence of the structural protein Pmel17, which acts as a scaffold for
depositing melanin.

Pmel17 was first identified genetically in 1930, as the `silver gene' in mice, whose mutation
resulted in hypopigmentation.86 It was not until 1991 that the gene was mapped to the silver
locus and cloned.87 Pmel17 is a transmembrane protein processed by a series of proteolytic
and glycosylation steps.88 Expression of Pmel17 alone in a nonmelanocytic cell line induces
filament formation, reminiscent to those seen in melanosomes.89

Melanosome maturation consists of four morphological stages at the ultrastructural level
(Figure 6).90 Stages I and II are defined by formation of filaments which intiate during stage
I and completed by stage II. Ellipsoidal stage II melanosomes harbor mature filaments that
are found in parallel arrays, spanning the length of the organelle. These filaments are
approximately 6–10 nm in diameter. Once mature filaments are formed, melanin synthesis
begins with enrichment of the enzyme, tyrosinase, catalyzing melanin formation during
stages III/IV.
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During melanin synthesis, these fibrous striations act as scaffolds for pigment deposition;
EM images reveal that these fibrils grow 2-fold in diameter reaching 14–20 nm. In highly
pigmented cells, the internal structure of the melanosome is masked with melanin. Recently,
Kelly and coworkers showed that these filaments are composed of amyloid, based on
positive staining of melanosome extracts with thioflavin S, a known amyloidogenic dye.91

Moreover, a Pmel17-specific antibody demonstrated colocalization with these amyloid-
positive extracts.

It is suggested that at least two domains contribute to the fibrillar matrix, PKD (polycystic
kidney disease domain)92 and RPT (repeat domain, Figure 7 top).93 Pmel17 antibodies
specific for these two domains decorate the fibrils in vivo. Deletion of the RPT domain
abolished its capacity to form the melanosomal matrix fibrils and therefore arrested
melanosome maturation.93 A closely related homolog to Pmel17 named GPNMB
(glycoprotein nonmetastatic melanoma protein b) lacks an RPT domain and is incapable of
forming a fibrillar matrix, suggesting a structural role for RPT.94 In the following sections,
we will focus on recent work on the repeat domain of Pmel17 (Pmel17:RPT), highlighting
the intimate relationship between solution pH and RPT amyloid formation.

The RPT domain of Pmel17 forms amyloid in vitro and promotes melanin synthesis

RPT, named due to the 10-imperfect repeats rich in proline, serine, threonine and glutamic
acid residues,93 is capable of forming amyloid in vitro whereas Pmel17 fragments
encompassing other domains failed,95 supporting that this domain comprises the amyloid
core in vivo. Importantly, RPT amyloid formation occurs only under mildly acidic
conditions (pH 5.0), typical of the melanosomal pH, with no amyloid formation detected at
pH 6 or above. RPT aggregates were shown to be filamentous by EM, rich in β-sheet by
circular dichroism (CD) spectroscopy, gave enhanced ThT fluorescence, and birefringence
upon staining with Congo red, meeting many of the criteria to be classified as amyloid.
Moreover, electron diffraction with unoriented fibrils showed a band at 4.5±0.2 Å,
indicative of the presence of ordered β-sheets. Preliminary solid-state NMR data also
indicated chemical shifts characteristic of a β-sheet rich structure.95

To recapitulate the function of RPT as a scaffold for melanin deposition, an in vitro assay
was used that monitored melanin formation. In the presence of RPT fibrils, the activity of
tyrosinase and its substrate L-DOPA exhibited a three-fold increase in melanin formation;
soluble protein had no detectable effect on activity. Interestingly, other amyloids such as
HET-s18 increased the efficiency of melanin synthesis at rates comparable to RPT,
suggesting that the common cross-β structure may be sufficient to template the synthesis of
melanin in vitro.

pH dependence of RPT amyloid formation

It is known that maturation of the melanosome is associated with a pH change, where stage I
is highly acidic (pH ~4.0) and stage III/IV reaching ~pH 6.0 (Figure 6).96,97 To shed light on
the pH sensitivity of RPT fibril formation, a combination of techniques that included ThT
fluorescence, EM and CD were used to monitor morphological and secondary structural
changes as a function of pH.98 Fibril formation showed a sigmoidal kinetics behavior,
consisting of a lag, growth, and stationary phase, typically observed in amyloid aggregation
(Figure 7 bottom right). Specifically, aggregation occurred from pH 4.0 to 5.5, accelerating
under more acidic conditions. Fibrils formed only below 6.0 with no aggregation observed at
higher pH. At pH 4.0, RPT rapidly aggregates forming small pre-fibrillar structures that
have an amorphous appearance. However, in slightly more alkaline conditions (pH 5.0 –
5.5), long unbranched fibrils are seen with associated differences in kinetics and fibril
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morphology (Figure 7 bottom left). At pH 5.5, aged RPT fibrils are more homogeneous and
reminiscent to those present in stage II melanosomes.

To examine the effect of pH in mediating RPT amyloid formation during melanosome
maturation, an in vitro pH titration was performed. Upon titration of preformed RPT
aggregates at pH 4.0 to 5.0, prefibrillar structures changed into long striated fibrils. This
morphological change is reminiscent of the transition observed in stage I to II melanosomes.
Interestingly, further titration to pH 7.0 resulted in almost complete disassembly of the
fibrils, supporting a highly reversible aggregation/disaggregation process.

Role of the C-terminus in RPT amyloid formation

To examine residue level environmental changes upon aggregation, fluorescence
measurements of the only intrinsic tryptophan (W423) was used. The single native
tryptophan (in the second to last repeat Figure 7 top) is an exquisitely sensitive, fluorescent
probe of RPT aggregation kinetics and fibril morphology.98 For all acidic conditions
examined (pH < 6), distinct spectral and temporal changes were observed and can be
correlated to macroscopic differences in fibril morphology. For example, between pH 5.0 –
5.5, significant intensity decreases are observed along with spectral blue-shift, indicating a
more hydrophobic local environment and potential quenching due to Trp-Trp stacking
interactions, which would be consistent with a parallel in-register β-sheet conformation. The
high responsiveness of W423 during RPT aggregation points towards a key role for the C-
terminal region in fibril assembly.

Other lines of evidence also support this hypothesis. Firstly, in vivo, the repeat domain is O-
glycosylated with the N-terminal region containing sialylated glycans located between
repeats 2 and 3.88 Addition of these modifications could cause a steric constraint around this
region preventing aggregation. Secondly, proline residues are primarily located between
repeats 1–7 and 10 would destabilize any amyloid structure and so these regions would less
likely contribute to the fibril core. Lastly, computational methods for predicting amyloid-
forming segments such as WALTZ, TANGO, PASTA and Zyggregator predict that residues
in the C-terminus will participate in the fibril core.

The RPT domain of Pmel17 orthologs forms amyloid

To evaluate the primary amino acid sequence dependence of RPT aggregation propensities,
very recent work investigated the Pmel17:RPT domains from mouse and zebrafish as well as
a splice variant of human RPT.99,100 While these Pmel17 orthologs share moderate
sequence similarity to one another, there is little sequence conservation within the RPT
domain with mouse and no similarity with zebrafish. The RPT splice variant contains a 42
amino acid truncation between repeats 5 and 8. Upon aggregation at pH 5.0, all RPT
domains were capable of forming amyloid. Similar to what was shown for human RPT, no
aggregation could be detected at neutral pH. Fibrils formed at pH 5.0 were sensitive to
neutral pH, showing disassembly of the fibrils when monitored by ThT.

Using ssNMR, both mouse and zebrafish RPT adopt the in-register parallel β-sheet
architecture that is often observed in human pathogenic amyloids (Figure 8 top). By
labelling at least one or a few residues with 13C- labelled amino acid in the carbonyl
position, the nearest intra/intermolecular 13C distance can be measured.101 The distance
between β-strands in a β-sheet is about 0.5 nm for parallel in-register β-sheets and a distance
of ~0.5 nm consistent with this model was measured (Figure 8 bottom).
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Pmel17: a highly regulated functional amyloid

Pmel17 is highly regulated in vivo with the full-length polypeptide incapable of forming
amyloid fibrils. Upon transmembrane cleavage, the lumenal Mα fragment is released,89

which upon further proteolysis and glycosylation forms the melanosomal matrix fibrils. The
timing and sequence of these events prevent amyloid formation happening too early,
therefore allowing correct processing. For example, cellular compartments such as ER and
Golgi, which lie upstream of melanosome development, would be protected from aberrant
Pmel17 fibril assembly. Cellular factors such as chaperones may be recruited to regulate the
process of propagation, degradation, and toxic intermediate build up. Indeed, the protein
MART-1 (melanoma antigen recognized by T cells) has been shown to regulate Pmel17
folding and amyloid formation.102

Clearly, in vitro RPT only forms amyloid at the acidic melanosomal pH and these fibrils
quickly dissolve when subjected to near neutral pH. During stage I, protein aggregation is
initiated with fibril growth arrested until stage II, at which point the melanosomal pH
reaches ~5.0 and the fibrils then begin to elongate. This pH sensitivity and stability can
easily be understood in light of the many glutamic acid residues present in the repeat
domains of Pmel17 orthologs.

The striking observation that the RPT fibrils dissolve at neutral pH suggests that upon
deprotonation of specific carboxylates, the electrostatic charge repulsion increases with
these glutamate residues leading to the dissolution of fibrils. Such an observation with
disease-related amyloids has not been noted due to their extreme difficulty in disassembly
e.g. by proteolysis and denaturation. From a biological perspective, if RPT was to escape
from the melanosome, it would be exposed to a more neutral environment, and eventually
dissolve and maintain a soluble benign form. This reversible mechanism ensures that RPT
fibril formation is sequestered and aggregated only in the melanosome.

5. Concluding Remarks

The emerging concept of `functional amyloid' has forced us to rethink the notion that
amyloids are only associated with diseases. It is becoming evident that there is a `yin' and
`yang' side to amyloids and likely many other facets to them as more amyloidgenic proteins
are discovered. By reviewing our work on both α-syn and RPT, we can begin to postulate
about how they are biologically different from one another. For α-syn as well as other
amyloidogenic polypeptides such as amyloid-β, the current thought is that toxicity is
associated with pre-fibrillar or oligomeric species that form during early stages of
aggregation. Notably, pre-fibrillar aggregates have been shown to permeabilize
membranes,103 suggesting a specific molecular mechanism for pathogenesis. By utilizing
biophysical techniques that allow characterization of heterogeneity in the polypeptide
ensemble, we are beginning to elucidate the conformational dynamics of α-syn in solution.
Moreover, site-specific fluorescent probes have been particularly useful for studies of the
amyloid formation process by capturing early events during the aggregation process. With
these spectroscopic tools in hand, we are now poised to obtain mechanistic insight into the
role of intermediates and their interactions with other biomolecules such as membranes.

On the other hand for functional amyloids, in particular the RPT domain, if oligomeric
species are generated, they could rupture melanosome membranes causing leakage of pre-
melanin intermediates that are known to be cytotoxic; but clearly, this does not occur. One
step to circumvent this is to mitigate or limit the build-up of these potentially membrane
disruptive intermediates during amyloid formation.91 In addition, its pH dependent amyloid
forming behavior offers important insights into Pmel17 function, a scaffold for melanin
deposition. Firstly, the amyloid filament allows for the acceleration of melanin formation by
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increasing the concentration and orientation of melanin precursors. The positioning of these
intermediates on the fibrils restricts the environment for melanin polymerization. Secondly,
melanin precursors are known to be highly cytotoxic and could easily diffuse through the
melanosome membrane and cause detriment to other cellular compartments. Sequestering
these intermediates along the fibrillar axis would mitigate such effects. Lastly, melanin
deposition could protect the fibrils if the melanosome pH becomes too alkaline.
Alternatively, dissassembly of RPT could be a way for melanosomes to recycle amyloid
fibrils.

It is clear from our work as well as others that while functional and pathological amyloids
share similarities at the structural level, there are distinct differences as to how they form.
For RPT, the strict pH requirement for aggregation suggests a highly regulated process that
allows amyloid to be formed during melanin synthesis, at which point it acts as a scaffold
for melanin deposition. In contrast, α-syn aggregation occurs in the absence of a controlled
cellular system, which could permit the build-up of intermediates leading to cytotoxicity and
eventual cell death.
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Fig. 1.
Time line showing important events in the history of the amyloid fibril.
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Fig. 2.
Schematic representation of the primary amino acid sequence of α-syn. Mutations linked to
early-onset PD, A30P, E46K, and A53T, are shown in green. The N-terminal (residue 1–60),
central region (residue 61–95), and C-terminal (residue 96–140) region has a net charge of
positive (blue), neutral and hydrophobic (gray) and negative (red), respectively.
Accordingly, α-syn adopts various conformations depending on the solution conditions. In
its soluble state, α-syn is intrinsically disordered. Upon amyloid formation, the fibril core
region is composed of residue 30–100, while the remaining N- and C-terminal regions are
disordered. In the presence of membrane mimics such as acidic micelles and phospholipid
vesicles, residues 1–95 bind and adopt α-helical structure.
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Fig. 3.
Probability distribution of Trp-to-3NY distances (P(r)) in α-syns extracted from trFET
kinetics. Results are shown for the C-terminal pair (Trp94-3NY136) under neutral and acidic
solutions (left panel) and a pair proximal (Trp19-3NY39) to the disease-related mutation,
A30P at neutral pH (right panel). The experimental limit for distances is ~ 40 Å.
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Fig. 4.
Contact rate constants as a function of loop size measured by 3NY quenching of the Trp
triplet excited state in α-syn (20 mM sodium phosphate, pH 7.4, 22 °C).
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Fig. 5.
Schematic representation for a proposed aggregation mechanism of α-syn. Soluble α-syn
ensemble is consisted of conformers that are heterogeneous, dynamic, and interchanging.
Various long range and transient inter/intra-molecular interactions in α-syn have been
characterized. The highly acidic C-terminal tail has been suggested to play a key role in
modulating α-syn solution conformation. Due to constraints arising from existing long-
range interactions in the soluble α-syn, local structural rearrangement at the N-and C-
terminus is expected to occur in order to favor α-syn forming a cross β-fold in its amyloid
state. Hence, the N- and C-termini experience early environmental changes preceding
residues near the amyloid core during the elongation phase.
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Fig. 6.
Schematic representation showing the four morphological stages of melanosome maturation.
Stage I contains full-length Pmel17, which undergoes membrane cleavage, liberating the
Mα from the Mβ transmembrane fragment. Further proteolytic processing of Mα generates
pre-fibrillar aggregates. Stage II consists of long fibrillar striations that run in parallel arrays
spanning the length of the melanosome. At least two domains, including RPT are proposed
to contribute to the fibrillar matrix. Stages III and IV contain melanins, synthesized from
tyrosine by the enzyme, tyrosinase. The melanin precursors are depicted as circles and
melanin as black polymer deposits on the fibrils. Maturation of the melanosome is
accompanied with a pH change, with a gradient ranging from 4.0–6.0.
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Fig. 7.
Schematic representation of the primary amino acid sequence of Pmel17 (top). The Mα
(residues 1–467) and Mβ (residues 468–669) fragments along with cleavage site (CS) are
shown. Processing of Mα forms the fibrillar matrix, which includes RPT. The ionizable side
chains, 14 Glu and 1 Asp, (red) in RPT are highlighted. The native tryptophan is shown in
purple. EM image of RPT fibrils formed at pH 5.0 (bottom left). pH dependent aggregation
of RPT monitored by light scattering is shown (bottom right).
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Fig. 8.
Solid state NMR 13C-C13 dipolar recoupling experiments of Ala-3-13C or Ile-1-13C labeled
mouse RPT fibrils using PITHIRDSCT101 pulse sequence (top). Schematic representation of
RPT amyloid showing a parallel in-register structure (bottom).
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