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ABSTRACT: Pmell7 is a human amyloid involved in
melanin synthesis. A fragment of Pmell7, the repeat
domain (RPT) rich in glutamic acids, forms amyloid only
at mildly acidic pH. Unlike pathological amyloids, these
fibrils dissolve at neutral pH, supporting a reversible
aggregation—disaggregation process. Here, we study RPT
dissolution using atomic force microscopy and solution-
state nuclear magnetic resonance spectroscopy. Our results
reveal asymmetric fibril disassembly proceeding in the
absence of intermediates. We suggest that fibril unfolding
involves multiple deprotonation events resulting in
electrostatic charge repulsion and filament dissolution.

myloids are highly ordered protein aggregates with an

unbranched filamentous morphology that have been
associated with many human diseases.' However, emerging
evidence suggests that some amyloids are beneficial serving
biological roles.” Pmel17 is a functional amyloid involved in
melanin synthesis and deposition, which forms intralumenal
filaments in melanosomes, membranous organelles in which
melanin is synthesized and stored.”> Pmel17 fibrils are proposed
to act as scaffolds to which melanin is deposited and possibly to
protect cells by sequestering the reactive chemical intermedi-
ates en route to this important pigment.**

A fragment of Pmell7 (Figure S1 of the Supporting
Information), named the repeat (RPT) domain because of its
10-imperfect repeat sequence of proline, serine, threonine, and
glutamic acid residues,”® forms amyloid in vitro under mildly
acidic conditions (pH 4.5—5.5)," typical of the melanosomal
pH.®> Importantly, these fibrils readily dissolve near neutral pH
(>6)," supporting the requirement of the acidic melanosome
pH for amyloid assembly and stability. This striking observation
suggests that the intra- and/or intermolecular electrostatic
charge repulsion created upon deprotonation of specific
carboxylic acids (there are 15 Glu residues and 1 Asp) is
responsible for dissolution of fibrils.*

This reversibility of RPT aggregation and disaggregation may
be a characteristic that defines it as a functional amyloid,
because many disease-related amyloids are stable to comparably
harsher conditions® such as chemical denaturation and protease
digestion.” Hence, we hypothesized that melanosomal pH may
be a natural regulator of RPT fibril formation and if RPT is
released and exposed to the neutral cytosolic environment,
filaments would dissociate and, thus, maintain their benign
nature. To gain further kinetic and structural insights into the
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RPT fibril disassembly process, we have employed atomic force
microscopy (AFM) and solution-state nuclear magnetic
resonance (NMR) spectroscopy as ultrastructural and molec-
ular probes, respectively. In particular, we sought to determine
whether during this dissolution process, intermediates or
oligomers, putative cytotoxic precursors implicated in disease-
related amyloids,® are populated.

To monitor fibril disassembly, we diluted preformed RPT
fibrils [100 uM in 20 mM sodium acetate buffer with 100 mM
NaCl (pH 5.0) at 37 °C, agitated at 600 rpm for 4 days, final
concentration of ~5 uM] and deposited them on freshly
cleaved mica. AFM images were collected under wet buffer
conditions, and long, straight, and unbranched filaments with
an average height of ~4 nm were found (Figure S2 of the
Supporting Information). Consistent with our previous
work, ** washing these fibrils with pH 5.0 buffer yielded no
sign of morphological change (Figure 1A), whereas when
treated with pH 6.5 buffer, the fibrils begin to dissolve (Figure
1B). Using real-time monitoring, the RPT fibril dissolution
process reveals the fragmentation of larger fibrils (>300 nm)
followed by the complete disappearance of the smaller
fragments on the order of minutes.

Using a method called scanning force kymography (SFK),’
we examined the directionality of fibril disassembly. By
repetitively scanning the cantilever tip along the fibril axis, we
assembled images from a single fibril into a kymogram (Figure
1C). A total of 18 individual events were observed using SFK,
and the rates of disassembly for most fibrils appear to differ at
both ends, implying filament directionality, though a few have
similar dissociation rates for both ends (Figure S3 of the
Supporting Information). A representative kymogram is shown
in Figure 1C with a fast- and slow-dissolving end.

While heterogeneous fibril growth has been shown for
amyloids such as amylin, Af, and the yeast prion PSI+,'
asymmetric disassembly of a functional amyloid has not been
demonstrated until now. The observed fragmentation and
variation in dissociation rates could be due to structural
polymorphism, where a protein can adopt different self-
propagating fibril conformations.'' This suggestion is possible
for RPT because a recent solid-state NMR report revealed that
indeed RPT fibrils are polymorphic.'> Because multiple distinct
peptide structures are possible even within a single fibril,"* both
intra- and inter-fibril heterogeneity may occur (Figure S4 of the
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Figure 1. Real-time AFM measurments of RPT fibril dissolution.
Fibrils formed at pH 5.0 were washed with (A) pH 5.0 or (B) pH 6.5
sodium acetate buffer and monitored over time (an asterisk denotes
one disassembly event). Gray scale indicates fibril height. (C)
Scanning force kymogram showing a single fibril scanned repetitively
along its long axis as a function of scanning time. Ends have been
labeled for relative rates (an asterisk denotes fragmentation). Gray
scale denotes fibril height. Time scale 0—900 s.

Supporting Information). Another plausible explanation is that
there is directional growth of the fibril resulting in distinctive

interaction sites at the filament ends.

Despite the presence of heterogeneity, we elected to
characterize the kinetics (this rate includes dissolution from
both fast and slow ends) by assessing end-to-end filament
distances (see Figure 1B). At least 100 individual dissolution
events were counted, and an average rate of 0.16 + 0.13 nm/s
was obtained (Figure S4). Because amyloids adopt a cross-f§
structure," where the f-strands in a f-sheet run perpendicular
to the fibril axis at an interstrand distance of approximately 0.47
nm, we estimate that on average it would take ~3 s to remove
these f-strands of each monomer from the fibril.

To gain residue-specific insight into fibril disassembly, we
prepared isotopically labeled RPT for NMR spectroscopy. The
N HSQC spectrum was first measured for soluble,
monomeric RPT at pH 6.5, which provided backbone amide
hydrogen and nitrogen resonance assignments for 87 of the 119
non-proline residues, with 29 more being conditionally assigned
because of spectral overlap (Figure SSA,C of the Supporting
Information). Spectroscopic features (chemical shifts and line
widths) of all assigned residues were consistent with the protein
adopting a flexible random coil conformation and can be
classified as an intrinsically disordered polypeptide.'*

In the fibrillar state at pH 5.0, no backbone amide resonances
were observed for residues 378—444, suggesting that the lack of
NMR signal may be due to a large rotational correlation time of
the amyloid core (Figure 2 and Figure SSB,D of the Supporting
Information). In contrast, resonances for N-terminal residues,
316—377, remain visible albeit with reduced intensities and

T T T T ) é 08
2R1:0 @ @ @ @
20 © © © ©® ©
0.8h 8h 16h 24h 32h 40h
407
T Ak A
L YO A R
Ew*% -
= 4 =
2 g [ L 12406 _—
o A L "}" 13 3.
5 a g [A¥ E422 858
£ | .4 Ja. T~
== B Bl < .
8 o Il ¢ 14052
—= & TP
B, 0 5 10 15 20 25 30 35 40
0.2 & time (h)
: inmgy? | 04
0 ; = 3
& ‘ LI
o E G E By BEEEEE T GFERED  |6a
320 340 360 380 400 420 440
residue
3SPTAEAPNTTAGQV ~PTTEVVGTTPGQA PTAEPSGTTSVQV
354pTTEVISTAPVQM PTAESTGMTPEKV PVSEVMGTTLAEM
3933TPEATGMTPAEV SIVVLSGTTAAQV TTTEWVETTAREL
432p] PEPEGPDASSI

Figure 2. Comparison of NMR amide resonance intensities for RPT
fibril dissolution (right axis) and fibrillar vs monomer RPT (left axis).
Intensity ratios [Igp/Inonomer (Purple circles) and Igu/Igna (blue
squares)] are plotted as a function of residue number for the fibril
(Ipey PH S), monomer (Ignomer PH 6.5), initial (Ia), and final
(Ifna) time points of the disassembly process at pH 6.5. The inset
shows disassembly kinetics monitored by E318 (green triangles) and
E422 (red diamonds) with corresponding resonance peaks at selected
times shown above. Acidic residues in RPT are colored red; E318 and
E422 are underlined, and W423 is colored purple.

broadened line widths (at least twice that of the monomer),
consistent with a reduction in the level of motion compared to
that of the monomer, and becoming more immobile as the
residues approach the C-terminal region. No chemical shift
perturbations were observed (<0.03 ppm); thus, the N-terminal
region retains a flexible, unstructured conformation in the
amyloid form, nearly indistinguishable from the monomer.

We propose that the RPT fibril core is contained within the
C-terminal repeats (residues 378—444). This is consistent with
our prior fluorescence study using W423 in repeat 9, which also
indicated a key role for the RPT C-terminal region in fibril
assembly.”® The N-terminal intensity reduction is consistent
with restricted motion because of the tethering to the much
larger fibril. However, the possibility that some reduction could
be due to the incorporation of a subpopulation of the N-
terminal residues into the amyloid cannot be ruled out.'*

To map the RPT disassembly process in detail, we
resuspended preformed fibrils in pH 6.5 buffer and recorded
a N HSQC spectrum every 30 min up to 42 h at 22 °C. The
first spectrum showed 35% recovery of the intensity observed
for the monomer spectrum. Subsequent spectra showed a
slower, exponential recovery with an average time constant (7)
of 12 h for all residues. The first spectrum appears to be a sum
of fibril and monomer spectra, with no evidence of
intermediates during the first 30 min. This is shown in Figure
2 via comparison of the intensity ratios of the initial and final
spectra to those of the fibril and monomer spectra, which
clearly follow the same trend within experimental error.

Though kinetics for every assigned residue were examined,
we paid special attention to the Glu backbone amides (Figure
S6 of the Supporting Information) because of their implications

dx.doi.org/10.1021/bi201578h | Biochemistry 2011, 50, 10567—10569



Biochemistry

Rapid Report

in the pH-dependent dissolution process (vide supra). The
inset of Figure 2 displays a representative example, showing the
backbone amide kinetics of E318 and E422, with E318
positioned outside and E422 within the putative fibril core.*"
It is clear that there are no significant differences among the
different glutamates, suggesting that fibril unfolding is not a
local but rather global process involving multiple deprotonation
events. Consistent with the spectral data, no intermediate states
are apparent as evidenced by the comparable rates, suggesting
such states are avoided or are beyond our detection."

The absence of stable oligomeric states during RPT fibril
disassembly was also verified using size exclusion chromatog-
raphy (SEC). RPT fibrils were resuspended in pH 6.5 buffer
and directly applied to a pre-equilibrated column. The resulting
chromatogram showed two peaks, one of the monomer and the
other eluting in the void volume, suggestive of small fibrils with
a mass >600 kDa (Figure S7 of the Supporting Information).
By preincubation of RPT at pH 6.5 for various lengths of time,
it is clear that more monomer is released when the fibrils are
exposed for longer time periods, in accord with the NMR
results (Figure S7). Our data demonstrate that RPT fibril
dissociation is fully reversible because nearly all of the NMR
monomer signal intensity is recovered and no apparent stable
oligomers are identified by SEC. Nevertheless, further work
utilizing other site-specific and highly sensitive probes (e.g,,
Forster energy transfer) is necessary to delineate the presence
of a small population of oligomers.

In summary, we report new structural insights into RPT fibril
dissolution. At the microscopic level, fibrils often fragmented
before their complete disappearance. In addition, asymmetric
dissolution rates were observed. On the residue level, solution-
state NMR data identified the amyloid core in the C-terminal
region. Moreover, spectral and kinetic data indicate that
intermediate states are not populated during dissolution.
Because amyloid toxicity has been associated with oligomeric
or prefibrillar species that manifest during aggregation and
potentially cause membrane disruption,'® we suggest that in the
case of the RPT domain, these events are mitigated because of
reversible and pH-dependent amyloid formation.
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