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ABSTRACT The analysis of the a-synuclein (aS) aggregation process, which is involved in Parkinson’s disease etiopathogenesis, and of the structural feature of the resulting amyloid fibrils may shed light on the relationship between the structure of aS
aggregates and their toxicity. This may be considered a paradigm of the ground work needed to tackle the molecular basis of all
the protein-aggregation-related diseases. With this aim, we used chemical and physical dissociation methods to explore the
structural organization of wild-type aS fibrils. High pressure (in the kbar range) and alkaline pH were used to disassemble fibrils
to collect information on the hierarchic pathway by which distinct b-sheets sequentially unfold using the unique possibility offered
by high-pressure Fourier transform infrared spectroscopy. The results point toward the formation of kinetic traps in the energy
landscape of aS fibril disassembly and the presence of transient partially folded species during the process. Since we found that
the dissociation of wild-type aS fibrils by high pressure is reversible upon pressure release, the disassembled molecules likely
retain structural information that favors fibril reformation. To deconstruct the role of the different regions of aS sequence in this
process, we measured the high-pressure dissociation of amyloids formed by covalent chimeric dimers of aS (syn-syn) and by the
aS deletion mutant that lacks the C-terminus, i.e., aS (1–99). The results allowed us to single out the role of dimerization and that
of the C-terminus in the complete maturation of fibrillar aS.

INTRODUCTION
a-synuclein (aS) is a 140-amino-acid (aa) protein mainly
expressed at presynaptic terminals in the mammalian central
nervous system. It can be divided into three domains: the
amphipathic N-terminal region (1–60 aa), which acquires
an a-helical structure when bound to lipid membranes (1);
the non-b-amyloid component (NAC) (61–95 aa), which is
highly hydrophobic and involved in aS aggregation (2);
and the C-terminus (96–140 aa), which is highly acidic
and has no distinct structural features. aS monomers were
first described as a natively unfolded protein in solution,
even though tetrameric a-helical forms were observed (3).
It has been also shown that the structure of monomeric aS
in solution is more compact than expected for a completely
unfolded polypeptide. In fact, long-range interactions be-
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tween the C-terminal region and the hydrophobic NAC
domain have been proposed to stabilize aS in the monomeric state in vitro (4) and in mammalian cells (5).
The physiological functions of aS are not fully understood, but several studies suggest it plays a role in synaptic
vesicle recycling (6,7), SNARE complex assembly (8), and
neuronal plasticity (9). Great efforts have been made to
characterize structural and functional properties of aS after
the discovery of the link between aS aggregation and
Parkinson’s disease (10). A b-sheet-rich fibrillar form of
aS is the major component of Lewy bodies (11), which
are intracellular deposits of proteins and lipids found within
surviving neurons in brains of patients affected by Parkinson’s disease or other synucleinopathies (12). The structure
of aS amyloid fibrils was studied by x-ray diffraction, solidstate NMR, and cryo-electron microscopy (13–15), and by
micro-electron diffraction (16) down to atomic resolution.
The results suggested a cross-b structure, similar to other
amyloid fibrils, in which the b-sheet motifs are oriented
perpendicular to the fibril axis. However, the structural
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details of fibrillar aS represent the ground on which to
construct a classification of the divers strains reported in
the recent literature (17) and associated with different
phenotype traits.
The early stage of aS aggregation is an oligomerization
process, where few monomers assemble to form transient
and heterogeneous oligomeric species. Fibrillar structures
are then formed through successive additions of monomers
or other oligomeric species to the growing aggregates. During this process, several distinct transient oligomeric and
protofibrillar species seem to populate the system (for a review of the aS aggregation process, see Plotegher et al.
(18)). The aS oligomers can be conceived either as on- or
off-pathway intermediates in fibril formation. In an attempt
to define the toxic forms of aS, oligomers were shown to be
responsible for neuronal death (19). However, neuronal
death was also associated with the presence of Lewy bodies,
whereas neurons with no inclusions seem to be less vulnerable (20). Given the heterogeneity of the different aS aggregates and the proposed toxic effects assigned to both aS
oligomers and fibrils, the molecular mechanisms of cytotoxicity of aS aggregates remain as elusive as the structural
features that govern them.
Therefore, despite their relevance in neurodegeneration,
the structural information on the several aggregation intermediates of aS is still scanty, and difficulties arise when
trying to identify those that are relevant for the in vivo
aggregation process and for the pathology. This can be rationalized by considering several technical limitations due to
the heterogeneous and transient nature of oligomeric intermediates, which hinders isolation of the individual components. However, ensemble measurements, such as circular
dichroism (CD) and infrared (IR) spectroscopy, indicate
that most of the on-pathway aS oligomeric intermediates
contain substantial b-sheet structure (21).
An alternative avenue of investigation starts with analysis
of the end products, i.e., the mature aS amyloid fibrils.
These structures show a substantial thermodynamic stability, and previous studies associated fibril structural inertia
with the involvement of several weak interactions, such as
the hydrophobic effect, p-p interactions, and ion pairing
among aa side chains. It is now well accepted that amyloid
fibrils can be destabilized or even completely dissociated by
tuning the net charge of the polypeptide chain (22–25). For
example, aS fibrils disassemble into monomeric units in a
very alkaline environment (25) or when subjected to low
temperature, which weakens electrostatic interactions and
hydrophobic effects (23,24).
An alternative strategy to obtain a controlled reversible
dissociation of amyloid fibrils, based on the fine-tuning of
weak interactions, is high hydrostatic pressure (HP)
(26–29). It was observed that pressures of 2 kbar dissociate
aS fibrils (26,29), by forcing the equilibrium toward dissociation. HP shifts the system toward a state that occupies the
minimal achievable volume, which is reached by solvent
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electrostriction around charged groups and is associated
with important water density changes. The latter affects
the intensity of the hydrophobic effect (30), ion-pair dissociation, and exposure of the hydrophobic surface to solvent.
Therefore, using kbar pressures, it is feasible to finely tune
weak interactions, inducing partial or total disassembly of
the tertiary structure and even a cooperative unfolding of
the H-bond wires of the protein secondary structure.
Here, we present a Fourier transform IR (FTIR) and
Raman characterization of the HP- (in the kbar range) and
pH-driven dissociation of wild-type (wt) aS fibrils with the
goal of providing a structural characterization of aggregation
intermediates and the processes that may be relevant in
defining new methods to interfere with the aggregation and
its associated toxicity. The disassembly seems to follow a hierarchic pathway where distinct b-sheets unfold sequentially.
The results point toward the formation of kinetic traps in the
energy landscape of aS fibril disassembly, explored using the
unique possibility offered by HP FTIR to characterize transient partially folded species. In an attempt to deconstruct
the role of the different regions of aS in fibril stability, we
measured the HP dissociation of amyloids formed by covalent chimeric dimers of aS (syn-syn) (31) and by the aS deletion mutant lacking the C-terminus, i.e., aS (1–99).
MATERIALS AND METHODS
Protein purification
The syn-syn dimer, constituted by aa 1–104 and 29–140 of aS cloned in tandem, wt aS, and C-terminal depleted aS (1–99) were all expressed and
purified as described elsewhere (31–33). Briefly, proteins were expressed
in Escherichia coli strain BL21(DE3). For wt aS and the syn-syn dimer,
cells were grown at 37 C in lysogeny broth to OD600 ¼ 0.3–0.4 and induced
with 0.1 mM isopropyl b-thiogalactopyranoside for 5 h. Cells were then
collected and the recombinant proteins were recovered from the periplasm
by osmotic shock. The periplasmic homogenate was then boiled for 15 min
and the soluble aS-containing fraction was subjected to a two-step (35 and
55%) ammonium sulfate precipitation. The pellet was resuspended, dialyzed against 20 mM Tris-HCl (pH 8.0), loaded into a 6 mL Resource
Q column (Amersham Biosciences, Little Chalfont, United Kingdom),
and eluted with a 0–500 mM gradient of NaCl.
aS (1–99) overexpressing cells were grown at 37 C in lysogeny broth to
OD600 ¼ 0.8 and induced with 0.3 mM isopropyl b-thiogalactopyranoside.
After 4 h, homogenized cells were boiled for 15 min and ammonium sulfate
was added to the soluble fraction in two steps (35 and 55%). The resuspended
pellet was dialyzed and loaded into a 6 mL Resource S column (Amersham
Biosciences) and eluted with a 0–500 mM NaCl gradient. Finally, all the proteins were dialyzed against water, lyophilized, and stored at 20 C.

Fibril preparation
Proteins were resuspended into deuterated phosphate-buffered saline (PBS;
pH 7.4) and filtered with a 0.22 mm filter to eliminate residual aggregates
due to lyophilization. Soluble proteins were quantified using an Agilent
8453 ultraviolet-visible diode array (Agilent, Santa Clara, CA); absorbance
was measured at 280 nm and protein concentration was calculated using
protein molar extinction coefficients corresponding to ε(aS) ¼ 5960 M1
cm1, ε(syn-syn) ¼ 7450 M1 cm1, and ε(aS (1–99)) ¼ 1490 M1
cm1. Fibrils were obtained by aggregating the solubilized proteins at a
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concentration of 6 mg/mL, to which NaN3 was added to a final concentration of 0.05%. After 1 week at 37 C under shaking at 1000 rpm, fibrils were
collected by pelleting for 2 h (15,000  g) and the residual soluble aS in the
supernatant was quantified as reported above.
The amount of aS converted to fibrils was calculated as the difference
between the initial amounts used in the aggregation assay and the residual
protein present in the supernatant. Fibrils were then resuspended in a proper
volume of deuterated PBS with 0.05% NaN3 to a final equivalent monomeric concentration of 10 mg/mL.

Transmission electron microscopy imaging
Transmission electron microscopy (TEM) samples were prepared by
adsorbing a 15- to 20-mL aliquot of aggregated protein samples (monomeric
equivalent concentration, 0.3 mg/mL) onto a carbon-coated copper grid.
Negative staining was performed with 0.05% uranyl acetate solution.
TEM images were acquired on a Tecnai G2 12 Twin instrument (FEI, Hillsboro, OR).

FTIR measurements
High-pressure FTIR measurements were performed with a conventional IR
interpherometer (IFS66, Bruker, Billerica, MA) coupled to the IR microscope (Hyperion, Bruker). The samples were loaded into a diamond anvil
cell equipped with IIa diamonds with a culet of 600 mm. A gasket of stainless steel 40 mm thick was used.
Ambient pressure measurements were performed using a standard liquid
cell equipped with CaF2 windows (2 mm thick) separated by a 40-mm-thick
mylar spacer. Data were analyzed using OPUS Pro 6.5 (Bruker Optics, Ettlingen, Germany). Second-derivative spectra were calculated with the Savitzky-Golay algorithm and 17 smoothing points. A homemade
fluorescence system (27) based on the ruby fluorescence technique was
used for pressure calibration. The kinetic evolution of the amide I0 band,
in HP and pH-jump experiments, was followed for 40 min by starting the
measurement cycle immediately after the pressure increase and pH change,
with each measurement having a duration of 2 min. FTIR measurements at
constant pressure have been acquired at signal equilibration after pressure
increase.

Micro-Raman measurements
Micro-Raman (m-Raman) measurements were performed with a Bruker
SENTERRA microscope equipped with a 532 nm Laser (Nd:YAg) used
at a power of 20 mW. Spectra were acquired on lyophilized samples in
the spectral range of amide I and amide III bands (1750–1200 cm1)
with a resolution of 3 cm1.

CD spectroscopy
CD experiments were performed on a J-715 spectropolarimeter (JASCO,
Tokyo, Japan) equipped with HELLMA quartz cells with Suprasil windows
and an optical pathlength of 0.1 cm. CD spectra were acquired at room temperature and processed using the manufacturer’s software. All spectra were
recorded in the wavelength range 200–250 nm using a bandwidth of 2 nm
and a time constant of 2 s at a scan speed of 50 nm/min. A single spectrum
was acquired every 5 min by adding 5 mL 1 M NaOH to the initial fibril
solution of 150 mL (final pH 11).

Thioflavin T assay
Thioflavin T (ThT) binding assays were performed as previously described,
with minor changes (11). The aggregates aS, syn-syn, and aS (1–99) were

pelleted to remove nonfibrillar protein and resuspended in PBS (pH 7.4).
10 mL fibril aliquots (10 mg/mL concentration) were diluted into 20 mM
ThT solution in PBS (pH 7.4) to a final volume of 100 mL. Fluorescence
emission measurements were conducted on a fluorimeter (Ls50, Perkin
Elmer, Waltham, MA) at room temperature using an excitation wavelength
of 440 nm and recording the ThT fluorescence emission spectra between
450 and 600 nm to verify the presence of b-sheet fibrillar material in
solution.

Atomic force microscopy
5 mL aliquots were taken from aggregation mixtures, diluted (10) with
45 mL of PBS buffer, then left to equilibrate at room temperature for
10 min. From the diluted sample, 10 mL was then deposited onto freshly
cleaved mica (RubyRed Mica Sheets, Electron Microscopy Sciences, Fort
Washington, MD) and left to adsorb for 5 min. The sample was then rinsed
with 100 mL of ultrapure water and dried with a gentle nitrogen flow.
Atomic force microscopy (AFM) imaging was performed on a Multimode
8 microscope equipped with a Nanoscope V controller and a type J piezoelectric scanner (Bruker). Samples were scanned in air using peak-force
tapping mode with SNL probes (Bruker). Raw images were processed to
remove background nonlinearity (flattening) using Gwyddion v2.48
(http://gwyddion.net/).

RESULTS AND DISCUSSION
HP versus pH dissociation of aS fibrils
Aiming to define the structural features that govern the formation of wt aS fibrils we analyzed the disassembly process
as induced by alkaline pH and HP. Both experiments started
from aS fibrils formed at physiological pH. The fibrillar
nature of the starting material was validated by AFM
(Fig. 1), thioflavin assay, and TEM. The alkaline dissociation was obtained by resuspension of the pelleted fibrils
in a basic solution (pH 11), whereas the pressure-controlled
dissociation required the use of an optical diamond anvil to
reach the reported pressures (up to 2.6 kbar). FTIR spectroscopy was used to describe the secondary structure variations occurring during the dissociation experiments. The
structure assignments of IR peaks, performed in accordance
with literature data (28,34), are reported in Table 1. The
amide I band of aS fibrils at atmospheric pressure and
neutral pH (Figs. S2 and S5) shows a prominent narrow
peak at 1617 cm1, the hallmark of an intermolecular
b-sheet (34), and a broad shoulder covering the spectral
region 1630–1680 cm1, where intramolecular structures
absorb.
Fig. 2 shows the time evolution of the band upon HP- and
pH-induced dissociation of fibrils (Fig. 2, A and B, respectively). The narrow-peak feature of intermolecular b-sheet
at 1617 cm1 decreases under both disassembly conditions.
Conversely, the signal ascribed to random-coil and other
intramolecular structures, absorbing in the region
1645–1660 cm1, increases.
A remarkable property of the HP-induced dissociation is
the presence of an isosbestic point, which has been reported also for other synuclein forms (12) and under divers
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TABLE 1 Amide I0 Assignments for Secondary Structures of
Synuclein Fibrils
Wavenumber (cm1)
1617
1622
1640, 1645, 1648
1656, 1668
1685

FIGURE 1 Representative AFM micrographs of aS fibrillar aggregates
deposited on mica, for wt (top), ‘‘syn-syn’’ covalent dimer (middle), and
C-truncated 1–99 form (bottom). Images are displayed with the same X,
Y, and Z scales (as shown via scale bars and false color mapping). In
each of the three cases, the greater part of the aggregated material has a
clearly fibrillar morphology. Although the overall shape of wt aS helical
aggregates is consistent with current literature (average diameter, 7.3 5
1.4 nm; helical periodicity, 101 5 14 nm), the other two forms show
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Structure
b-sheet (bamyloid)
b-sheet (boligomers)
random coil (r)
turn (t) and bend (b)
turn (t) and lateral chains

experimental conditions (13). Difference spectra (see
Fig. S1), calculated by using the spectrum at t ¼ 0 as a
reference, reveal that the presence of the isosbestic
point, which is typically associated with reactions that
involve two main species, is in this case misleading. The
presence of the broad minimum around 1617 cm1 with
two shoulders in the region where b-sheet absorbs
(1610–1640 cm1) suggests that more than one b-sheet
participates in the reaction. As shown in the figure, these
overlapping minima merge into a single minimum as
dissociation proceeds. Since these peaks are very close
in frequency and are changing in intensity in the same
direction, we tried to single them out by using correlation
analysis. Moreover, we also compared the amide I0 band at
pressure release to the one acquired before pressurization
to evaluate the reversibility of the dissociation process
(see Fig. S2). Interestingly, although fibril dissociation is
reversible, given that the initial absorption spectrum of
fibrillar b-sheet (around 1617 cm1) is fully restored,
small structural changes respecting turns and other nonfibrillar moieties (35), or small lateral chain rearrangements
(34), are evident by the slight absorption decrease in the
region around 1685 cm1. A possible interpretation is
that the presence of a small number of amorphous aggregates in the untreated sample could be easily dissociated
by HP. This interpretation of the data is in accordance
with experimental evidence that establishes the enhanced
sensitivity of amorphous aggregates to HP, as compared
to amyloids (36).
Although both HP and pH-jump experiments lead to the
dissociation of b-sheet (b) into random-coil and intramolecular structures (r) (Fig. 2), only the dissociation induced by
alkaline pH causes the appearance of a substantial and novel
feature at 1685 cm1 in the spectra, which was previously
assigned to b-turn moieties and nonamyloid aggregates
(37). The very narrow bandwidth of this feature suggests
the formation of highly ordered structures, and its spectral
position is compatible with an attribution to turns and
strands in aggregated structures and/or to COO stretching
in H-bonded lateral chains (37,38). The end product of the
alkaline disassembly cannot be reverted to fibrils, and it is
likely an amorphous aggregate, posing a question about
different distributions of morphometric parameters, strongly suggesting
different arrangements of monomeric aS within their fibrillar cores with
respect to wt aggregates.

Unfolding of a-Synuclein Fibrils
FIGURE 2 (A and B) Time evolution of amide I0
spectra (gray to black) upon HP (2.6 kbar)-induced
dissociation (A) and upon pH-induced dissociation
(B). The black spectrum for the pH-dissociation
experiment (B) was acquired after 24 h at basic
pH and was not used for calculating correlation
spectra. (C–F) Amide I0 2D-COS spectra of the
HP (2.6 kbar) (C and E) and pH (pH 11) (D and
F) dissociation kinetics of preformed fibrils of aS.
The correlation function is defined as F(k1,k2) þ
iJ(k1,k2). Although the real part of the function,
the synchronous spectrum (F), can give information on the reciprocal amplitude variation of signals
through analysis of the imaginary part of the correlation function, the asynchronous spectrum (J), it
is possible to reconstruct the temporal order in
which the variations highlighted by synchronous
features occur. During the dissociation induced by
the protein charge redistribution occurring at pH
11, three main amide moieties can be detected:
b-sheets building up the amyloid absorbing around
1617 cm1, random coils and turns absorbing in the
region between 1660 and 1640 cm1(r), and aggregated strands (b*), mainly found in the absorption
region around 1685 cm1. The asynchronous spectrum, J, of the process taking place at HP (2.6 kbar)
shows the presence of several intermediate species.
Two distinct random coil absorptions can be
detected, around 1640–1642 cm1 and around
1648 cm1, and there are at least three intermolecular structures in b-sheet configurations around
1622, 1617, and 1614 cm1.

the interpretation of dissociation studies on aS fibrils solely
based on alkaline pH.
Two-dimensional correlation spectroscopy
analysis of HP- and pH-driven dissociation
process
Further information on the two disassembly processes can
be acquired using the two-dimensional correlation spectroscopy analysis reported for HP dissociation (Fig. 2, C and E)
and pH dissociation (Fig. 2, D and F).
The secondary structures derived from this analysis are
reported in Table 1, and correlation peak frequencies and
the respective data interpretation are reported in Table 2.
In this type of analysis, the real part of the autocorrelation
function, the synchronous spectrum (F), provides information on the correlation among changes of measured spectral
series. The off-diagonal peaks represent the degree of correlation between spectral feature changes. Positive peaks are
thus generated for spectral features in which the intensity
variations occur in the same direction (for example, both
increasing), whereas negative peaks report intensity variations in the opposite direction.
The imaginary part of the autocorrelation function, the
asynchronous spectrum (J), detects sequential changes
of measured spectral series instead. Between the two
spectra, the asynchronous spectrum is of particular interest,

because it allows the distinction of spectral intensity
changes, which occur out of phase (i.e., delayed or accelerated), as a function of time. In positive synchronous
correlation between two spectral features, positive asynchronous cross-peaks indicate that the first feature of the
correlation couple k1:k2 changes earlier or more significantly than the second feature. This trend is reversed for
negative synchronous features. Therefore, the asynchronous maps allow the distinction of individual spectral features composing the amide I0 band, corresponding to the
secondary-structure moieties, which are involved in the
two dissociation processes. The correlation analysis
applied to the HP dissociation process (see Fig. 2, C–E)
shows a complex pathway of structural reorganizations. It
confirms the conversion of b-sheet into random coils and
suggests the presence of two processes occurring in parallel: 1) fibrillar b-sheet dissociates into shorter intermolecular b-sheet, possibly oligomeric, then into random coils,
and 2) fibrillar b-sheet dissociation leads to an increase
in bends, turns, and, eventually, random coils.
The first process is a ‘‘fragment-mediated dissociation’’ in
which the disassembly of fibrils to shorter b-sheet fragments
of a few peptides, likely oligomeric species, eventually
leads to complete dissociation into random structures.
The second process is a ‘‘direct dissociation’’ of peptides
involved in conversion of fibrillar b-sheet into random coils
in which only a fraction of the polypeptide chain unfolds at
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TABLE 2

Correlation Analysis for HP Dissociation of aS Fibrils
HP Dissociation

k2,k1
1617 bfibril
1622 boligomer
1640 r
1648 r
1656 t, b
1668 t, b

1617 bfibril

1622 boligomer

1640 r

1645 r

þ, þ

, þ

, þ

1648 r
, 

1656 t,b

1668 t,b

, 
?
þ, 
þ, 

, 
?
þ, 

Correlated Events:
1617:1640 and 1617:1645
bfibril decreases, then r increases
1617:1656 and 1617:1668
bfibril decreases, then t and b increase
1617:1622
bfibril decreases then boligomer decreases
1622:1648
boligomer decreases then r increases
1640:1656 and 1648:1656 and 1648:1668
r increases after t and b decrease

Synchronous (F) and asynchronous (J) correlation of off-diagonal peak signs for each frequency couple are reported separated by commas (F, J).

each pressure step. The presence of a broad asynchronous
anticorrelation peak centered at 1685–1618 cm1,
covering also the spectral region around 1685–1622 cm1,
suggests that the coupled peaks change at different times.
This piece of evidence allows us to rule out the correspondence of the peak at 1685 cm1 to the high-frequency
component of antiparallel b-sheet, and to assign it to turns,
aggregated strands, or lateral chains (39,40). However, since
the high frequency peak enabling us to resolve b-sheet
reciprocal arrangements has typically a small intensity,
further investigation is required to establish whether aS molecules in the observed aggregates are in a parallel or antiparallel fashion. For these reasons, we associated the
correlation peaks 1685–1618 cm1 and 1685–1622 cm1
(coupling the component at 1685 cm1 to b-sheets in fibrils
and in oligomers, respectively) to small variations in turns,
aggregated strands, or lateral chain arrangements as fibrils
dissociate. All these assignments are compatible with the
presence of a small number of amorphous aggregates in
the sample before pressure treatment. Signals associated
with lateral chains, i.e., the asynchronous correlation signals
at 1605 and 1612 cm1, considered typical hallmarks of
tyrosine, suggest a reorganization of these chains during
the dissociation.
A rationalization of the process of ‘‘direct dissociation’’
was attempted by considering the structure of aS fibrils predicted by the experiments reported in the literature. As sug-

1690 Biophysical Journal 113, 1685–1696, October 17, 2017

gested by solid-state NMR, electronic paramagnetic
resonance, and AFM experiments, aS fibril structure is
composed of a cluster of a few distinct b-sheets (18). In
Fig. 2 A, we showed that the amide I0 mode associated
with b-sheet was already in an intermediate state at the
beginning of the kinetics at 2.6 kbar, with a lower content
of b-structures, as compared with fibrils, at the ambient
pressure. Moreover, the sample shows a detectable content
of b-sheet once equilibrium is reached (a shoulder at
1619 cm1 is still present at the longest time explored,
i.e., 2 h, and up to the maximal pressure reached). This
result suggests that only a fraction of b-sheet is susceptible
to the applied pressure, providing further support for the
already-established sequential action of higher pressures
on protein structure (27).
In the ‘‘fragment-mediated dissociation’’ scheme, the
b-sheets that constitute the fibrils are converted into shorter
structures, possibly oligomeric forms, tentatively assigned
to the 1622 cm1 feature. It was recently reported (41)
that amyloid fibrils formed from the SH3 domain of the
a-subunit of phosphatidyl inositol-30 -kinase are not stable
static structures but could rather be considered as reservoirs
from which oligomers could attach and detach, leading to a
turnover of molecules within the fibril population. Therefore, we can suggest that when fibrils are subjected to HP,
the system shifts toward the state with the smaller volume,
favoring the dissociation of individual oligomers from the
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fibrils. An analogous process could be at the basis for the intermediate misfolded aS forms found here at HP (short
b-sheet signals at 1622 cm1) (35).
The latter observation implies that at HP, kinetic traps are
stabilized in the energy landscape. The presence of intermediate states detected during HP fibrils dissociation is in
agreement with the off-lattice minimalist model proposed
by Hillson et al. (39) and developed for a b-barrel protein,
which implies an enhancement of the overall roughness of
the energy landscape at HP. The reversibility of the HP
dissociation suggests also that the HP intermediate states
become energetically unfavorable upon pressure release.
The fast kinetic of the reassembly implies that the intermediates retain sufficient structural information to efficiently
drive the process. Despite the relevance in the understanding
of structural features that may be responsible for aS aggregates toxicity, it remains to be proved that the intermediates
observed in vitro are of relevance for the in vivo process of
aggregation.
The correlation features observed for pH dissociation
allow us to describe the process as follow: highly
ordered structures dissociate into random coils (bfibril/r
1617:1645 cm1) and turns (bfibril/t 1617:1658 cm1) and
then reaggregate (bfibril/t,b 1617:1685 cm1). The lack of
intermediate steps in pH dissociation can be explained by
considering that when aS is subjected to an alkaline pH,
it acquires a strong global negative charge, shifting from

a formal charge of 9 at neutral pH to 27 at pH 11.
The additional charge acquired by the protein is likely
due to the deprotonation of lysine (pKa ¼ 10.53) and tyrosine (pKa ¼ 10.07) residues. Considering that 10 of the
15 lysine residues in the aS sequence are placed in solvent-protected regions of the amyloid (15,43), it is conceivable that, at least within the timescales of FTIR
experiments, pH dissociation occurred through the onestep dissociation of the whole b-sheet structure. Moreover,
the tertiary reorganization of the protein due to the electrostatic charge stabilization possibly induces the collapse of
the unfolded ensemble and leads to an unspecific irreversible aggregation.
pH-induced dissociation of aS fibrils studied by
Raman spectroscopy
To further investigate the nature of the species obtained by
pH dissociation, we performed Raman experiments. Raman
spectra in the region of the amide I and amide III bands are
reported in Fig. 3, A and B.
The dissociation of fibrils already observed in IR experiments is confirmed by the spreading of the main Raman
peak at 1660 cm1 (44). As suggested by the amide I
band similarities between monomeric aS and pH-dissociated fibrils, no variations in secondary structure occur during the final reaggregation process. The presence of the

FIGURE 3 (A and B) Raman amide I (A) and
amide III (B) spectra of native monomeric aS, in
its fibrillar form and after alkaline pH-induced
dissociation of fibrils. The peak at 1603 cm1,
ascribed to aromatic chain modes, can be clearly
identified in the free monomer. Conversely, it is
absent in the fibrillar sample and it is partially
restored upon pH-driven dissociation of fibrils.
The dissociation of fibrils is suggested also by the
observation of b-sheet-associated signal in the
amide III region at 1230 cm1, which is only present in the fibrillar sample. Differences from the
native wt are found in the region of Cb modes,
marking the reorder of side groups upon reaggregation occurring after fibril dissociation in an alkaline
environment. (C and D) The dissociation of fibrillar
b-sheets is confirmed by CD measurements (C),
whereas TEM measurements show the amorphous
nature of the aggregates formed upon pH-driven
dissociation of fibrils, with only a residual presence
of small aS fibrils (D).
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peak at 1603 cm1, associated with tyrosine residue ring
modes, in the spectra of alkaline pH-treated samples suggests that fibril dissociation is linked to a reorganization
of tyrosines. Important information can be obtained
from the region around the amide III band. The shape
of the bands in the region between 1280 and 1230 cm1
confirms what is inferred by observation of amide
I0 : fibrillar b-sheet decreases during alkaline pH treatment
and the secondary structures of monomeric aS and alkaline pH-treated fibrils are strictly similar. Furthermore,
the intensity increase and the narrowing of the peak at
1405 cm1, associated with Cb modes and previously
assigned to COO stretching of acid lateral chains (44),
suggests an ordering of carboxylic groups in the structures
obtained upon alkalization. The presence of this peak in
the pH-dissociated fibrils, together with the evidence of
an IR feature at 1685 cm1, suggests that the ordering
of acid residues may be involved in the formation of
H-bonds of aggregated structures formed upon alkalinization. The decrease in b-sheet content upon alkaline pH
treatment was independently assessed by CD (Fig. 3 C)
and confirms the progressive loss of secondary structure.
TEM images of the sample after exposure to pH 11

confirmed the aggregated and amorphous nature of the
end products (Fig. 3 D).
HP dissociation of syn-syn and aS(1–99) chimeric
mutants
With the aim of probing the effect of structural variations of
aS proteins on the volumetric properties of fibrillar aggregates that they can form, we subjected to HP synuclein
covalent dimers (31) with a double NAC region (syn-syn
dimer) and the C-terminal depleted mutant aS(1–99).
Fig. 4, A and B, reports the equilibrium amide I0 band of
these two chimeric mutants upon compression. The dissociation of b-sheet structures is shown by the decrease of absorption around 1620 cm1, coupled with the increase of
random-coil and intramolecular structure moieties
absorbing around 1645 cm1. Interestingly, several steps toward HP are required to completely dissociate amyloid
fibrils (up to 5.2 kbar for aS(1–99) and 3.3 kbar for synsyn). Moreover, one isosbestic point drawn by amide I0
HP bands appears around 1634 cm1 in aS(1–99) compression experiments and around 1631 cm1 for the syn-syn
dimer.

FIGURE 4 (A and B) Normalized bands of aS
(1–99) (A) and syn-syn (B) fibrils at increasing
values of pressure. b-sheet dissociation occurs in
several HP steps and high-b-sheet-containing
species are stabilized at HP. (C) Normalized intensity of absorbance signals of wt aS (squares),
aS(1–99) (circles), and syn-syn dimer (stars)
measured at 1619 cm1 for equilibrium spectra
at HP. Data were fitted using a two-state model
enabling the evaluation of the relevant thermodynamic parameters, DG0 and DV0. Fit results are
reported in Table 3.
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The two-dimensional correlation spectroscopy analysis
performed on the HP dissociation kinetics of the two species
(Fig. S3) shows two parallel pathways of dissociation, a
‘‘direct dissociation,’’ as revealed by the correlation peaks
between fibrillar b-sheet and intramolecular structures,
and a ‘‘fragment-mediated dissociation,’’ suggested by the
correlation peaks between fibrillar and oligomeric b-sheets,
in agreement with the description of the overall process presented above for wt aS fibrils (Fig. 2). To get a more quantitative description of this dissociation process for syn-syn
and aS(1–99) fibrils, we considered the decrease of the
signal at 1619 cm1, associated with b-sheet moieties, as
a function of pressure (Fig. 4 C), which can be associated
with the percentage of fibrillar proteins in the sample.
Data were fitted to a two-state model using the equation
yðpÞ ¼ yd =ð1 þ A$expððp-p0 Þ$DV0 =RTÞÞ þ y0;
where y(p) is the fraction of fibrils still present at any given
pressure value and yd is the maximum fraction of dissociated fibrils; A ¼ expðDG0 =RTÞ; DG0 is the free-energy difference at 1 bar; p0 is the reference pressure, equal to 1 bar;
DV0 is the difference between the volumes in the fibrillar
and dissociated states; and y0 is the fraction of b-sheet in
the dissociated state.
The fitting procedure allowed us to estimate the DV0 and
DG0 for wt aS and for the two chimeric mutants. The results
are reported in Table 3. As predicted for pressure unfolding,
volume variations that emerge from the fitting procedure
show negative values, and their values are of the same order
of magnitude as volume variations reported for unfolding of
globular proteins at HP (42). Interestingly, we observed a
higher volume variation for aS(1–99) dissociation compared
to syn-syn and wt aS, suggesting a more defective packing
of proteins in the aS (1–99) aggregates. Free-energy differences extrapolated at the reference pressure (1 bar), DG0,
confirm a different energetic landscape for the three fibrillar
species, consistent with the divers morphologies observed in
Fig. 1. Interestingly, the amide I0 bands of wt, syn-syn, and
C-depleted mutant aS(1–99) fibrils at atmospheric pressure
are different (Fig. S4), reflecting substantial differences in
secondary structure.
Among the several factors affecting aS aggregation propensity, protein intramolecular diffusion and conformational flexibility govern the early stages of the process,
when the early products of aggregation are oligomers
TABLE 3 Fitted DG and DV Values for wt, syn-syn, and
aS(1-99) Fibril Dissociation Data

wt
syn-syn
aS1-99

DG0 (cal/mol)

DV0 (mL/mol)

2451 5 13
6130 5 18
5107 5 15

65 5 9
77 5 10
101 5 13

Fibril association data are reported in Fig. 3 C.

(45). aS covalent dimer formation has been reported in the
literature as a product of redox chemistry (46–48). Furthermore, it has been observed that in chimeric aS covalent
dimers, the conformational constraints imposed by dimerization can strongly affect their aggregation propensity (31).
A second important role in the aggregation/stability of aS
fibrils is played by the C-terminal region (49). It has been
suggested that rearrangements at the C-terminus occur early
during the aggregation process (50). Moreover, C-terminaltruncated forms of aS aggregate faster than wt aS (50), and
the resulting fibrils are smaller in diameter compared to the
aS mature fibrils. It has been recently reported (23,24) that
amyloid fibrils can be reversibly dissociated or destabilized
at low temperature as a result of the weakening of charge intensity on lateral chains. Ikenoue et al. (24) observed
remarkable differences in low-temperature stability of wt
and C-terminal-truncated aS fibrils, suggesting a possible
role of the burial of negative charges in fibril cores as
responsible for the cold denaturation of aS fibrils. This
may result from the increase in electrostatic repulsion at
low temperature due to increases in the dielectric constant
and hydrophobic hydration. From a comparison of the effects of low temperature and HP on proteins, it seems clear
that there are many similarities in the dissociation processes
they trigger, since they both act mainly by decreasing weak
interactions.
The different behaviors observed between syn-syn dimers
and C-depleted mutant aS(1–99) can be explained by
considering the morphology of the two types of fibrils that
they generate. Although aS(1–99) does not show the tendency to form mature fibrils (50), and mainly forms protofibrils, covalent syn-syn dimers can aggregate to mature
fibrils (31). As reported in the literature (15,49,50), aS protofibrils are formed by two protofilaments, and the side
interactions between protofibrils have a fundamental role
in the formation of mature fibrils. In the syn-syn dimers,
this interaction between protofibrils is preserved, although
the resulting mature fibrils exhibit a nonhomogenous distribution of heights and a reduced average length compared to
wt aS (31). The similarities observed in response to HP for
wt aS and syn-syn aggregates, in terms of the extent of
volume variation, can be connected to the fact that both proteins can form mature fibrils upon aggregation. The lateral
packing between protofibrils is a possible reason for the
enhancement in the compactness of the fibril. Conversely,
C-terminal depletion hinders the formation of mature fibrils,
and this changes the volumetric properties and thus the
response of aS(1–99) to HP. Moreover, it is worth noting
that DG0 values found for mutant synucleins are higher
than the one found for wt. Information about the hardness
of b-sheet in each sample can be obtained from observation
of the absorption frequencies around 1620 cm1. b-sheet
absorption frequencies strongly depend on transition dipole
coupling effects and on H-bonds. These frequencies are
affected by the deuteration state of the chain and by
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structural parameters, such as the number of residues in the
strands and the number of strands per sheet. In particular,
the amide I absorption frequency is inversely proportional
to the number of strands per b-sheet (35).
Fig. 5 reports the second-derivative spectra of chimeric
mutants recorded at atmospheric pressure and HP. As
can be inferred by the position of second-derivative minima,
b-sheet in syn-syn dimer fibrils absorbs around 1620 cm1.
Upon compression, we did not observe any shift of b-sheet
moiety in syn-syn amyloids. Considering that within the
explored range of pressure the occurrence of spectral shifts
of vibrational modes upon compression should report
mechanical deformation of hydrogen bonds, the absence
of shifts in syn-syn fibrils suggests that b-sheets in dimers
are disassembled by HP without being subjected to structural deformation. The structure of aS(1–99) fibrils appears
to be composed of two distinct b-sheet populations, as reported by the minima in second-derivative spectra observed
around 1623 and 1614 cm1.
Upon compression of aS (1–99) fibrils, the b-sheet highfrequency component (1623 cm1) undergoes a blue shift
while the low-frequency one (1614 cm1) red shifts, up to

FIGURE 5 Second-derivative spectra of the amide I0 region for the two
chimeric mutants measured at increasing pressure values (4,5 kbar (A),
2,5 kbar (B), and 1 kbar (C). A fraction of b-sheet survived after pressurization of both aS(1–99) and syn-syn amyloids, as revealed by the presence
of second-derivative minima in the region around 1620 cm1 even at the
highest pressure applied for both the samples. In addition, aS(1–99) (solid
line) responds to HB by blue-shifting the b-sheet vibrational mode at
1622 cm1, hinting at the enhancement of structure compactness upon
compression. Conversely, the syn-syn dimer (dotted line) appears rigid,
as no shifting modes are detected.
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a pressure of 4.5 kbar, at which the two components overlap.
A rearrangement of b-sheets, which results in reducing (blue
shift) or increasing (red shift) H-bond distances, can rationalize these effects and may take place in response to the
overall volume reduction induced by HP. As can be observed
in second-derivative spectra (Fig. 5) of both samples, intrachain H-bonds and random-coil structures are mainly stabilized at the maximal pressure applied (i.e., 5 kbar), as
revealed by minima in the region 1660–1640 cm1, with a
minor contribution of residual b-sheet. Upon pressure
release, the initial signal is completely restored also for
chimeric mutants, suggesting the reversibility of the process.
In a recent study (50), we considered the possibility that intermediate species form while A53T aS fibril dissociation
proceeds. In particular, we observed the formation of stable
forms of protein moieties that preserved the secondary structure they took at HP after the pressure was released. Here,
aS(1–99) and syn-syn fibrils show a partial reversibility for
HP dissociation, which recalls a similar scenario. The partial
reversibility of HP dissociation, together with the presence of
on-pathway oligomeric intermediates, lead us to surmise that
stable intermediate states form after pressure treatment of the
aS(1–99) and syn-syn fibrils.
To verify whether the partial recovery of fibrillar b-sheet
signal was associated with the restoration of fibril morphological features, we recovered the protein from the HP cell
after a compression-decompression cycle and analyzed it
using TEM microscopy (Fig. S5). Due to the very small volume available in the diamond anvil cell, the recovery of
samples after HP treatment is far from easy and is only
rarely possible. Fig. S6 shows a comparison between the
amide I0 bands of aS(1–99) and syn-syn samples before
and after the pressure treatment. As mentioned above, we
proposed the presence of intermediate species forming
while A53T aS fibril dissociation proceeds. In particular,
we observed the formation of stable protein moieties that
preserved the secondary structure they acquired under HP
after the pressure was released (50). Fig. S6 reports a partial
reversibility for the HP dissociation of aS(1–99) and syn-syn
fibrils. The partial reversibility of HP dissociation, together
with the presence of on-pathway oligomeric intermediates,
leads us to surmise that stable intermediate states form after
the pressure treatment of aS(1–99)and syn-syn fibrils.
In a recent article, de Oliveira et al. (29) described the HP
dissociation of aS fibrils by focusing on the detailed structural characteristics of the species observed at atmospheric
pressure after HP treatment. They describe the process as
being driven by joint perturbations of hydrophobic contacts
and electrostatic interactions that induce the dissociation of
fibrils through water displacement toward the hydrophobic
core of the fibril. However, the reversibility of the HPinduced unfolding of aS fibrils reported here does not fully
align with the observations by de Oliveira et al. (29), based
on which they suggest that fibrillary aS dissociates to monomers and does not return to fibrillary form upon pressure
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release. The longer exposure to HP does not justify the
observed difference; 2 h should be more than enough to
generate at least a fraction of non-reaggregating monomeric
aS form. The partial reversibility of the HP-induced unfolding of fibrillar aS in our study could reflect the use of a
different starting aggregated form (it is tempting to use
the term ‘‘strain’’) of aS. This issue should be further
explored also in view of a recent report regarding its important implication for pathophysiology (17).
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