
lable at ScienceDirect

Archives of Biochemistry and Biophysics 627 (2017) 46e55
Contents lists avai
Archives of Biochemistry and Biophysics

journal homepage: www.elsevier .com/locate/yabbi
Pressure effects on a-synuclein amyloid fibrils: An experimental
investigation on their dissociation and reversible nature

Federica Piccirilli a, b, *, 1, Nicoletta Plotegher c, 1, Francesco Spinozzi d, Luigi Bubacco c,
Paolo Mariani d, Mariano Beltramini c, Isabella Tessari c, Valeria Militello b,
Andrea Perucchi e, Heinz Amenitsch f, Enrico Baldassarri Jr. d, g, Milos Steinhart h,
Stefano Lupi i, Maria Grazia Ortore d, **

a Department of Physics, University of Trieste, Trieste, Italy
b Department of Physics and Chemistry, University of Palermo, Palermo, Italy
c Department of Biology, University of Padova, Padova, Italy
d Department of Life and Environmental Sciences, Marche Polytechnic University, Ancona, Italy
e Elettra - Sincrotrone Trieste S.C.p.A., Trieste, Italy
f Institute of Inorganic Chemistry, Graz University of Technology, Graz, Austria
g Ny-MaSBiC (New York-Marche Structural Biology Center), Marche Polytechnic University, Ancona, Italy
h Institute of Macromolecular Chemistry, Prague, Czech Republic
i CNR IOM and Department of Physics, University of Rome La Sapienza, Rome, Italy
a r t i c l e i n f o

Article history:
Received 24 February 2017
Received in revised form
1 June 2017
Accepted 9 June 2017
Available online 15 June 2017

Keywords:
Amyloid
High-pressure
SAXS
FTIR
a-synuclein
* Corresponding author. Department of Physics, U
Italy.
** Corresponding author. Department of Life and Env
Polytechnic University, Ancona, Italy.

E-mail addresses: piccirilli@iom.cnr.it (F. Picc
(M.G. Ortore).

1 The authors equally contribute to the work.

http://dx.doi.org/10.1016/j.abb.2017.06.007
0003-9861/© 2017 Elsevier Inc. All rights reserved.
a b s t r a c t

aesynuclein amyloid fibrils are found in surviving neurons of Parkinson's disease affected patients, but
the role they play in the disease development is still under debate. A growing number of evidences
points to soluble oligomers as the major cytotoxic species, while insoluble fibrillar aggregates could even
play a protection role. In this work, we investigate aesynuclein fibrils dissociation induced at high
pressure by means of Small Angle X-ray Scattering and Fourier Transform Infrared Spectroscopy. Fibrils
were produced from wild type aesynuclein and two familial mutants, A30P and A53T. Our results
enlighten the different reversible nature of aesynuclein fibrils fragmentation at high pressure and
suggest water excluded volumes presence in the fibrils core. Wild type and A30P species stabilized at
high pressure are highly amyloidogenic and quickly re-associate into fibrils upon decompression, while
A53T species shows a partial reversibility of the process likely due to the presence of an intermediate
oligomeric state stabilized at high pressure. The amyloid fibrils dissociation process is here suggested to
be associated to a negative activation volume, supporting the notion that aesynuclein fibrils are in a
high-volume and high-compressibility state and hinting at the presence of a hydration-mediated acti-
vated state from which dissociation occurs.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

a-synuclein (aSN) is a 140 amino acid protein abundant in the
human brain, whose aggregation is involved in the pathogenesis of
niversity of Trieste, Trieste,
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irilli), m.g.ortore@univpm.it
Parkinson's disease (PD) and other neurodegenerative disorders,
known as a-synucleinopathies. aSN belongs to the intrinsically
disordered proteins (IDPs) family [1], lacking of rigid well-defined
structure and it is able to adopt different conformations [2], span-
ning from flexible monomeric states stabilized by long range con-
tacts, to tightly packed highly ordered aggregates, known as
amyloid fibrils whose structural features have been recently
determined [3]. Since this protein can fold into a-helix when bound
to lipid membranes [4] and can adopt several oligomeric or fibrillar
amyloidogenic conformations if subjected to specific environ-
mental conditions, it has been nicely defined “chameleon” by
Uversky [5]. The wide interest in aSN is mainly linked to its
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implication in the etiology of PD, being in its fibrillar aggregated
form one of the main constituent of Lewy bodies, proteinaceous
aggregates found in the surviving neurons in PD patients. It has
been recently proved that aSN can form different types of patho-
logical aggregates, including oligomers, protofibrils and amyloid
fibrils [6,7] that are believed to be responsible for the protein
induced toxicity [7e9]. In particular, it seems that aSN oligomeric
species are the most toxic among the protein aggregates that have
been studied in cellular and animal models [10].

Nowadays it is well accepted that all proteins, if subjected to a
specific environment and given a sufficient time, can be able to
form amyloid fibrils [11]. In the energetic landscape, the amyloid-
like state is considered the most stable state for the polypeptidic
chain [12]. These aggregates show a surprising thermodynamic
stability and the process leading to their formation cannot be easily
reversed. The transient nature of intermediates occurring during
the aSN aggregation pathway has hindered the study of their
structural details and further complicated the understanding of the
chemico-physical mechanisms that govern the interactionwith the
environment.

Differences in the structural and hydration properties of amy-
loid fibrils formed by wild type (WT) aSN and the two PD-linked
mutants, A30P and A53T, have been reported [13,14]. More
recently, it has been revealed by solid state NMR that fibrils ob-
tained from A53T aSN in vitro show some structural variations in
the core with respect to fibrils of the WT protein [15,16], while the
same effect was not observed for A30P aSN fibrils [17]. Moreover,
the two mutants associated with altered onset of Parkinson's dis-
ease show an accelerated aggregation kinetics in vitro [18] and
differences in flexibility and solvent exposure of some amino acids
[19].

Foguel et al. observed that, in spite of the thermodynamic sta-
bility shown by aSN fibrils, these highly ordered aggregates can be
dissociated at high pressure [20]. de Oliveira et al. more recently
studied the structural features of wild type aSN monomers result-
ing from high hydrostatic pressure-disturbed fibrils and investi-
gated their capability to seed amyloid fibrils formation. Their
findings support the hypothesis that the mechanism through
which pressure triggers aSN amyloid fibrils to be dissociated in-
volves hydrophobic interaction and the released monomers pre-
sent altered dynamics [21]. These studies confirmed that the high
pressure dissociation of aSN fibrils could provide important infor-
mation concerning undetected aSN species and help to trace the
road-map for fibril dissociation by exploring new approaches. Since
high pressure is able to weaken hydrophobic interactions and to
induce the rupture of salt bridges it has been found to be very
effective for dissociating aggregates and even to induce the
refolding of proteins in vitro [22].

Pressure is recognized to be a good tool for exploring and
comprehending the thermodynamics of protein folding and ag-
gregation, the structure of intermediate states as well as protein
hydration and interaction properties [23e26]. The use of several
pressure approaches in the last years has allowed biochemists and
biophysicists to analyze the role of hydration and interactions in the
formation of aggregates. For example, high-pressure effects on the
structure, oligomerization state, interactions and dynamics of
model proteins have been recently reported [23,25,27e31], with
emphasis on hydration changes. On this basis, since high pressure
induces the decrease of the total volume of the system, the desta-
bilization processes of aSN fibrils toward states with a minor
contribution of void volumes can be investigated in a controlled
way by pressure.

It has been recently demonstrated that one of the main
mechanisms through which pressure unfolds globular proteins is
linked to the presence in the native state of cavities that are absent
in the unfolded states [32]. That being so, the use of high pressure
could be promising to shed light into the mechanisms behind the
defects in amyloid fibrils architecture and possibly to the creation of
therapies against a-synucleinopathies [33]. However, despite the
huge interest to the potential effect of high pressure on amyloid
structures [34], much work is still to be done in order to clarify the
changes induced in fibrils structure and to characterize the possible
presence of oligomers in the pressurization of amyloid fibrils.

Given these premises, in this work we study by means of Small
Angle X-ray Scattering (SAXS) and Fourier Transform Infrared
Spectroscopy (FTIR) the properties of amyloid fibrils formed byWT
aSN and by the two mutants A30P and A53T under high-pressure
conditions. The aim is to induce fibrils dissociation at high pres-
sure, to monitor the very first stages of their changes, and to obtain
information on the differences between WT, A30P and A53T aSN
aggregation mechanisms, possibly enlightening the presence of
dissociation intermediates stabilized at high pressure. SAXS ex-
periments provide the description of pressure-induced fibrils
compaction at intermediate pressures, while FTIR experiments
describe the relevant changes in the secondary structures obtained
at the higher investigated pressures, adding further complemen-
tary information on the state of the polypeptide regions involved in
the dissociation process.

2. Methods

2.1. Sample preparation

2.1.1. Proteins purification
WT aSN and the A30P and A53T familial mutants were

expressed and purified as previously described [35]. Briefly, WT
aSN, A30P and A53T, cloned into the pET-28a plasmid, were
expressed into E. Coli strain BL21(DE3). Cells were grown at 37� C in
LB broth medium to an optical density OD600 ¼ 0:3� 0:4 and
induced with 0.1 mM isopropyl-b-thiogalactopyranoside (IPTG) for
5 h. Cells were collected by centrifugation and recombinant pro-
teins were recovered from the periplasm by osmotic shock using an
osmotic shock buffer. The periplasmic homogenate was boiled for
15 min and the soluble fraction containing aSN was subjected to a
two-step (35% and 55%) ammonium sulfate precipitation. The pellet
was resuspended, extensively dialyzed against 20 mM Tris-HCl pH
8.0, loaded into a 6 ml Resource Q column (Amersham Biosciences)
and eluted with a 0 � 500 mM NaCl gradient. After dialysis against
water, aSN was lyophilised and stored as powder at �20� C.

2.1.2. Fibrils preparation
Lyophilised powders of aSN samples were re-suspended into

deuterated phosphate buffered saline (PBS) at pD 7.0, filteredwith a
0.22 mm filter to eliminate residual small aggregates due to lyo-
philisation, and quantified using a UV-visible diode-array (Agilent
8453), using an extinction coefficient ε276nm ¼ 5800 M�1 cm�1

(1400 M�1 cm�1 per tyrosine residue) [36]. Fibrils were obtained
aggregating the solubilized proteins at a concentration of 6 g L�1, to
which NaN3 was added to a final 0.05% concentration. After
1 week at 37� C under 1000 rpm shaking, fibrils were collected by
pelleting for about 2 h and the supernatant concentration, con-
taining the soluble residual fraction, was quantified as previously
stated. The amount of protein converted to fibrils was quantified by
difference, considering the amount of protein in the supernatant
and the initial amount of protein in the aggregation assay. Fibrils
were then resuspended in a proper volume of deuterated PBS,
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Fig. 1. Experimental SAXS curves of in-solution WT, A30P and A53T aSN starting
conditions as monomers, as in the legend. All samples are at pressures p ¼ 0:1 kbar.
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0.05% NaN3 to a final equivalent monomeric concentration of
10 g L�1.

2.2. SAXS experiment

Experiments were performed at the Austrian SAXS beamline of
Elettra Synchrotron in Trieste, Italy. Measurements were carried out
at 37� C, using a high-pressure cell [37] equipped with diamond
windows of 0.75 mm thickness each, able to cover a pressure range
from z0:1 to z1:5 kbar. The X-rays wavelength l was 1.54 Å and
the sample-detector distance was set to 2.0 m. Hence, the modulus
Q of the scattering vector (Q ¼ 4psinq=l, 2q being the scattering
angle) was 0:015<Q <0:4 Å�1. Experiments were performed on
mature fibrils and monomer solutions prepared as described in the
previous sections at 10 g L�1 concentration. SAXS profiles were
recorded on an image plate detector, and for each SAXS image the
acquisition time was 5 min. To promote the achievement of equi-
librium conditions, the samples were maintained at the desired
pressure value for x 5 min before being measured. Both aSN so-
lutions and their buffer weremeasured at the same pressure values,
hence buffer contribution was subtracted from protein solution
SAXS signal at each investigated pressure. Raw data were radially
averaged and calibrated using rat-tail as reference and transmission
values were measured for each investigated pressure.

2.3. FTIR experiments

FTIR experiments were carried out by means of a Bruker IFS66v
spectrometer equipped with a Hyperion 2000 infrared microscope
and a Mercury Cadmium Telluride (MCT) detector. To perform high
pressure measurements we used an opposing plate screw-driven
Diamond Anvil Cell equipped with natural IIa diamonds, with a
culet of about 600 mmand a stainless steel 316L gasket, 40 mm thick.
The Ruby fluorescence technique was employed for pressure cali-
bration [38]. The way we increased and calibrated pressure,
determined an uncertainty on pressure evaluation of about
0.5 kbar. The pressure calibration was performed directly on the
microscope through the use of a home-made fluorescence system
[29]. Measurements were carried out in transmission mode, in the
frequency range between 400 and 4000 cm�1, under continuous
purging in N2 dry atmosphere. Typically 256 interferograms were
co-added at 2 cm�1 resolution. Spectra were baseline corrected and
normalized according to [29] and data analysis was performed by
Opus Pro 6.5 Software Package (Bruker).

3. Results and discussion

SAXS and FTIR experiments were performed on WT aSN, mu-
tants (A30P and A53T) monomers and on their fibrillar products.
Sample solutions were subjected to increasing pressures, and their
effects and the reversibility of the process were tested for each kind
of species. Sample solutions of aSN monomers, which are expected
to be in an intrinsically disordered conformation [39], do not evi-
dence relevant changes due to the high-pressure treatment (data
reported in Supplementary Materials). On the other side, SAXS and
FTIR experimental data on aSN fibrils result to be affected by the
pressure treatment and provide useful information on the ranges of
pressure that cause a change in the fibril structure as well as on the
reversibility of the processes.

3.1. SAXS

SAXS curves related to WT, A30P and A53T starting states, prior
to fibrillation and prior to adding pressure, are reported in Fig. 1.
According to the developed protocol [35], aSN starting states are
expected to be mainly monomeric. Since a disordered conforma-
tion is foreseen forWTand for each familial mutant, scattering data
for starting states are analysed considering the fitting macroscopic
differential scattering cross section dS=dUðQÞ written for worm-
like species in solution:

dS
dU

����
wlk

ðQÞ ¼ cNA

M1Na;wlk
r2e4p

2L2aSN

�
ðr1 � r0ÞR2aSN
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�2
PpedðQÞ
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where J1ðxÞ is the first order Bessel function, LaSN, RaSN and r1 are
the contour length, the cross-sectional radius and the uniform
electron density of the protein chain, respectively, and d and rs are
the thickness and the electron density of the surrounding shell,
which takes into account the heterogeneous nature of the protein-
solvent interface (e.g., the contribution of the water in the hy-
dration shell and any effect due to the protein side chains). The
worm-like form factor PpedðQÞ contains the statistical segment
(Kuhn) length b, representing the separation between two adja-
cent rigid scattering domains (note that the number of statistical
segments nb can be derived by nb ¼ LaSN=b [40]). The aggregation
number Na;wlk is the number of aSN monomers that form each
flexible chain and is determined by the ratio pR2aSNLaSN=V1, where
V1 is the aSN monomer volume. Experimental SAXS curves fitted
by means of GENFIT software [41] resulted to be coherent with the
hypothesis of monomeric disordered peptides in solution
(Na;wlkx1:05), and the resulting parameters are reported in the
Supplementary Materials.

The effect of pressure on amyloid fibrils is monitored as a
function of pressure by measuring samples after a fixed equilibra-
tion time and as a function of time by following the evolution of
samples state toward the equilibrium. In fact high pressure effects
on amyloid fibrils can increase at increasing times as revealed in a
previous study on transthyretin and aSN fibrils [20]. Hence, since a
kinetic effect of pressure on amyloid fibrils can be expected, we
have also monitored the modification induced by the highest
investigated pressure at different times, until 4 h after triggering
the compression process, for each species of aSN fibrils.

On the basis of previous literature results [42e46], SAXS curves
of the three species of aSN fibrils at ambient pressure were suc-
cessfully analysed considering the simple model of right cylinders.
However, since a soluble fraction of disordered aggregates cannot
be completely avoided, SAXS curves of aSN fibrils were fitted
considering the simultaneous presence of cylinders and of disor-
dered (worm-like) species.

It has to be stressed that SAXS curves obtained with the high
pressure cell equipped with diamond windows show a signal-to-
noise ratio lower than the one usually achieved by standard
synchrotron SAXS sample cells, and a simultaneous exact protein
concentration measurement by UV detector, as performed in
recent SAXS studies on aSN [47], is not possible in our set-up
conditions. Hence, the differences between WT and A30P aSN
fibrils detected by Nielsen et al. [48], suggesting increased b-
sheet pairing distances in A30P fibrils and their more compact
interfibrillar arrangement, cannot be evidenced in our experi-
mental set-up, neither the use of a single helix form factor newly
adopted to analyze lysozyme amyloid aggregates [49] is suitable
for the analysis of our SAXS curves. In agreement with Atomic
Force Microscopy results [50], we have considered that the cyl-
inder radius could be polydisperse, and fibril electron density
could be lower from the one of globular protein, due to the hy-
pothesis of the presence of internal water domains [51,52]. Due
to the moderately low sample concentration, to the high aggre-
gation number of amyloid fibrils that determines a low number
density of scattering particles in solution, to the lowest available
Q value and to the absence of interaction peaks in our SAXS
curves, the interactions between fibrils have been neglected.
Hence the effective structure factor SðQÞ [53] has been consid-
ered equal to unity, in agreement with previous similar experi-
mental conditions [54e56]. The form factor of polydispersed
radius cylinders [57], with uniform electron density re, average
radius Rc with dispersion xRc

and length L we have used to
represent amyloid fibrils is:
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where the bulk solvent electron density r0 has been let to change
with pressure on the basis of literature values at zero pressure of
water molecular volume, v�, water compressibility, b�, and water
isothermal bulk modulus, h [58,59], r0 ¼ nwat=fv�½1� b�p=f1þ
ðhþ 1Þb�p=2 g � g, nwat being the number of electrons in the water
molecule. The electron density of aSN monomer, r1, has been
expressed as a function of pressure by considering its value at zero
pressure calculated on the basis of amino acid composition, r+1, and
the standard value of protein compressibility b1 [60],
r1 ¼ r+1expðb1pÞ. The normalized log-normal function f ðRÞ has been
selected to describe the probability density distribution of the cyl-
inder radius R [41].

aSN fibrils in solution are expected to be altered and dissociated
by high pressure, hence in each experimental condition the
simultaneous presence of fibrils and soluble disordered aggregated
is considered as:

dS
dU

ðQÞ ¼ xcyl
dS
dU

����
cyl
ðQÞ þ xwlk

dS
dU

����
wlk

ðQÞ (3)

where xcyl and xwlk are the fraction of monomer that forms the fi-
brils and the oligomeric soluble states, respectively (xcyl þ xwlk ¼ 1)
[61]. The theoretical curves suitably fit the experimental SAXS data,
as it can be appreciated in Fig. 2. Further details on SAXS data
analysis, concerning themathematical steps leading to Equation (2)
and the set of fitting parameters, are reported in Supplementary
Materials. The most relevant fitting parameters are plotted in Fig. 3.
Results show that high pressures available at the SAXS beamline -
until 1.6 kbar - can subtly modify fibrils' sizes and density features,
maintaining their overall morphological structure, and induce the
fragmentation into soluble disordered aSN oligomers. The possible
simultaneous presence of different oligomeric species, as recently
detected and described in different experimental conditions by
SAXS experiments [9,47,62], can be pointed up from our SAXS
curves. Both wild type and familial mutants of aSN amyloid fibrils
show that at increasing pressures the fraction of soluble disordered
states is increasing. However, it has to be noticed that in this kind of
experiment, SAXS technique resolution is not able to distinguish
between different oligomers produced by high pressure, and the
resulting parameters are affected by meaningful error bars. On the
other side, each solution of aSN amyloid fibril we investigated
presents similar features at increasing pressures. The average
radius Rc of WT, A30P and A53T aSN fibrils decreases with pressure,
whereas the fibril electron density re is found to be always lower
than the nominal electron density of protein (r1) and increases
with pressure. Also, the rate of increase of fibrils' electron density
with pressure is slightly larger than the one it could be expected
(see Fig. 3). In fact, considering the standard protein compressibility
values, the electron density of fibrils should follow the continuous
line shown in Fig. 3. The difference between the expected behavior
and the one resulting from SAXS data analysis can be ascribed to



Fig. 2. Experimental SAXS curves of in-solution WT, A30P and A53T aSN fibrils, as in
the legend, at different pressure values. From bottom to top, SAXS curves refer to p ¼
0:1 kbar (violet), to p ¼ 0:8 kbar (cyan), and to p ¼ 1:6 kbar (yellow). Curves are scaled
for clarity for a factor f (f ¼ 70). Solid lines are the best fits obtained considering a
combination of cylinders resembling amyloid fibrils and disordered soluble aggregates,
as described in the text. Insets report the same experimental SAXS curves without
scaling, and the arrows indicate the trend as pressure increases. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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pressure (the line is a guide to the eyes). Bottom: fraction of monomer in fibrillar
species at increasing pressures (the line is a guide to the eyes).
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the evidence that, similarly to folded proteins, fibrillar aggregates
have packing defects that modify their answer to pressure. Hence,
the decrease of the average fibril radius with pressure and the
simultaneous increase of their electron densities, can be considered
the signature of a gradual disappearing of internal cavities, elec-
trostriction of broken electrostatic interactions and additional hy-
dration [63]. These results seem to confirm the existence of packing
defects in the fibril core and the participation of hydrophobic in-
teractions in their structure that make them responsive to mod-
erate pressures. On the other side, the fraction of monomers inside
amyloid fibrils according to SAXS results decreases in favor of sol-
uble disordered species. Hence, SAXS results can confirm a partial
dissociation suggested in a previous Light Scattering study [20],
where a wider pressure range has been explored.
Albeit fibril preparation and concentration adopted in our ex-
periments are the same as those used by Foguel et al. [20], we
consider that little differences in the results can derive from dif-
ferences in sample features in terms of homogeneity and pressure
resistance, maybe related to sample aging, to sample holder fea-
tures, and/or to the deuterated solvent, as it was found in the case of
hen egg white lysozyme fibrils [49]. In brief, SAXS experiments
confirm the existence of packing defects in aSN fibrils, the possible
presence of soluble disordered species in solution, and suggest that
the very first-order effects of the high pressure treatment tomature
amyloid fibrils are related to hydration changes.



Fig. 4. Second derivative of the amide I0 absorption band of WT and mutant aSN
amyloid fibrils at ambient pressure.
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Table 1
Secondary structure assignment for aSN fibrils at the lowest pressure applied.

Structural component WT (0.7 kbar)
Wavenumber
(cm�1)

A53T (1.1 kbar)
Wavenumber
(cm�1)

A30P (2.1 kbar)
Wavenumber
(cm�1)

aggregated strands 1692 e 1692
b-sheet (intermol), turn 1679 1677 1683
helix, loops 1659 1660 1660
random coil e 1645 1646
b-sheet (intramol) 1636 1635 1635
b-sheet (intermol) 1618 1617 1618
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3.2. FTIR

FTIR spectra have been recorded on fibrils in solution formed by
WT aSN and by A30P and A53T mutants at increasing pressures
until 5.5 kbar. Differently from SAXS high pressure cell, the
equipment adopted for FTIR experiments allows to investigate a
much wider pressure range, albeit with less accuracy in the low
pressure range, p<1:5 kbar. Fig. 4 shows the absorption band in the
amide I0 region for the three samples at ambient pressure
(expressed in the form of 2nd derivative) and during the first
compression cycles. The amide I band, referred to as amide I0 in
deuterated environment, placed between 1580 and 1710 cm�1, is
mainly composed by C¼O stretch (building up the 80% of the band)
and N-H(N-D) band absorption and is commonly used in the
determination of the secondary structure of proteins due to the
high sensitivity of the C¼O stretching to its own H-bond state. Each
secondary structure segment gives rise to a distinct C¼O absorption
feature [64,65]. No clear differences have been previously reported
between fibrils produced by WT and A30P and A53T mutant forms
of aSN [14] by FTIR spectra: Fig. 4 indeed confirms the similarity
between the three fibrillar species [66].

High-pressure FTIR spectra of the investigated fibrils during the
compression cycles are shown in Fig. 5. A qualitative view already
evidences that hydrostatic pressures higher than 2.0 kbar notice-
ably modify FTIR fingerprints of the three fibrillar species. At the
lowest applied pressures, the spectra show the typical shape of
misfolded aggregates, featuring a narrow peak at about 1617 cm�1

with a shoulder at around 1660 cm�1. The qualitative structural
composition of the fibrillar aggregates, evaluated from the position
of the peaks in the 2nd derivative spectra at the lowest applied
pressures, is reported in Table 1. Fig. 5 also shows that by increasing
pressure the FTIR signal in the 1630 � 1680 cm�1 region, where
random coils and intramolecular structures are known to absorb,
increases whereas the signal at around 1617 cm�1, assigned to
intermolecular b-sheets, decreases. The amide I0 bands observed at
the highest applied pressure, are peaked at around 1645 cm�1, and
appear to be quite symmetric with a slight shoulder at around
1617 cm�1. These absorption bands result not very different from
the one corresponding to native aSN, as reported by Uversky et al.
[67], suggesting a structural randomization of the proteins at the
highest pressures. We notice that the complete suppression of the
peak centered at about 1617 cm�1 (see Fig. 5), corresponding to the
dissociation of most intermolecular b-sheets in the fibrillar aggre-
gate, occurs at the highest available pressure. This result could be
attributed to a possible high spatial inhomogeneity of the local
compressibility of the fibrillar aggregate that leads, at high
pressure, to a gradual shift of the equilibrium towards aSN mono-
meric states.

In order to quantitatively compare the sensitiveness of the three
aSN fibrillar species to pressure, we have calculated the ratios be-
tween the intensity of the signal coming from intermolecular b-
sheet at around 1617 cm�1, Ib, and the one at the isosbestic point



Fig. 6. Ratios I�b ¼ Ib=Iiso (where Ib refers to 1617 cm�1 and Iiso to 1630 cm�1), as a
function of pressure. Empty and solid symbols refer to the first and the second
compression cycles, respectively. The dashed line represents the value of Ib� found for
the native form of WT aSN. Symbols as in the legend.

Fig. 7. Plot of logarithms of the normalized b-sheet signals, calculated as described in
FTIR Section, as a function of time at the fixed pressure reported in the legend. Circles
refer to WT, squares to A30P and triangles to A53T aSN species. Empty symbols refer to
the first pressure cycle, while full symbols correspond to the second cycle of
compression.

Table 2
Dissociation rate constants kdis obtained at constant pressures ranging from 1.6 up to
4.2 kbar from linear fitting the FTIR data reported in Fig. 7 and the SAXS data re-
ported in Fig. 8. Bold numbers refer to SAXS data analysis, while the others to FTIR
data analysis.

WT

p (kbar) 1.6 2.6 4.2
kdis (10

�4 s�1) 5.26 ± 0.06 6.62 ± 0.06 20.3 ± 0.5

A30P

p (kbar) 1.6 3.6 3.9
kdis (10

�4 s�1) 13.2 ± 0.3 11.78 ± 0.06 13.4 ± 0.1

A53T

p (kbar) 1.6 3.4
kdis (10

�4 s�1) 21.3 ± 0.3 4.23 ± 0.02
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drawn by high pressure bands (at around 1630 cm�1), Iiso. The value
I�
b
¼ Ib=Iiso, considered as representative of the aggregation degree

of the sample, is reported as a function of pressure for the three aSN
species in Fig. 6. Just small differences among WT, A30P and A53T
aSN can be appreciated, suggesting that the three species are
almost equally affected by high pressure. Of note, at pressures
around 5.0 kbar, the structural changes induced by high pressure
are found to be completed.

3.2.1. Kinetics analysis of FTIR and SAXS data
Further information concerning aSN fibrils species response to

high pressure can be provided by exploring the kinetics of the
amide I0 bands at fixed pressures [20,68,69]. In fact, time evolution
of the FTIR absorption intensity IbðtÞ at 1619 cm�1, considered as an
amyloid fingerprint, is analysed for the three investigated samples
at different pressure values. Both SAXS signals and FTIR curves can
be successfully fitted by a simple exponential decay. FTIR data could
even be fitted by adopting a more complex model, in which two
main time decays can be observed, in agreement with Oliveria re-
sults [21]. However, because it was not possible to achieve confi-
dent results by adopting bi-exponential fit for all the samples
because experimental times did not always match the temporal
characteristics of the kinetics, we chose to adopt the simplest single
exponential decay. The following equation was used to fit the data:

IbðtÞ ¼ Ibð∞Þ þ
h
Ibð0Þ � Ibð∞Þ

i
expð�kdistÞ; (4)

where Ibð0Þ is the initial absorption peak intensity, Ibð∞Þ is the
intensity at infinite time (i.e., when the signal did not change
anymore) and kdis is the estimated kinetic constant for dissociation
[68]. At each pressure the change in the renormalized absorption
peak intensity at 1619 cm�1 is plotted against time, together with
the fitting curves (Fig. 7). The dissociation constants are reported in
Table 2 in units of s�1, in order to be easily compared to literature.
In particular, our resulting constants are of the same size of those
derived by Hasegawa et al. [70] for dissociation of amyloid-b fibrils.
Results relative to WT and A30P kinetics show that the kinetic
constants kdis increase with pressure. This evidence suggests that
the amyloid fiber dissociation is guided by a negative change of the
protein volume. The negative activation volume supports the
notion that the aSN amyloid fibrils are in a high-volume and high-
compressibility state, hinting at the involvement in the dissociation
process of a hydration-mediated activated state of the fibril [68].
Interestingly, while the evaluated rates for WT and A30P mutant
are mutually consistent, the dissociation of A53T amyloids appears
slower.
Although SAXS and FTIR signals provide different structural
information, on overall molecular dimensions and on amyloid b

structures, respectively, it is stimulating to compare the kinetic
response, at least in terms of the dissociation constants. Hence, we
have determined the kinetics of SAXS signals at the highest
investigated pressure. In detail, the ratios between SAXS intensities
at the lowest Q experimental values, renormalized according to the
previous equation adopted for FTIR intensities (considering
IðQx0; tÞ in place of IbðtÞ in Eq. (4)) are reported in Fig. 8, consid-
ering the intensity as soon as the pressure value is obtained, and the
intensity at infinite time, just like it has been done with FTIR signal
at 1619 cm�1. All the resulting kinetic constants are reported in
Table 2.

First of all, it is noticeable that both SAXS and FTIR signals pre-
sent a single step kinetic that dominates the dissociation processes,
at least in the explored time scale and pressure range. Secondly, kdis
values obtained by the two different techniques are the same in
order of size: this result could suggest that fibril dissociation pro-
ceeds in the same time scale both for fibrils dissociation and for b
sheets structural changes. Also, dissociation constants are bigger
for A30P species in respect to WT, both for SAXS and for FTIR re-
sults. Hence, these results reveal a primary structure dependence of
dissociation rates not enlightened before, being mutant fibrils ki-
netics faster than the one observed for WT. This evidence is in
accordance with the results of Foguel et al. [20] obtained by light
scattering experiments. Considering that the two techniques here
employed provide different structural information on overall mo-
lecular dimensions and on amyloid b structures, the analysis of



Fig. 8. Plot of logarithms of the extrapolated SAXS intensity at Q ¼ 0, normalized as
described in the text, as a function of time at p ¼ 1:6 kbar. aSN species corresponding
to symbols are reported in the legend.
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Fig. 9. Comparison between amide I0 absorption band of WT, A30P and A53T aSN fi-
brils before (initial) and after (decompressed) the first high pressure cycle. The b-sheet
signal observed for A30P mutant at decompression, instead of signalling an enhanced
aggregation propensity of the sample after the pressure cycle, should be ascribed to a
lower pressure measured after decompression with respect to the initial one.
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dissociation kinetics suggests that a superposition of different
processes, occurring on different length scales and high pressure
ranges, can compete during high pressure dissociation of aSN
fibrils.

Concerning the reversibility of the process induced upon
decompression, amide I0 bands measured before and after the high
pressure treatment, reported in Fig. 9, evidences that WT and A30P
aSN fibrils show a rather clear restore of the initial signal, sug-
gesting a total reversibility of the processes triggered by high
pressure. On the contrary, A53T mutant shows only a partial
rebuilding of the starting signal, indicating an incomplete protein
re-aggregation after pressure release.

On the other side, the kinetic response of A53T fibrils to high
pressure treatment is dissimilar to the one observed for WT and
A30P aSN fibrils. In order to explain this different behavior of A53T
fibrils in comparison with the ones from WT and A30P aSN, we
report in Fig. 10 the 2nd-derivative spectra of the amide I0 FTIR band
for the three species stabilized upon compression. In the case ofWT
and A30P fibrils, we do not observe any b-sheet component other
than a residual fibrillar one absorbing at about 1619 cm�1.
Conversely, the A53T sample shows a band at 1628 cm�1 attributed
to peptide chains with weakly coupled b-sheets [30]. The presence
of this absorption moiety could possibly reflect the presence of
intermediate, possibly oligomeric b-sheet rich species.

Hence, the stabilization of these structures upon compression
could thus furnish a possible explanation for the slower dissocia-
tion rate observed for A53T fibrils. The criterion according to which
the decrease of the signal at about 1619 cm�1 provides information
about the kinetics of dissociation relies in fact on the assumption
that the absorption intensity at that frequency is quantitatively
representative of the content of b-sheet present in the sample. This
condition is not satisfied if there is more than one contribution
from species composing the sample absorption spectrum in the
region around 1619 cm�1. The presence of a stable intermediate, as
product of high pressure dissociation, detectable for A53T fibrils
and not present in WT and A30P fibrils spectra, could thus explain
the slower dissociation rate observed for A53T mutant aggregates.
This suggests that A53T mutant could be dissociated by high
pressure in oligomeric units.
4. Conclusion

Our experimental results provides further perspectives about
the use of high pressure on amyloids species. Both SAXS and FTIR
data detect small structural differences between WT, A30P and
A53T aSN fibrils response to high pressure. In particular, the
differences in the reversibility of the process between WT and
A30P, in respect to A53T mutant, evokes the presence of a A53T
stable intermediate induced by high pressure treatment, which
seems to be absent in the other fibrils species. Secondly, the
reversibility of high pressure fibril dissociation could be considered
to be in agreement with the theory on the fibrillation phenomena
[71], which considers the aggregation process not linear and claims
for the presence of both primary and secondary nucleation events.
This finding supports the hypothesis that small protein aggregates,
the species that pass in and out of the amyloid fibrils, can be present
in solution, at least in a small molar fraction. Hence, even at the
highest investigated pressures, a critical number of oligomeric



Fig. 10. 2nd-derivative Amide I0 equilibrium spectra of WT, A30P and A53T fibrils at
high pressure recorded at the end of kinetics evolution reported in Fig. 8 (filled
symbols).
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species lasts in solution and with the pressure decrease these
species result to be able to trigger again the amyloid aggregation.

Finally, we stress that although high hydrostatic pressure effects
on fibrils dissociation cannot provide direct information on effec-
tive strategies against PD, essential knowledge of the molecular
mechanisms at the basis of fibrils dissociation can be obtained from
this kind of experiments. We believe these findings related to the
prospect to determine alternative agents able to modify fibrils
structures, as well as high hydrostatic pressure does, could be quite
useful to future therapeutic perspectives.
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