Universita degli Studi di Trieste
Archivio della ricerca — postprint

ar'T

Iron-mediated interaction of alpha synuclein with
lipid raft model membranes+

b Lisa Vaccari, (22

%a.b

Fabio Perissinotto, {22 Chiaramaria Stani, ()@ Elena De Cecco,
Valeria Rondelli, & ¢ Paola Posocco, (2 9 Pietro Parisse, (22 Denis Scaini,
Giuseppe Legname 2 2® and Loredana Casalis 2 *2

The aberrant misfolding and aggregation of alpha synuclein (aS) into toxic oligomeric species is one of
the key features associated with the pathogenesis of Parkinson’s disease (PD). It involves different bio-
chemical and biophysical factors as plasma membrane binding and interaction with heavy metal ions. In
the present work, atomic force microscopy (AFM) is combined with Fourier Transform Infrared
Spectroscopy (FTIR) measurements to investigate the interaction of wild-type (WT) and A53T mutated
alpha synuclein with artificial lipid bilayers mimicking lipid raft (LR) domains, before and after ferrous
cations (Fe?") treatment. In the absence of iron, protein monomers produce a thinning of the membrane,
targeting the non-raft phase of the bilayer preferentially. On the contrary, iron actively promotes the for-
mation of globular protein aggregates, resembling oligomers, targeted to LR domains. In both aggregation
states, monomer and oligomer, the mutated A53T protein exhibits a greater and faster membrane-inter-
action. These results underlie a new mechanism of membrane-protein interaction in PD. The targeting of
Fe?*-promoted oS oligomers to LRs might be functional for the disease and be helpful for the develop-
ment of new therapeutic strategies.

Introduction

Parkinson’s disease (PD) is a neurodegenerative synucleinopa-
thy characterized by the degeneration of dopaminergic and
noradrenergic neurons of substantia nigra pars compacta
(SNPC) in the brain." Despite the lack of a comprehensive
mechanism that triggers the pathology, the main hallmark of
PD is the presence of Lewy bodies, which are abnormal cytoso-
lic depositions of alpha synuclein (aS) aggregates, iron and
other ubiquitinated proteins.” aS is a 140 amino acids intrinsi-
cally-disordered protein mainly localized in neuronal presy-
napses.’ The protein is characterized by three distinct regions:
the N-terminal domain (residues 1-60), composed of imperfect
repetitions of the hexamer KTKEGV which anchors the protein
to biological membranes leading to a protein structural
rearrangement into a-helix conformation;*® the central hydro-
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phobic domain (NAC, residue 61-95) involved in aS aggrega-
tion and formation of amyloid structures;>” the C-terminal tail
(residues 96-140) which is rich in acidic amino acids and regu-
lates fibrillization.® The primary biological function attributed
to oS is the binding to the synaptic membrane to regulate the
homeostasis of presynaptic vesicles modulating the neuro-
transmitter release at neuron terminals.”' The protein is
assumed to bind membrane vesicles in correspondence of
specific membrane microdomains called lipid rafts (LRs), pro-
moting synaptic localization and its physiological activity."?
One of the key molecular events involved in the pathogenesis
of PD is the aberrant misfolding and aggregation of «S, result-
ing in both intracellular and extracellular accumulation of dis-
tinct species in the brain: oligomers, intermediate products of
the oS aggregation pathway, and fibrils."® These protein aggre-
gates have been shown to interact intracellularly with hippo-
campal cell membranes leading to a 5-fold increase of mem-
brane conductance and a 2.5 fold-increase of synaptic trans-
mission.'* At the same time, the extracellular accumulation of
asS plays a crucial role in triggering the cell-to-cell spreading of
the disease.” Although recent findings point to aS prefibrillar
oligomers rather than to amyloid fibrils as the main toxic
species'®'” promoting the development of PD, the biological
mechanisms that induce aggregation and neurotoxicity are
still controversial."® aS oligomers have been shown to promote
cell membrane destabilization and permeabilization,'®?°
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leading to calcium flux alteration, dispersion of intra-vesicular
dopamine and depolarization of mitochondrial
membrane.’ ! Many possible causes of oligomerization or/
and amyloid structures formation have been proposed from
in vivo and in vitro models. Genetic point mutations as well as
a combination of several environmental and physicochemical
factors like metal cations, anionic molecules, local change of
pH, interaction with other proteins and small molecules are
known to dramatically affect aS propensity to aggregate.** >’
Genetic point mutations of the aS-codifying gene SNCA associ-
ated with cases of inherited PD produce the mutated forms
known as A53T, A30P and E46K,*® which display different
aggregation kinetics and pathological aggressiveness com-
pared to the wild-type (WT) aS."7*>*° Some recent studies
focused on the relationship between PD progression and the
accumulation of biologically relevant metal ions as iron and
copper.’'”* Abnormal concentrations of these metals have
indeed been discovered in the brain of PD patients.>* ™’
Moreover, several metal-binding sites are known to be present
at the aS C-terminal domain promoting the in vitro formation
of stable protein-metal complexes.*®*° Particularly interesting
it is the role of iron’s redox chemistry. Iron accumulation trig-
gers oxidative stress by reactive oxygen species (ROS) pro-
duction. This leads to lipid and nucleic acid modifications,
mitochondrial dysfunctions and protein aggregation, as in the
case of aS.*® Such changes may result in neurological diseases.
However, it is not yet clear whether iron triggers oS aggrega-
tion or if increased protein levels lead to iron accumulation.
Higher iron levels have been measured in neurons over-expres-
sing oS compared to the ones normally expressing the
protein.*’ A detailed molecular description of membrane-oS
interaction in the presence of iron ions would improve our
understanding of the onset and progression of PD (as well as
of other synucleinopathies) and would provide new tools for
developing therapeutic strategies against these diseases. Here,
by precise atomic force microscopy (AFM) imaging and Fourier
Transform Infrared Spectroscopy in Attenuated Total
Reflection mode (FTIR-ATR), we investigated the role of iron in
inducing aS aggregation and specific membrane-binding inter-
actions on lipid bilayer model systems. In particular, we com-
pared the behavior of WT and A53T oS, whose point mutation
at residue 53 (Ala replaced by Thr) affects its membrane
binding capability. A53T is known to display accelerated aggre-
gation kinetics then WT oS as well as higher iron-induced
aggregation and toxicity in cellular systems. In vitro exposure
of neurons to high levels of ferrous ions (Fe**) has been shown
to stimulate the formation of oS aggregates with a stronger
effect on A53T-expressing cell lines than on WT oS ones.** For a
more comprehensive assessment of aS-membrane interaction,
the artificial system we created was endowed with raft-like
microdomains to mimic the composition and morphology of
the neuronal cell membrane. First, from in vitro protein-aggre-
gation assays we assessed the role of iron in the dynamics of
protein oligomers formation. Then we demonstrated that iron
modifies the interaction of the two protein species with model
lipid bilayers, targeting aS to LR domains and promoting the

formation of aggregates whose structure is dependent on the
specific protein-lipid interaction. Our findings open up novel
scenarios for understanding the molecular mechanisms of PD.

Results and discussion

Characterization of iron-induced alpha synuclein aggregates

To test the effect of iron in promoting structural changes of aS
we first performed the in vitro incubation of WT and A53T oS
in the presence of FeCl, salt solution. As a reference we
measured via dynamic-mode AFM imaging in air the mor-
phology of WT and A53T oS monomers deposited on a mica
substrate after 1 h shaking incubation of 35 pM oS in pure
Milli-Q water (no iron cations) at 37 °C. Pure Milli-Q water was
chosen to avoid any possible contribution from saline ions in
the solution to the aggregation of monomeric aS. The oS con-
centration of 35 pM is matching the in vivo physiological con-
centration of oS (in the pM range®®). From our images we
found the presence of monomers and dimers with height in
the range of 0.3-0.9 nm, in agreement with previous measure-
ments via AFM** (Fig. 1A-C). In both cases we did not observe
any formation of protein aggregates. Then we added 2 mM of
Fe*" to the solution containing 35 pM oS and shaken for 1 h in
pure Milli-Q water at 37 °C, as before. We chose a Fe** concen-
tration two orders of magnitude higher than the typical iron
content inside a cell (50-100 uM)*® to promote the aggregation
of the proteins, as reported by Uversky et al. colleagues.>* Our
previous studies have shown that iron drives human WT oS to
form oligomers with an average height of 4.0 nm.*® Here, AFM
images confirmed the formation of these globular protein
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Fig. 1 AFM morphological analysis of human aS monomers and Fe?*-
mediated aS oligomers. (A) WT and (B) A53T aS monomeric species de-
posited on a sheet of mica with the relative profiles of height traced
along the surface. (C) Box plot analysis of the height distribution of WT
vs. A53T monomers. (D) WT and (E) A53T S aggregates after iron treat-
ment. (F) Box plot analysis of the height distribution of WT vs. A53T Fe2*
oligomers. Scale bar: 1 ym.
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aggregates compatible with the presence of oligomeric species,
both in the case of WT and A53T oS (Fig. 1D and E). In terms
of height/morphology, A53T aS gives rise to a population of oli-
gomers bigger than for the case of WT ones (mean height of
8.2 + 1.4 nm for A53T versus 3.4 + 1.2 nm in the case of WT a8,
Fig. 1F). Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and dynamic light scattering (DLS)
measurements confirmed the trend observed by AFM (Fig. S1
and S2, ESIt). In particular, DLS pointed out the presence of
particles with a hydrodynamic diameter of 5.6 + 1.5 nm and
28.2 + 5.0 nm for WT and A53T aS, respectively. The agreement
between AFM (where proteins are trapped on a supporting
surface) and DLS data (measured in solution) ruled out any
effect of the mica surface in inducing protein aggregation.

Moreover, given the same protein reaction amount and
reaction time, the measured 20-fold increase in the number of
aggregates in the case of A53T specimen with respect of the
WT oS (see Experimental), points to accelerated oligomeriza-
tion kinetics for the mutant. Faster conversion of aS mono-
mers into oligomers has been reported in the literature for
some aS mutated species, as A53T and A30P, suggesting a criti-
cal role in the mutant-related PD pathology.'”*’

aS-Oligomers are known to display different features in
terms of dimensions (3-25 nm), morphology and types/
amount of secondary structures, according to the different oli-
gomerization conditions. They are usually classified into three
categories: beta-sheet (B) enriched, mainly alpha («)-helical
and primary disordered oligomers.*”*° To clarify the nature of
our iron-induced protein aggregates, we ran FTIR-ATR
measurements providing information about protein secondary
structure. The Amide I band (1710-1580 cm™"), mainly domi-
nated by the C=O stretching vibration and directly related to
the backbone conformation of the protein, showed a slight
broadening both at higher and lower frequencies for the A53T
aS compared to the WT protein (Fig. 2A, upper part). In both
cases the main contributions appear at 1690 cm™*, 1675 cm ™,
1655 cm™, 1640 cm ™' and 1625 cm ™", as picked out from the
second derivative spectra (Fig. 2A, lower part). To evaluate the
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Fig. 2 FTIR-ATR spectra of Fe?*-mediated oS oligomers. (A)
Comparative absorbance spectra of Amide | band of WT and A53T oS
Fe®*-oligomers with the respective second derivatives. FTIR deconvolu-
tion analysis (B) WT and (C) A53T Amide | band. Gaussian fitting was per-
formed at 1690, 1675, 1655, 1640 and 1625 cm™. (D) Secondary struc-
ture contribution assigned to each fitted peak.

relative weight of such components, we performed a multi-
peak Gaussian fitting of Amide I band (Fig. 2B and C). The
major component of the band peaked at 1655 cm™", corres-
ponding to the a-helix vibrational modes, is more pronounced
in the case of WT aS (34% of the Amide I total area, with
respect to 30% for the A53T). The contribution from the peak
at 1640 cm™ ", related to the random coiled structures, slightly
increase for the A53T aS (from 21.4% to 22.7%) suggesting a
variation of the protein structural order if compared to the WT
protein. Instead the components at 1690 and 1625 cm ™,
respectively attributed to the anti-parallel and parallel p-sheet
structures, are more pronounced in the case of A53T «S:
overall the WT aS aggregates display a p-sheet contribution of
18.3% (12.8% parallel and 5.5% antiparallel) of the total
Amide I band, which increases to 22.4% (15.2% parallel and
7.2% antiparallel) in the case of A53T aggregates (Fig. 2D).>°

It is well-known that the p-sheet conformation is predomi-
nant (>50%) in fibrils, and its percentage in weight raises pro-
gressively during the interconversion from monomers to
amyloid fibrils.>" The p-sheets state is therefore indicative of a
proper structural organization of these aggregates. However, in
a recent oS fibrillation assay, an involvement of a-helix inter-
mediates during the aggregation process, proportional to the
aggregation propensity of the specific aS specimen, has been
demonstrated.”> The percentage of B-sheets and a-helices
found in our case (for both wild-type and A53T structures) is
therefore compatible with the presence of early oligomers.

The idea that Fe*" ions induce the formation of “early” oli-
gomeric oS structures is also supported by recent AFM and
Raman spectroscopy data showing that under specific con-
ditions early-stage oligomers are primary o-helix, with a
B-sheet content of around 29% at most and dimension very
similar to the ones found in our aggregates.”® Further, we
hypothesize that the higher structural disorder might confer to
A53T oS a more aggressive behaviour. The replacement of one
alanine (A) with a bigger threonine (T) in fact might affect the
aS structure conferring higher steric hindrance within the
region around the mutation, affecting inter/intra molecular
interactions.

In a recent replica exchange molecular dynamic simu-
lations (REMD) study on both full-length monomeric WT and
A53T oS, the stronger propensity of the A53T species to aggre-
gate has also been related to the more abundant f-sheet
content close to the mutation site in the N-terminal domain,
and to the lack of strong intra-molecular long-range inter-
actions in comparison to the WT oS, which leads to the overex-
posure of the NAC region to solvents.>® In the presence of
ferrous ions, as in our case, this increased exposure could con-
tribute to a faster formation/higher aggressiveness of the A53T
oligomers, and as a consequence to earlier development of the
disease. Besides, particular mention has to be given to the
metal-interacting sites on the sequence of aS. Most of essential
metal ions bind the protein with a weak interaction at
C-terminal domains, involving three aminoacidic residues,
Asp121, Asn122 and Glu123. On the other hand, another
residue (His50) has been proposed to be targeted by Fe-ions.>”
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This site is very close to the mutation A53T, suggesting that
this mutation could influence the effect of aS-iron binding in
the aggregation and conformational change of the protein.
Unfortunately, the structural and functional features of these
Fe-binding site still lack a complete characterization.

Interaction of aS with raft-like model membranes

Once characterized the effect of iron on aS aggregation we
moved on to study the interaction of monomers/oligomers
with artificial cell membranes. Since the lipid rafts of the cell
membrane are the key sites for biological and pathological
functions of «S°** we produced a supported planar lipid
bilayer (SLB) with mixed lipid composition to reproduce raft-
like molecular organization. We fabricated a ternary model
membrane made by phosphatidylcholine (DOPC), sphingo-
myelin (SM) and cholesterol (Chol) which mimics the structure
of neuronal membranes.”> SM is known to organize in
ordered, phase-separated domains, floating in the fluid matrix
of the DOPC bilayer.® We chose to work with a relative
DOPC : SM ratio of 66 : 33 (molar ratio), and 5% of cholesterol.
Although cholesterol concentration in real cell membranes
varies between the 15% and 50% of the total lipid compo-
sition, 5% cholesterol chosen here is enough to confer stability
to the lipid rafts and to guarantee at the same time a contrast
between the two phases, observable by AFM dynamic imaging
in liquid environment. From AFM topography analysis we
measured an extended phase attributed to a DOPC enriched
bilayer with smaller domains that protrude out of it of 1.0
0.2 nm (Fig. 3A-C). Such areas are assigned to SM and chole-
sterol-enriched domains in agreement with the differential
height obtained by previous studies on one-component mem-
branes showing thickness of about 5.0 nm for a fully hydrated
DOPC bilayer on mica and of about 6.35 nm for a SM
bilayer.”””® We also assigned the DOPC rich areas to the
liquid-disordered/fluid phase (La) and the SM and Chol

Normalized density (nm")

15 20 25 30 35
Z (nm)

Fig. 3 Coexistence of liquid-disordered (La) and solid-ordered (So)
phase in planar supported lipid bilayer mimicking raft-like domains. (A)
AFM topography image of ternary SLB composed by DOPC, SM and
cholesterol. Image was taken in aqueous buffer in dynamic AC-mode.
Scale bar: 1.0 pm. (B) Section analysis (white line along the image)
shows So-domains protruding from the fluid matrix (Lx) of SLB of ~
1.0 nm. (C) The height distribution explains the difference of thickness
(AZ) between So and L« lipid phases. La = liquid-disordered, So = solid-
ordered.

domains to the solid-ordered phase (So) in agreement with the
relative 3-lipids phase diagram.”® The quality of the bilayer is
confirmed by the flatness of both phases (surface roughness:
Lo = 0.16 + 0.05 nm, So = 0.14 + 0.05 nm) which excludes the
presence of any intermediate phase or of poor assembly of the
membrane. Further details on our biomimetic membranes are
given in Fig. S3 and S4.t

With a reliable and reproducible model of a raft-like lipid
bilayer in our hands, we challenged the system to compare the
interaction of WT and A53T «S with the membrane in a physio-
logical environment before and after the addition of iron. A
great deal of experimental evidence indicates that membrane
binding by monomeric oS induces a conformational transition
of the protein into helical state by the first interaction of the
N-terminal domain with the bilayer.®® However, the interaction
of the protein with planar phase-coexisting membranes still
lacks robust data.

4.5 uM of protein monomers were initially incubated with
the membrane while acquiring AFM images. The interaction
was monitored continuously versus time. In the case of WT aS,
after 30 min incubation the nucleation of defect islands with a
fractal shape was observed in correspondence of the DOPC-
enriched fluid phase only (Fig. 4A). The defects area increased
with time, while the nucleation of new fractal nuclei was
impaired (only one new island appeared in 160 min obser-
vation period). The specificity of the interaction of WT aS with
DOPC lipid phase was confirmed by the time evolution of the
areas occupied by the two lipid phases Lo and So, defined
according to their AFM heights, compared to the image area
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Fig. 4 Interaction of monomeric WT oS with SLB resembling raft-like
domains. (A) AFM imaging over time of protein monomers interacting
with DOPC/SM/Chol SLB. Blue circle indicates the formation of fractal-
like defects. (B) Time-evolution of La, So and defects areas. (C) AFM
image and the trace profile highlight the morphology/height of La phase
(red @), So-domains (green @) and oS-inducing defects (light blue ®).
Scale bar: 1 ym.
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occupied by the fractal-like defects. The La phase area
decreased from 85% to about 60% after 2 h of protein incu-
bation while the defects area increased by up to 20%. On the
contrary the area of the So raft-like domains stayed constant in
time. The results are shown in Fig. 4B. The defect islands
showed an average depth of 2.5 + 0.4 nm for the DOPC phase.
Such value matches the thickness of one single lipid layer in
the bilayer structure (Fig. 4C). This is compatible with a lateral
expansion of lipid molecules due to the interdigitation of the
protein in the upper layer of the SLB which finally leads to
membrane thinning. Overall our results indicate that mono-
meric WT aS interacts strongly with the DOPC headgroups pro-
moting a reshape of the La phase. The average fractal dimen-
sion (D) of the growing defects was determined via box-count-
ing methods. We found D = 1.77 + 0.03, a value that falls
within the range typical of diffusion limited-reaction processes
(i.e., where diffusion time dominates over reaction time).*"*>

When we moved to mutated A53T oS, we observed the for-
mation of defect islands more ring-shaped compared to the
WT case, as confirmed by the higher fractal dimension (D =
1.86 + 0.02). Islands grew in size versus time and propagated
within the DOPC layer, starting from the boundaries between
the La phase and the So-domains (Fig. 5A).

The average defect deepness of 2.4 + 0.5 nm is compatible
with the dimension of half a bilayer, as for the case of WT «aS.
However, the growth of the A53T-related defects proceeded
faster than for WT «S, covering 40% of the total area after 2 h
of protein incubation (Fig. 5B). Fig. 5C shows the comparison
of the growth of single defect domains area versus time in case
of WT and A53T «S. The mutant form, being 4-fold faster than
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Fig. 5 Interaction of monomeric A53T aS with SLB resembling raft-like
domains. (A) AFM imaging over time of protein monomers interacting
with DOPC/SM/Chol SLB. Blue circle indicates the formation of fractal-
like defects. Scale bar: 1 um. (B) Relative change of La, So and aS-indu-
cing defects areas vs. time. (C) Analysis of growth of singular fractal-like
defects of WT and A53T «S.

WT aS, points, therefore, to a different membrane-interaction
kinetics. In the phase-coexisting membranes reported here,
the protein in monomeric form (both WT and A53T) find then
more accessible the La phase of the bilayer with respect to the
raft-like domains, inducing a reorganization of membrane
structure via a thinning of the bilayer. A similar effect was
observed by our group in a previous work, in the case of WT oS
in interaction with one-component (DOPC) SLB.*® However,
the two monomeric proteins show different interaction kine-
tics: at equal concentration the mutant A53T aS is faster than
the WT protein in targeting the membrane. Other studies
reported a membrane thinning effect by aS, a process that has
been demonstrated crucial in vivo for protein-regulated vesicle
trafficking, and that has to have implications in the onset of
PD disease.®® Also, similar interaction mechanisms are shared
with other membrane-interacting proteins as antimicrobial
peptides.®*°°

When the raft-like supported lipid bilayers were placed in
interaction with the WT aS-aggregates obtained by incubation
with Fe** we observed protein clusters accumulating on the
bilayer surface. AFM images acquired continuously for
90 minutes revealed that such oligomers are always located in
the proximity of the So phase, highlighting a preferential inter-
action with the LR domains (Fig. 6A). Oligomers accumulation
did not involve all LR domains. The nucleation is followed by a
growth process with the formation of clusters that, in a small
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Fig. 6 Interaction of iron-induced WT oS oligomers with raft-like SLB.
(A) AFM topographic images of membrane-protein interaction moni-
tored over time. Blue squares point the nucleation of oligomers on the
So-domains and its time-evolution. Scale bar: 1 ym. (B) Analysis of rela-
tive surface areas of La, So and oligomeric clusters vs time. Distribution
of (C) heights and (D) areas of clusters.
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portion, extend to the adjacent Lo phase of the bilayer
(Fig. 6B).

From AFM morphological analysis, we see that these globu-
lar aggregates have 200-600 nm lateral dimension and surface
areas up to 0.2 pm?, protruding by 6.4 + 1.4 nm from the LR
domains (Fig. 6C and D).

Finally, the incubation of Fe**-promoted A53T mutant
aggregates on our SLB displayed similar results. Globular clus-
ters of aggregated oligomers were initially interacting with the
SLB So phase only (Fig. 7A), soon spreading onto the fluid
phase of the bilayer as for the WT aggregates. The main differ-
ence between WT and A53T oS oligomers resides in the kine-
tics of interaction with the bilayer. The mutant A53T aggre-
gates interact faster with the bilayer forming larger clusters
that cover the 50% of the bilayer after 90 minutes of incu-
bation, 5-fold time faster compared to the WT oligomers
(Fig. 7B).

The morphology of these clusters reflects the propensity of
the protein to form larger oligomers upon Fe*" treatment, as
described in Fig. 1, before interacting with the membrane.
Also, they have a 2-fold lateral dimensions (up to 1400 nm)
and 2-fold height dimension (a heterogeneous distribution in
the of 10-30 nm) compared to WT aS clusters (Fig. 7C and D).
We can conclude here that, at variance with iron-aggregated
WT oS oligomers on single-phase (DOPC) SLB which have
been shown to accumulate on the fluid membrane forming
protein clusters,”® on mixed-phase bilayers oligomers even-
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Fig. 7 Interaction of iron-induced A53T aS oligomers with raft-like SLB.
(A) AFM topographic images of membrane-protein interaction moni-
tored over time. Blue circles show the nucleation of oligomers on the
So-domains and its time-evolution. Scale bar: 1 pm. (B) Analysis of rela-
tive surface areas of Lo, So and oligomeric clusters vs time. Distribution
of (C) heights and (D) areas of clusters.

tually interact with both the Lo-fluid and So-ordered phase of
the membrane, being the nucleation process triggered and
favored by the sole So-domains.

FTIR-ATR measurements were performed to gain more
structural insights on the protein-membrane interaction. We
incubated the Fe*"-mediated oligomers with large unilamellar
vesicles (LUVs) of the same lipid composition of the SLB used
in the AFM experiments. Due to the large surface tension LUVs
opened up when deposited on the ATR crystal forming a lipid
bilayer (see Experimental). In Fig. 8A, the spectra of the bare
membrane with and without Fe*" were compared with the
ones corresponding to Fe*'-mediated oligomers of both pro-
teins incubated with the vesicles in the range of
1800-700 ¢cm™', covering both amine I and phospholipid
vibrational bands.

The main spectral difference was observed in the region
1330-1150 cm™', dominated by the absorption peak of the
(-PO,)” asymmetric stretching mode (Fig. 8B). Interestingly,
the Fe®"-A53T aS aggregates/membrane peak shape is similar
to the one recorded for the bare membrane; likewise, a close
similarity was observed for the broad Fe*-WT oS oligomers/
membrane and the Fe*'/membrane spectra. We assume that
the shift and broadening of these last two peaks might be due
to the formation of complexes between iron ions and the phos-
phates headgroups of the lipids.®” This implies a low binding
affinity of Fe*" for the WT aS oligomers. Fe*' is sequestered by
the lipids of the bilayer and interacts with lipid headgroups.

On the contrary, the peak shape similarity between Fe>'-
A53T oS aggregates/membrane and membrane alone (the first
being slightly shifted to lower wavenumbers) suggests a stron-
ger interaction of the mutated protein with Fe*" in the aggre-
gates. This is in line with the higher p-sheet content found for
A53T with respect to WT oS oligomers, shown in Fig. 2, which
points towards a higher aggressiveness of the first ones and
with our AFM imaging data, i.e. a faster kinetics of interaction
of A53T «S oligomers with the membrane and the formation
of larger clusters, also confirmed by other groups.**

In this case, the major part of the iron ion is probably
involved in the formation of the oligomers of the mutated

81 — Luvs A B

m— LUVs + Fe2*

4{ = LUVs +WT oligomers

— LUV

+ A53T oligomers 21

Absorbance
Absorbance

1290 1260 1230 1200 170 1140
wavenumber cm™1)

1750 1500 1250 1000 750
wavenumber (cm™)

Fig. 8 FTIR-ATR measurements of the interaction between iron-
mediated oligomers with LUVs resembling raft-like membrane organiz-
ation. (A) Absorbance spectra of LUVs-WT oS oligomers (blue), LUVs-
mutant A53T oligomers (orange), lipid membrane (dark green) and lipid
membrane incubated with Fe?* (red). (B) The comparative analysis
showed the main difference in the region of phosphate group stretching
(1330-1150 cm™), revealing a different behavior of the proteins in the
binding of the metal.
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A53T aS and thus, not available for interacting with the
membrane.

Conclusion

In conclusion we proposed here a novel approach based on
AFM and FTIR measurements, which focuses on the inter-
action between iron-induced aS aggregates and the different
lipid phases of an artificial supported lipid bilayer mimicking
the composition of neuronal membranes. The binding of mis-
folded protein oligomers to biological membranes is con-
sidered one of the key molecular events at the basis of the
pathological development and progression of many neurode-
generative disease, such as PD.'® Here, working at the sub-
micrometric level we demonstrated the ability of ferrous
cations to promote strong and fast in vitro aggregation of both
WT and mutant A53T oS, leading to the formation of early
stage oligomers. We proved that distinct monomeric and oligo-
meric aS species interact in a different way with the fluid lipid
phase and the raft-like lipid nanostructures: aS monomers
cause membrane thinning while the iron-mediated aS oligo-
mers studied here do not produce any similar impairment of
the membrane. Instead, we observed the accumulation of the
metal-promoted aggregates on LR-like domains strengthening
the hypothesis of a critical role of LRs in the development and
progression of the disease. Accumulation of iron in the brain,
which is peculiar of the PD pathology, is then promoting the
formation of aS-oligomers, which accumulate on LR-domains
of plasma membranes. This in turn alters the membrane
affecting a plethora of biological processes regulated by signal-
ing membrane proteins localized in the rafts, firstly the
homeostasis of neurotransmitter exocytosis.®® A similar scen-
ario has been reported for the Ap-peptide in AD, in which lipid
rafts are promoting the aggregation of Ap-peptide that in turn,
by clustering specific raft-proteins, lead an impairment of raft-
molecular pathways contributing to neurotoxicity.*>”° The
critical role played by lipid rafts in the interaction with
amyloid protein oligomers is essential for understanding the
development and progression of PD and ultimately for devel-
oping therapies targeting LR components.

Experimental
Materials

18:1 (A9-Cis) PC (1,2-dioleoyl-sn-glycero-3-phosphocholine,
DOPC), sphingomyelin (brain, porcine, SM) and cholesterol
(ovine wool, >98%) were purchased by Avanti polar lipids
(Alabaster, USA). FeCl, solution was prepared by dissolving
salt powder (Sigma Aldrich) in ultrapure 18.2 MQ cm water
(Milli-Q, Millipore SpA, Milan, Italy) and filtered with a sterile
syringe-filter (0.22 pm) prior to use. Expression and purifi-
cation of human wild-type alpha synuclein (WT «S) and
human mutated A53T oS was performed by the group of Prof.
Giuseppe Legname (Laboratory of Prion Biology, SISSA - Scuola

Internazionale Superiore di Studi Avanzati, Trieste, Italy)
according to the method of Huang et al. colleagues.”*

Lipid vesicles preparation and supported lipid bilayer
formation

For the production of supported lipid bilayer (SLB) by vesicle
fusion we have followed the procedure described by Oropesa-
Nufiez and colleagues.”” Briefly, DOPC, SM and cholesterol
powders were dissolved in chloroform at the final concen-
tration of 1 mg mL™". Lipid solution were used to produce a
lipid mixture made by DOPC/SM (66 : 33 in molar ratio) + 5%
cholesterol (molar) which was gently evaporated under a
stream of nitrogen. Samples were placed under vacuum over-
night in order to completely removed solvent residues and
resuspended in Milli-Q water at a lipid concentration of 1 mg
mL™" to form multilamellar vesicles (MLVs). MLVs were left to
swell for 1 h at 60 °C and then extruded 51 times through a
polycarbonate membrane with 100 nm pores using a commer-
cial extruder (Avanti Polar Lipids) at the same temperature, to
form large unilamellar vesicles (LUVs). After cooling at room
temperature, LUVs were diluted 10-fold with Milli-Q water.
Then, 90 pL of LUVs suspension and 10 pL of a 50 mM CaCl,
solution were deposited onto a 1.0 cm x 1.0 cm of freshly
cleaved mica substrate attached to the AFM liquid chamber by
ultrafast glue. The samples were stored 15 min at room temp-
erature to promote LUVs rupture and fusion on mica surface,
in order to produce uniform lipid bilayer. Then the AFM
chamber was completely filled with Milli-Q water and, after
1 h, membrane was gently rinsed three times with Milli-Q
water to remove excess vesicles from the liquid sub-phase
before AFM measurements.

In vitro aggregation of oS

In order to study iron-mediated aggregation of human WT oS
and the mutant A53T aS, 100 pg of each aS protein (final con-
centration: 35 pM) were mixed with 2 mM FeCl,. Protein solu-
tions were incubated at 37 °C under shaking for 1 hour. 10 pL
of protein solution were spread onto 1.0 cm X 1.0 cm piece of
freshly cleaved mica, left to incubate for 5 min, gently rinsed 3
times with Milli-Q water, dried with a stream of nitrogen, and
successively analyzed by AFM in air at room temperature.

Atomic force microscopy (AFM) imaging

All AFM images were acquired using a commercially available
microscope (MFP-3D Stand Alone AFM from Asylum Research,
Santa Barbara, CA). Measurements were carried out at room
temperature working in dynamic AC-mode. Commercially
available silicon cantilevers (OMCL-RC800PSA-1, Olympus
Micro Cantilevers, nominal spring constant 0.76 nN nm™ "))
have been chosen for imaging in liquid. High resolution
images (512 x 512 pixels frames) were acquired at 0.6-1 lines
per s scan speed. For studying oS interaction with raft-like
membranes, 100 pg of iron-induced oligomers and protein
monomers of human wild-type oS and A53T mutant aS (35 pM)
were incubated to supported lipid bilayer for 1 h at room temp-
erature (final protein concentration 4.5 pM) and imaged by
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AFM. AFM images were analyzed using Gwyddion, open-source
modular program for scanning probe microscopy (SPM) data
visualization and analysis.”* Time-evolution analysis of the
relative areas of La phase, So phase and oS defects/clusters
were expressed as mean + standard deviation (SD) obtained
from three independent experiments (n = 3) for each con-
dition. Surface roughness of La and So lipid phases was deter-
mined as R, value of the height irregularities. Height distri-
bution was fitted using a double Gaussian function using Igor
Pro software (Wavemetrics, US). For the analysis of the number
and size distribution of aS aggregates the grain analysis macro
of Gwyddion software was used. The 20 fold-increase of A53T
Fe**-oligomers vs. WT protein was obtained calculating the
number of protein particles and normalizing with the number
of analyzed images (n = 10).

FTIR-ATR spectroscopy

All the Infrared measurements were performed at the
Chemical and Life Sciences branch of SISSI (Synchrotron
Infrared Source for Spectroscopy and Imaging, Elettra-
Sincrotrone Beamlines, Basovizza, Trieste, Italy). For the first
experiment, 10 pg of iron-induced oligomers of human WT oS
and the mutant A53T species were diluted in 200 pL of Milli-Q
water. For the second experiment 60 pg of LUVs composed by
DOPC/SM (66 :33) + 5% cholesterol were mixed with 10 pg of
Fe**-induced oligomers of both proteins, and incubated for
1 h at room temperature. For the control, 60 pug of LUVs were
incubated in Milli-Q water or 0.2 mM FeCl, salt solution for
1 h at room temperature. For each experiment, 200 pL of
sample solution were spread over the whole area of a trapezoi-
dal germanium multiple ATR crystal and left to dry forming a
thin film of the sample. The crystal is 50 mm x 10 mm x 2 mm
wide with an incidence angle of 45° yielding 25 internal reflec-
tions. Infrared analyses were performed by using the off-line
Bruker Vertex 70 interferometer equipped with RT-DLaTGS
detector. 30 consecutive spectra were acquired for monitoring
the complete drying of the sample. Every spectrum was col-
lected at 2 cm™, repeating 256 scans in the range
4500-800 cm™'. The data-set was pre-processed with Bruker
software OPUS 7.5. The spectra were first baseline corrected in
the 4000-800 cm™" spectra region (rubberband correction
algorithm, 64 points) and then cut into two regions of interest:
ROI 1, Amide I region, (1750-1580 cm ™, Fig. 3); ROI 2, phos-
phates bands (1330-1150 cm™', Fig. 8). Spectra were then
further baseline corrected, (rubberband method, 16 points)
and normalized to the same height with a Min/Max function
in order to better compare the band shapes among them and
highlight the differences in their infrared features. The spectra
in the selected ROI were plotted by OriginPro 8 software and
second derivatives were computed for the Amide I band by
applying the Savitzky-Golay method with 9 smoothing points
(OriginPro2018 - Originlab) in order to better observe the over-
lapped sub-bands. They have been used as input parameters
for the-multi-peak fitting performed by a Matlab in-house
written routine.”* During fitting, the peak positions have been
let to vary by +2 ecm ™", while FWHM between 5 to 20 cm™". The

percentage area of each Gaussian has been calculated on the
total area of the Amide I band.
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