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Abstract

Proteinaceous a-synuclein-containing inclusions are found in affected brain regions in patients with Parkinson’s disease (PD),
Dementia with Lewy bodies (DLB) and multiple system atrophy (MSA). These appear in neurons as Lewy bodies in both PD and
DLB and as glial cytoplasmic inclusions (GClIs) in oligodendrocytes in MSA. The role they play in the pathology of the diseases
is unknown, and relatively little is still known about their composition. By purifying the inclusions from the surrounding tissue
and comprehensively analysing their protein composition, vital clues to the formation mechanism and role in the disease process
may be found. In this study, Lewy bodies were purified from postmortem brain tissue from DLB cases (n =2) and GCIs were
purified from MSA cases (7 =5) using a recently improved purification method, and the purified inclusions were analysed by
mass spectrometry. Twenty-one percent of the proteins found consistently in the GCIs and LBs were synaptic-vesicle related.
Identified proteins included those associated with exosomes (CD9), clathrin-mediated endocytosis (clathrin, AP-2 complex,
dynamin), retrograde transport (dynein, dynactin, spectrin) and synaptic vesicle fusion (synaptosomal-associated protein 25,
vesicle-associated membrane protein 2, syntaxin-1). This suggests that the misfolded or excess «-synuclein may be targeted to
inclusions via vesicle-mediated transport, which also explains the presence of the neuronal protein «-synuclein within GCls.

Keywords Lewy body - Glial cytoplasmic inclusion - Parkinson’s disease - Multiple system atrophy - Vesicle trafficking - Mass
spectrometry

Introduction

Parkinson’s disease (PD), dementia with Lewy bodies
(DLBs) and multiple system atrophy (MSA) are all
synucleopathic neurodegenerative diseases. While varying
in clinical and pathological presentation, they share a
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common link—ax-synuclein-containing protein inclusions
(ASPIs), which are proteinaceous aggregates found in af-
fected brain regions. ASPIs are found in neurons in PD and
DLB and are known as Lewy bodies (LBs). In MSA, how-
ever, they are found in oligodendrocytes, and thus are
termed glial cytoplasmic inclusions (GCls).

PD is the most common neurodegenerative movement dis-
order in the world, with incidence increasing with age from
1% of the population at 65 years of age up to 5% at 85 years of
age (Alves et al. 2008). PD is neurologically characterised by
two main features—the progressive loss of dopaminergic neu-
rons from the substantia nigra (SN) region of the brain (Alves
et al. 2008; Tan 2007; Wood-Kaczmar et al. 2006) and the
presence of LBs in the surviving neurons (Alves et al. 2008;
Fahn 2003; Wood-Kaczmar et al. 2006). The role LBs play in
pathology is as yet unknown. DLB is the second most fre-
quent neurodegenerative dementia in the elderly, affecting
0.7% of the population over 65 years (McKeith et al. 2004).
Similar to PD, DLB is characterised pathologically by the
presence of LBs.
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Lewy bodies are eosinophilic aggregates of filamentous struc-
tures, resembling neurofilament, and they may also contain ve-
sicular or circular structures. There are two types of LBs—the
brainstem (classical) type and the cortical type (Wakabayashi
et al. 2007). Brainstem LBs are found in the cytoplasm, with
either single or multiple LBs present in a neuron. They are spher-
ical or elongated in shape, with a dense core and a peripheral
halo. In contrast, cortical LBs are poorly defined with an irregular
shape, often lacking a central core or conspicuous halo
(Wakabayashi et al. 2007). LBs are widely distributed throughout
the central nervous system (CNS), including in the substantia
nigra, hypothalamus, nucleus basalis of Meynert, locus ceruleus,
dorsal raphe nucleus, intermediolateral nucleus of the spinal cord
and sacral autonomic nucleus (Uversky and Eliezer 2009;
Wakabayashi et al. 2007).

While the function of LBs is currently unknown, there are
two opposing theories on the relationship between LBs and
neuronal loss. The first is that LBs are a toxic aggregation of
proteins that contribute directly to neuronal death. The second
is that LBs are a protective mechanism that sequesters poten-
tially toxic excess or misfolded «-synuclein that cannot be
degraded by the cell (Cordato and Chan 2004). The major
constituent of LBs is «-synuclein, including truncated,
oxidised and phosphorylated variants (Klein and
Schlossmacher 2007) and is estimated to form 8.5% of total
protein content (McCormack et al. 2016). There have been
more than 70 other proteins identified in LBs, including struc-
tural elements of the LB fibrils such as neurofilament and
other cytoskeletal proteins such as tubulin; «-synuclein-
binding proteins such as 14-3-3 and synphillin-1; components
of the ubiquitin—proteasome system; and others (Wakabayashi
et al. 2007). However, an ad hoc approach has been taken to
the identification of these components.

While MSA is less prevalent than PD (Wenning et al.
2008), it typically affects patients at a younger age with a
shorter survival (Wenning et al. 1997; Yoshida 2007). MSA
features neuronal cell loss and gliosis (Vanacore et al. 2001,
Vanacore 2005) and is pathologically characterised by the
presence of GCIs in the cytoplasm of oligodendrocytes
(Vanacore 2005; Wakabayashi and Takahashi 2006;
Wenning et al. 2008). GCls are filamentous structures,
consisting of a loosely packed meshwork of granular-coated
fibrils (Wenning et al. 2008). GClIs can be either sickle, trian-
gular, half moon, oval or conical in shape and are both
argyrophilic and eosinophilic (Yoshida 2007). In oligodendro-
cytes that contain GCls, the nuclei are slightly larger than in
non-GCl-bearing cells (Inoue et al. 1997).

GCls are widely distributed throughout the CNS. They
appear more frequently in white matter than in grey matter.
Areas of the CNS that contain a higher density of GCls are the
subcortical areas of the motor cortex, pre-motor cortex and
supplementary motor areas, and the dorsolateral putamen
(Inoue et al. 1997). Even in the earliest stages of MSA,
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GClIs are present. They increase in abundance as the disease
progresses, with a correlation between GCI frequency and the
severity of olivopontocerebellar degeneration. This is unlike
PD and DLB, where the frequency of LBs does not correlate
with the degree of striatonigral degeneration. At the advanced
stage of MSA, with severe cerebellar devastation, GCls are
absent altogether (Inoue et al. 1997).

o-Synuclein is thought to be the most abundant protein
present in GCIs (Ozawa 2006; Wakabayashi and Takahashi
2006; Wenning et al. 2008) consisting of 11.7% of total pro-
tein content (McCormack et al. 2016). The form present in
GClIs is misfolded and relatively insoluble, with predominant
oxidative and nitrative modifications (Ozawa 2006). This ac-
cumulation of a-synuclein in oligodendrocyte inclusions is
unexpected, as «-synuclein is a neuronal protein that is
expressed transiently in developing oligodendrocytes but not
in the mature cells (Culvenor et al. 2002; Richter-Landsberg
et al. 2000). The presence of full-length «-synuclein in the
CSF provides evidence that it is released extracellularly from
neurons (Borghi et al. 2000), but it is still unknown how or
why it accumulates in GClIs in oligodendrocytes. Other pro-
teins found in GCls include tubulin polymerisation promoting
protein (TPPP), also known as p25 (Lindersson et al. 2005),
rab3, a member of the Ras family of small GTP-binding pro-
teins, 14-3-3 protein, heat shock protein 90, and DJ-1, which
is implicated in PD (Ozawa 2006).

A detailed account of the composition of ASPIs could as-
sist in understanding the biology of their formation and their
role in the disease process. However, the comprehensive pro-
teomic analysis of ASPIs has been limited by the ability to
isolate these inclusions with sufficient purity and yield from
the surrounding structures in postmortem tissue. We have re-
cently described a method to isolate LBs and GCIs with high
purity and yield (McCormack et al. 2016), and here, we ex-
amine the protein composition of highly enriched LBs and
GClIs through mass spectrometry (MS) and immunohisto-
chemistry and identify an enrichment of vesicle and vesicle-
related proteins within these ASPIs.

Materials and Methods
Brain Tissue Specimens

Fresh-frozen brain tissue was obtained from the South
Australian Brain Bank, Adelaide, with ethics approval re-
ceived from the Flinders Clinical Research Ethics
Committee (Approval 06/067). The brain tissue had been ex-
tracted within a 36-h postmortem interval and bisected at the
midsagittal plane in a dry ice bath, with one half snap-frozen
for later use and the other half aldehyde-fixed, blocked and
embedded in paraffin for subsequent neuropathological as-
sessment by SA Pathology, Adelaide, Australia. Pathology
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reports for each case guided targeting of tissues for ASPI
purification. Specimens of MSA and DLB cases were utilised
in this study (see Table 1).

Brain Tissue Homogenisation

Tissue sections containing ASPIs were thawed on ice, dissect-
ed at 4 °C and divided into 2 g lots. Each lot was mixed with
8 mL of homogenisation buffer (20 mM tris, 0.32 M sucrose,
0.05% (w/v) sodium azide, 5 mM EDTA, 1 pg/mL pepstatin,
1 pg/mL leupeptin, 0.3 mM PMSF, pH 7.4) and homogenised
in a Dounce homogeniser for 20 strokes with Pestle A (loose)
then 20 strokes with Pestle B (tight). Homogenised tissue
from the same case was pooled and mixed, then divided into
10-mL tubes and snap-frozen in liquid nitrogen. Brain homog-
enate was stored at — 80 °C.

ASPI Purification

ASPIs were purified from homogenised brain tissue according
to the method of McCormack et al. (2016). GCIs were purified
from MSA basal ganglia, from the equivalent of 4 g of MSA
1,5g0fMSA 2,3 gof MSA 3,5 gof MSA 4 and 4 g of MSA
5 tissue. Purified GCIs were used from each of these samples
for subsequent mass spectrometry analysis. Further GCIs were
purified from the equivalent of 6 g of MSA 1 basal ganglia for
1D gel analysis, and from 6 g of pooled MSA 1 and MSA 6
basal ganglia for 2D gel analysis.

LBs were purified from DLB brainstem from the equiva-
lentof 6 gof DLB 1 and 6 g of DLB 2 tissue. The purified LBs
were used from each of these samples for subsequent mass
spectrometry analysis.

Sample Preparation and Quantitation

EZQ Protein Quantitation Assays were performed according
to the manufacturer’s instructions (Invitrogen). For samples

Table 1 Case details for postmortem brain tissue used

Case Area Gender Age® PMI°
DLB1  Brainstem F 81 12
DLB2  Brainstem M 73 34
DLB 3  Superior frontal M 80 6
MSA 1  Basal ganglia, superior temporal M 73 20
MSA 2  Basal ganglia F 62 8
MSA 3  Basal ganglia F 81 17
MSA 4  Basal ganglia F 73 5
MSA 5  Basal ganglia M 59 13
MSA 6  Basal ganglia, cerebellum F 77 5

* Age at time of death (years)
® Postmortem interval (h)

intended for 1-DE and 2-DE, ReadyPrep 2-D Protein Clean-
Up of samples were performed on solubilised purified GCls
according to the manufacturer’s instructions (BioRad). For 1-
DE, the sample was subsequently solubilised in 1% 1D sample
buffer without bromophenol blue (62.5 mM Tris-HCI, 10% (v/
v) glycerol, 2% (w/v) SDS, 100 mM DTT, pH 6.8), vortexed
and heated at 95 °C for 5 min. The sample was vortexed again,
spun at 18,000xg and the supernatants collected for 1-DE. For
2-DE, the sample was subsequently solubilised in protein ex-
traction buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS).

For samples intended for direct MS analysis, 20 pug of
solubilised purified GCIs from each of the five MSA cases
and 20 g of solubilised purified LBs from each of the two
DLB cases were directly buffer-exchanged into 50 mM am-
monium bicarbonate using Vivaspin 500 5 kDa MWCO col-
umns (GE Healthcare), according to the manufacturer’s
instructions.

1D Gel Electrophoresis

1D SDS PAGE was performed using precast Mini-Protean®
TGX™ Any kD™ gels (BioRad). An 18 pg sample of puri-
fied GCIs was diluted into 1x 1D sample buffer containing
freshly added DTT (62.5 mM Tris-HCI, 10% (v/v) glycerol,
2% (w/v) SDS, 100 mM DTT, 0.01% (w/v) bromophenol blue,
pH 6.8) and heated at 90 °C for 5 min, then loaded onto the
gel. Gels were electrophoresed at 200 V at constant voltage in
a Biorad Mini-Protean Tetra electrophoresis system until the
bromophenol blue dye front reached 0.5 cm from the bottom
edge of the gel.

2D Gel Electrophoresis

2D gel electrophoresis was performed using cup loading
isoelectric focusing according to the 2D Electrophoresis
Principals and Methods Handbook 80-6429-60AC (GE
Healthcare). A 24 cm Immobiline DryStrip gel pH 3-11
NL (GE Healthcare) was passively rehydrated overnight in
475 uL ofisoelectric focusing (IEF) rehydration buffer (7 M
urea, 2 M thiourea, 4% (w/v) CHAPS, 0.5% (v/v) IPG
Bufter, 0.4% (w/v) DTT) using an Ettan IPGphor 3 IEF unit
(GE Healthcare). The strip was then placed gel side up in an
IPGphor Manifold (GE Healthcare) and the manifold set up
for cathodic cup loading accordingly to the manufacturer’s
instructions. Two hundred fifty micrograms of solubilised
inclusions, purified using a 2D Clean-up Kit (BioRad), were
applied to the strip. Isoclectric focusing was performed
overnight according to the following protocol: step to
200 V for 1 h, step to 400 V for 1 h, step to 800 V for 2 h,
linear gradient to 8000 V for 1 h, hold at 8000 V until 40,000
Vhr, step to 400 V and hold until removed from the appara-
tus, which was 52,000 Vhr.

@ Springer



886

Neurotox Res (2019) 35:883-897

Second dimension SDS-PAGE was carried out according
to the 2D Electrophoresis Principals and Methods Handbook
80-6429-60AC (GE Healthcare). The strips were equilibrated
in 10 mL of equilibration solution 1 (100 mM tris-HCL, 6 M
urea, 30% (v/v) glycerol, 2% (w/v) SDS, 1% (w/v) DTT,
pH 8.0) for 15 min at room temperature with gentle agitation,
followed by 15 min in 10 mL of equilibration solution 2
(100 mM tris-HCI, 6 M urea, 30% (v/v) glycerol, 2% (w/v)
SDS, 4% (w/v) iodoacetamide, 0.003% (v/v) bromophenol
blue solution, pH 8.0).

Each equilibrated strip was applied to the top of a 24 cm
12.5% linear gel (labcast using a GE Healthcare Ettan
DALTsix gel caster) and sealed with 1% low melting point
agarose solution (25 mM Tris, 192 mM glycine, 0.06% (w/v)
SDS, 1% (w/v) low melting point agarose, pH 8.3), which was
set at 4 °C for 5 min. The gels were run on an Ettan DALTsix
electrophoresis unit (GE Healthcare) with a MultiTemp III
external thermostatic circulator (GE Healthcare) set to
10 °C. The gels were run at constant power at 2 W per gel
for 45 min, then at 17 W per gel until the bromophenol blue
dye front reached 0.5 cm from the bottom edge of the gels.

Gel Imaging and Staining

SyproRuby staining was performed according to the manufac-
turer’s instructions (BioRad). Imaging was performed on a
Typhoon 9400 variable mode imager at 200 um resolution
using a blue 457 nm laser, 610 BP emission filter and PMT
value of 600 V (1D gel) or 700 V (2D gel). Subsequent silver
staining was performed to visualise bands/spots to excise for
tryptic digestion. Silver staining was performed using an MS-
compatible Erichrome black T (EBT)-silver method, as de-
scribed by Jin et al. (2006).

In-Gel Tryptic Digestion of 1D Gel Slices

Tryptic digestion of 1D gel slices was performed based on the
method of Link and LaBaer (2009). The gel was washed in
dH,O three times for 30 min per wash, to remove traces of
acetic acid from the fixative. Bands of interest were excised
using a scalpel, diced into 1 mm? pieces, and placed into the
wells of a 96-well plate.

The gel pieces were washed in 150 uL 50% acetonitrile
(ACN):dH,O0 for 15 min. The wash was removed, and 150 pL.
of 100% ACN was added to shrink the gel pieces. The pieces
were rehydrated in 75 uL 100 mM ammonium bicarbonate for
5 min, then 75 ulL of ACN was added and the pieces were
incubated for 15 min. The wash was removed, and 150 uL of
100% ACN was added to shrink the gel pieces.

The gel pieces were rehydrated in 150 uL of 10 mM DTT
in 100 mM ammonium bicarbonate solution and incubated for
45 min at 65 °C. The DTT solution was removed, and 150 uL
of 50 mM iodoacetamide in 100 mM ammonium bicarbonate
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was added immediately and incubated for 30 min at 30 °C in
the dark. The iodoacetamide solution was removed, and the
gel pieces were washed in 150 uL of 50% ACN:dH,O for
15 min. The wash was removed, and 150 uL of 100% ACN
was added to shrink the gel pieces.

Trypsin stock solution (1 pg/uL Trypsin Gold mass spec-
trometry grade, Promega) was diluted 100-fold (0.01 pg/uL)
in 50 mM ammonium bicarbonate. The gel pieces were
rehydrated in 28 pL (0.28 pg) of trypsin solution for 30 min
at room temperature, then incubated at 37 °C for a minimum
of 4 h.

In-Gel Tryptic Digestion of 2D Gel Spots

Tryptic digestion of 2D gel spots was performed based on the
method of Link and LaBaer (2009). Gel spots were excised
from a 2D gel using a truncated low protein-binding 200 puL
pipette tip attached to OneTouch Plus Spot Picker. The cutting
tip was rinsed in 100% ethanol between each spot to minimise
cross-contamination. Each spot was placed in a separate well
of'a 96-well plate, and any residual liquid was removed. Using
a Biomek® 3000 laboratory automation workstation
(Beckman Coulter), 150 uL of 100 mM ammonium bicarbon-
ate was pipetted into each well, and the plugs were washed
with shaking at an amplitude of 6 on a DPC Micromix 5
mixing platform for 30 min. The ammonium bicarbonate
was removed and 150 pL of acetonitrile was pipetted into
each well and left overnight to dehydrate the gel plugs.

The plugs were rehydrated with 150 uL of 100 mM am-
monium bicarbonate and washed with shaking for 30 min.
One hundred thirty microliters of the wash was removed and
replaced with 130 puL of fresh 100 mM ammonium bicarbon-
ate and washed for a further 30 min. All liquid was removed,
and the plugs were washed with 150 pL of 50% ACN:dH,O
for 30 min. One hundred thirty microliters of the wash was
removed and replaced with 130 pL of fresh 50% ACN:dH,O
and washed for a further 30 min. All liquid was removed, and
150 pL. of ACN was pipetted into each well and left overnight
to dehydrate the gel plugs.

Trypsin stock solution (1 pg/uL Trypsin Gold mass spectrom-
etry grade, Promega) was diluted 100-fold (0.01 pg/ul) in
50 mM ammonium bicarbonate. Each gel plug was rehydrated
in 28 pL (0.28 pg) of trypsin solution for 30 min at room tem-
perature, then incubated at 37 °C for a minimum of 4 h.

In-Solution Tryptic Digestion of Complex Samples

In-solution tryptic digestion was based on the method on the
method of Link and LaBaer (2009). A 1/10 volume of 50 mM
DTT was added and incubated for 5 min at 65 °C to reduce
disulphide bonds. A 1/10 volume of 100 mM iodoacetamide
was added and incubated for 30 min at 30 °C in the dark to
alkylate sulphhydral residues and prevent the reformation of the
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disulphide bonds. Trypsin (Trypsin Gold mass spectrometry
grade, Promega) was added at a 1:50 trypsin to protein ratio,
and the sample was incubated at 37 °C for a minimum of 4 h.

HPLC Linear lon Trap/FTMS Mass Spectrometry

The digested peptides obtained from either complex mixtures
or gel pieces were analysed with a Thermo LTQ Orbitrap XL
mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) fitted with a nanospray source. One to 5 uL of each
sample was drawn into a 20-pL loop with buffer on either side
using a custom inject program and loaded onto an Acclaim®
PepMap 100 C18 cartridge (Dionex, Sunnyvale, CA, USA) at
5 uL/min for 12 min, then separated on a packed
nanocapillary column NTCC-360/100-5-153 (Nikkyo
Technos, Tokyo, Japan) at 200 nL/min using an Ultimate
3000 HPLC (Dionex) with a gradient from 0 to 40% Buffer
B over 52 min, followed by 95% Buffer B for 16 min, follow-
ed by 100% Buffer A for 30 min. The mass spectrometer was
operated in positive ion mode with one full scan of mass/
charge (m/z) 3002000 in the FTMS analyser, with ions
possessing a charge state of 1 rejected, followed by product
ion scans of the six most intense ions in the ion trap analyser,
with dynamic exclusion of 15 s with a repeat duration of 15 s,
an exclusion list of 500 proteins, and collision-induced disso-
ciation energy of 35%.

Protein Identification

The MS spectra were searched with Thermo Proteome
Discoverer (PD) version 1.2.0.208 based on the method by
Wilson et al. (2011) using the Sequest algorithm against the
Uniprot human (taxonomy 9606) with isoforms database ver-
sion August 2011. The search parameters were as follows:
trypsin as the protease with up to two missed cleavages; mass
tolerance for peptide identification of precursor and product
ions of 15 ppm and 0.8 Da, respectively; and variable modi-
fications of carbamidomethylation and nitrosylation of car-
bons, oxidation of methionines, ubiquitination of lysines,
and phosphorylation of serines, threonines and tyrosines.
The filters were peptides of a high confidence value, count
only rank 1 peptides, count peptide only in top scored proteins
and at least two unique peptides sequenced for each protein.
The false discovery rate (FDR) was calculated for each com-
plex mixture analysis using the FDR algorithm in PD. The
FDR was less than 1% for all samples analysed.

Immunofluorescence

Immunofluorescence was performed on fixed sections of
MSA 1 tissue (superior temporal region) and DLB 3 tissue
(superior frontal region). The slides were deparrafinised with
the following protocol: xylene for 10 min x 2, 100% ethanol

for 5 min x 2, 95% ethanol for 5 min, 70% ethanol for 5 min,
dH,O for 5 min. Antigen retrieval was then performed by
immersing the slides in an antigen retrieval tank filled with
1 mM EDTA pH 8.0 and microwaved on medium power for
10 min, followed by washing in TBS-Azide (20 mM tris,
150 mM NaCl, 0.1% (w/v) sodium azide, pH 7.4) for 2 min.

The following steps were carried out in a humidifying
chamber at room temperature. The slides were incubated in
hydrogen peroxide solution (1% H,O, + 50% methanol in
dH,0) for 30 min to eliminate endogenous peroxidase activ-
ity. The slides were then washed with a transfer pipette three
times for 5 min each with TBS-Azide. The slides were
blocked for 60 min with blocking solution (20 mM Tris,
150 mM NaCl, 0.1% (w/v) sodium azide, 20% (v/v) normal
horse serum, pH 7.4) and then incubated for 2 h in primary
antibody diluted in antibody diluent (20 mM tris, 150 mM
NaCl, 0.1% (w/v) sodium azide, 1% (v/v) normal horse serum,
pH 7.4). Dual staining was performed using a sheep polyclon-
al anti-x-synuclein primary antibody (Gai et al. Adelaide,
Australia) used at 1:1000 (1 pg/mL) with either (a) a rabbit
polyclonal anti-SNAP25 primary antibody (Osenses, Cat. No.
0S-219) used at 1:500, (b) a rabbit polyclonal anti-VAMP2
primary antibody (Osenses, Cat. No. OS-222) used at 1:500,
(c) a rabbit polyclonal anti-synaptotagmin-1 primary antibody
(Osenses, Cat. No. OS-213) used at 1:250 or (d) a rabbit poly-
clonal anti-synaptophysin primary antibody (Osenses, Cat.
No. 0S-209) used at 1:250.

Slides were then washed three times for 5 min each with
TBS-Azide, then incubated in fluorescent-conjugated second-
ary antibodies diluted in antibody diluent for 60 min. Cy-3-
conjugated AffiniPure Donkey Anti-Sheep secondary
(Jackson Laboratories, Cat. No. 713-165-147) and Alexa
Fluor 488 conjugated Donkey Anti-rabbit secondary
(Invitrogen, Cat. No. A-21206) were both used at 1:200
(3.75 png/mL and 5 pg/mL, respectively). The slides were
washed three times for 5 min each with TBS-Azide and
coverslipped with Vectashield Mounting Medium with
DAPI for nuclei staining.

Samples were viewed and photographed on an Olympus
BX50 Fluorescence microscope, and channels were
colourised and merged in Adobe Photoshop (version CSS5),
using blue (hue 225) for DAPI, green (hue 105) for Cy3 and
red (hue 345) for Alexa488.

Results

MS Identification from Complex Mixtures

LB and GCI purifications were performed on tissue from two
DLB cases and five MSA cases, respectively, using a recently

optimised ASPI purification method (McCormack et al.
2016). Twenty micrograms of each sample was solubilised
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and digested with trypsin. The digested peptides were
analysed by nanospray mass spectrometry, with two replicates
for each of the two samples.

From the four injections of solubilised LBs, a total of 348
proteins were identified. One hundred seventy-four of these
proteins (50%) were present in both cases (see
Online Resource 1). Thirty protein isoforms (protein varia-
tions arising from the same gene family) of 12 proteins previ-
ously established to be in LBs (as summarised in Licker et al.
2009 and Leverenz et al. 2007) were identified in both cases:
a-synuclein, «-f3-crystallin, 14-3-3 proteins, tubulin, neuro-
filament, alpha-internexin, HSP90, MAP1B, MAP2, agrin,
UCH-L1, and CAMK2. A further 9 protein isoforms of 7
proteins previously established to be in LBs were identified
in a single case: HSP70, MAP1A, gelsolin, tropomyosin, syn-
aptotagmin, GAPDH and superoxide dismutase.

From the ten injections of solubilised GClIs, a total of 502
proteins were identified. One hundred sixty-four of these pro-
teins were present in a minimum of 4 out of the 5 cases (see
Online Resource 2). Twenty protein isoforms of 6 proteins
previously established to be in GCIs (as summarised in
Wenning et al. 2008) were identified in all five cases: o-synu-
clein, o-f3-crystallin, 14-3-3 proteins, tubulin, MAP1B, and
HSP7012A. A further 4 proteins previously established to be
in GCIs were identified in one to three cases: MAP2, TPPP (3
cases); MAPIA (2 cases); and CA2 (1 case).

From the solubilised LBs, 55 synaptic vesicle-related pro-
teins were identified, including 9 established synaptic vesicle
proteins, 37 proteins transiently associated with the synaptic
vesicle membrane and 9 putative novel synaptic vesicle pro-
teins (Table 2). From the solubilised GCIs, 90 synaptic
vesicle-related proteins were identified, including 15
established synaptic vesicle proteins, 56 proteins transiently
associated with the synaptic vesicle membrane and 19 puta-
tive novel synaptic vesicle proteins (Table 3). Of the proteins
identified in 2 out of 2 LB cases, 21% were synaptic vesicle-
related, and of the proteins identified in >4 out of 5 MSA
cases, 21% were also synaptic vesicle-related. The classifica-
tion of these identifications is based on a review of the synap-
tic vesicle proteome by Burre and Volknandt (2007), where
proteins were classified as being ‘established synaptic vesicle
proteins’, ‘proteins transiently association with the synaptic
vesicle membrane during the vesicle life cycle’ and ‘putative
novel synaptic vesicle proteins’. This classification scheme is
used throughout this paper.

1D Fractionation of GCl Proteins

1D fractionation of purified GCIs was performed to provide
additional coverage to the proteins identified by MS, as the
altered solubilisation conditions could provide additional pro-
tein identifications. The 1D lane was cut into ten fractions,
which were each digested with trypsin and the digested
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peptides were analysed by MS. From the ten fractions, 117
proteins were identified (excluding cytokeratins), of which 25
proteins were not identified from the in-solution digestions
(see Online Resource 3). Three proteins previously
established to be in GCIs were identified: «-synuclein, 14-3-
3 proteins (6 isoforms) and tubulin (8 isoforms forms). oc-3-
Crystallin was not identified. There were 13 synaptic vesicle-
related proteins identified, including the 3 established synaptic
vesicle proteins synaptotagmin 1, vesicle-associated mem-
brane protein 2, and v-type proton ATPase subunit a, and 10
proteins transiently associated with the synaptic vesicle
membrane.

2D Profile of GCI Proteins

Purified GCIs were also subjected to 2-DE to provide
additional protein coverage. All visible spots were
digested with trypsin and the digested peptides analysed
by nanospray mass spectrometry (Fig. 1, spots where a
high confidence protein identification was made are
shown, spots which contain insufficient protein coverage
are omitted). One hundred thirty-five variants of 99 dif-
ferent proteins were identified (see Online Resource 4)
from a total of 209 spots. 5 proteins previously
established to be in GCIs were identified: «-synuclein,
«-fB-crystallin, 14-3-3 proteins, tubulin and transferrin.
There were ten synaptic vesicle-related protein identifica-
tions, including five proteins transiently associated with
the synaptic vesicle membrane and five putative novel
synaptic vesicle proteins (data not shown). While no
established synaptic vesicle proteins were identified from
the analysed spots, several proteins with a protein traffick-
ing function were identified, including: alpha- and beta-
soluble NSF attachment proteins; sorting nexin-30; trans-
membrane emp24 domain-containing proteins 2 and 10;
and vesicle-fusing ATPase.

Validation of Key Vesicle Protein Identifications

Immunofluoresence was performed on fixed sections of tissue
from DLB and MSA cases to confirm the mass spectrometry
identifications of the established synaptic vesicle-related pro-
teins synaptosomal-associated protein 25 (SNAP25), vesicle-
associated membrane protein 2 (VAMP2), synaptotagmin-1
and synaptophysin in both LBs and GCIs. These proteins were
selected for validation based on their classification as
established synaptic vesicle-related proteins and commercial
antibody availability. The presence of all four proteins was
confirmed in both LBs and GClIs (see Fig. 2). However,
synaptophysin was not detected via mass spectrometry in the
two DLB samples.
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Table2 MS/MS results of proteins from immunocaptured Lewy bodies (LBs) that are synaptic vesicle-related proteins
Protein identified Accession no. No. of cases** Coverage (%) No. of peptides Score pl MW (kDa)

A: Established synaptic vesicle proteins
Synaptosomal-associated protein 25*
Vesicle-associated membrane protein 2*

Synaptic vesicle glycoprotein 2A

V-type proton ATPase catalytic subunit A

V-type proton ATPase subunit d 1

V-type proton ATPase subunit B, brain isoform

Synaptotagmin-1*
V-type proton ATPase subunit E 1
V-type proton ATPase subunit H

P60880
P63027
Q7LOJ3
P38606
P61421
P21281
P21579
P36543
QYUII2

B: Transiently associated with the synaptic vesicle membrane

Actin, cytoplasmic 1
Alpha-internexin

AP-2 complex subunit beta
Beta-soluble NSF attachment protein

Calcium/calmodulin-dependent protein kinase I alpha

Calcium/calmodulin-dependent
protein kinase type II subunit delta
Clathrin heavy chain 1

Cytoplasmic dynein 1 heavy chain 1
Dynamin-1

Heat shock protein HSP 90-alpha
Heat shock protein HSP 90-beta
Microtubule-associated protein 1B
Neurofilament heavy polypeptide
Neurofilament light polypeptide
Neurofilament medium polypeptide
Spectrin alpha chain, brain

Isoform 2 of Spectrin alpha chain, brain
Synapsin-1

Tubulin alpha-1A chain

Tubulin alpha-1B chain

Tubulin alpha-4A chain

Tubulin beta chain

Tubulin beta-2A chain

Tubulin beta-2C chain

Tubulin beta-3 chain

Tubulin beta-4 chain

Beta-actin variant (fragment)

Calcium/calmodulin-dependent
protein kinase type II subunit beta
Dynactin subunit 1

Dynamin-3
Isoform 2 of Dynamin-1
Elongation factor 1-alpha 1

Glyceraldehyde-3-phosphate dehydrogenase

Microtubule-associated protein 1A
Profilin-1
Rab GDP dissociation inhibitor alpha

P60709
Q16352
P63010
QoHI115
QSIWEO
Q13557

Q00610
Q14204
Q05193
P07900
P08238
P46821
P12036
P07196
P07197
Q13813
Q138132
P17600
Q71U36
P68363
P68366
P07437
Q13885
P68371
Q13509
P04350
Q53G99
Q13554

Q14203
QIUQ16
Q05193-2
P68104
P04406
P78559
P07737
P31150

[ N NS T NS TR NS T NS T (ST )

NN NN NN

——= NN RN RN RN NN NN NN NN NN NN

— e e e e e e e

24.6
28.5
3.1
15.6
21.6
10.2
6.6
159
6.6

35.6
17.1

5.7
354
10.5
11.5

0.1
29
9.7
20.6
24.1
8.7
79
229
25.7
6.0
6.0
5.0
58.5
45.7
414
60.4
62.8
60.8
44.2
62.8
34.1
72

33
5.3
5.7
10.1
8.4
1.5
21.4
28.4

3.8
2.0
2.0
5.5
3.8
3.3
2.0
3.0
2.0

7.0
6.5
2.7
7.0
2.7
33

10.3
8.5
5.7

12.0

13.8

13.5
6.0
9.0

14.3
9.5
8.0
2.3

14.0

14.0

11.0

16.3

17.5

16.3

13.3

16.8
8.0
3.0

3.0
4.0
3.0
3.5
2.0
3.0
2.0
7.5

19.4
9.8
8.8

42.6

30.5

21.1
6.4

11.8
7.9

133.7
76.2
16.3
384
17.3
22.7

75.3
95.8
31.9
97.9
121.9
86.2
71.2
108.6
134.8
70.4
69.6
16.2
226.9
2227
177.4
236.5
249.7
269.5
138.9
268.6
147.2
17.9

15.9
14.8
314
324

8.4
21.1
11.1
44.8

4.77
8.13
5.57
5.52
5.00
5.81
8.12
8.00
6.48

548
5.40
5.38
547
7.20
7.25

5.69
6.40
7.17
5.02
5.03
4.81
6.18
4.65
491
5.35
5.35
9.83
5.06
5.06
5.06
4.89
4.89
4.89
493
4.88
5.59
727

5.81
8.35
6.87
9.01
8.46
492
8.27
5.14

233
12.7
82.6
68.3
40.3
56.5
47.5
26.1
55.8

41.7
55.4
104.5
335
54.1
56.3

191.5
532.1
97.3
84.6
83.2
270.5
112.4
61.5
102.4
284.4
284.9
74.1
50.1
50.1
49.9
49.6
49.9
49.8
50.4
49.6
41.7
72.6

141.6
97.7
97.2
50.1
36

305.3
15.0
50.6
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Table 2 (continued)

Protein identified Accession no. No. of cases** Coverage (%) No. of peptides Score pI MW (kDa)
Spectrin beta chain, brain 1 Q01082 1 53 13.5 923 557 2744

C: Putative synaptic vesicle proteins

6-Phosphofructokinase type C Q01813 2 8.6 5.5 27.1 755 855
Fructose-bisphosphate aldolase C P09972 2 13.0 33 14.1 6.87 394
Gamma-enolase P09104 2 16.1 43 234 5.03 472
L-lactate dehydrogenase B chain P07195 2 13.9 3.8 151 6.05 36.6
Reticulon-4 QINQC3 2 2.7 23 135 45 1299
6-Phosphofructokinase, liver type P17858 1 4.5 3.0 155 750 85.0
Alpha-enolase P06733 1 17.7 5.0 27.0 739 471
Phosphoglycerate mutase 1 P18669 1 20.5 35 164 7.18 28.8
Thy-1 membrane glycoprotein P04216 1 18.0 2.0 6.8 873 179

Coverage = average % of the full-length amino acid sequence covered by identified peptides; No. of peptides = average number of unique peptides
sequenced; Score = average Xcorr significance score; pl = calculated isoelectric point; MW = calculated molecular weight

*Presence in LBs validated with immunofluorescence (see Fig. 2)

**Number of DLB cases (from which LBs were immunocaptured) in which the protein was identified (out of 2)

Discussion

In this current study, we endeavoured to isolate and enrich
LBs and GClIs from human postmortem brains and analyse
their protein content through mass spectrometry and immuno-
histochemistry. Our approach enabled us to identify an array
of different proteins within these ASPIs, including an enrich-
ment of vesicle and vesicle-related proteins. This approach to
purify these disease-related protein complexes builds on pre-
vious work by others in the field. An early study by Pollanen
et al. (1993) enriched LBs from DLB tissue using basic su-
crose density gradient centrifugation. Iwatsubo et al. (1996)
extended this by using a sucrose density gradient followed by
fluorescence-activated cell sorting (FACS) using antibodies
against ubiquitin and neurofilament. Sian et al. (1998) instead
utilised immunomagnetic capture with a primary antibody
against either neurofilament or ubiquitin, and a secondary
antibody bound to magnetic Dynabeads. Gai et al. (1999)
combined and improved features of the previous methods to
enrich GCIs from MSA tissue by using a Percoll density gra-
dient followed by immunomagnetic capture with an antibody
against o-synuclein, now known to be the main component of
GClIs and LBs. This method was subsequently adapted to the
purification of LBs from DLB tissue with minor modifications
by Jensen et al. (2000). The method of Gai et al. (1999) was
improved by McCormack et al. (2016) with modifications
including a short protease step to improve the purity and yield
of both GCI and LB preparations. The optimised method in-
creased the concentration of the inclusion protein x-synuclein
while decreasing the level of contaminating tubulin, with the
yield of inclusions from brain homogenate increased over 20-
fold (McCormack et al. 2016). This approach was subsequent-
ly utilised is this current study.
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One hypothesis behind the role of inclusions in the cell is
that inclusion formation is a protective mechanism that se-
questers potentially toxic excess or misfolded x-synuclein that
cannot be degraded by the cell (Wakabayashi et al. 2007).
Given that ASPIs are large and centrally located in the cell,
it is likely that ASPI proteins including «-synuclein will need
to be transported to the ASPI. Identifying the proteome of LBs
and GClIs may elucidate which proteins are involved in the
packaging and transport of o-synuclein into inclusions and
potentially the pathway by which this occurs. While o-
synuclein is present in neurons and thus may be incorporated
into LBs through numerous mechanisms, «-synuclein is not
expressed in oligodendrocytes (Miller et al. 2005) which sup-
port the selective targeting of this protein to GCls.

Overabundant or misfolded proteins would normally be
degraded by ecither the ubiquitin—proteasome system (UPS)
or the autophagy—lysosomal pathway (ALP). Defects in any
of the enzymes involved in either the UPS or ALP may lead to
areduction in capacity for clearing damaged proteins. If this is
combined with an excess of aggregated o-synuclein, the ag-
gregated -synuclein may continue to form at a rate faster
than which it can be cleared from the cytosol. UPS proteins
identified in this study in both GCIs (>4 out of 5 cases) and
LBs (2 out of 2 cases) include the 26S protease regulatory
subunit 7, UCH-LI (also identified by Leverenz et al. 2007),
ubiquitin-like modifier-activating enzyme 1 (also identified by
Leverenz et al. 2007), ubiquitin carboxy-terminal hydrolase 5
and polyubiquitin C. The lysosomal marker lysosome mem-
brane protein 2 (LAMP2) was identified in GCIs (>4 out of 5
cases) but not in LBs.

There is also a proposed link between mitochondrial dys-
function and neurodegenerative disorders, with both chem-
ical and genetic evidence for mitochondrial involvement in
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Table 3 MS/MS results of proteins from immunocaptured glial cytoplasmic inclusions (GCIs) that are synaptic vesicle-related proteins

Protein identified Accession  No. of Coverage  No. of Score pIl MW
no. cases™* (%) peptides (kDa)
A: Established synaptic vesicle proteins
Synaptosomal-associated protein 25%* P60880 5 255 39 20.2 477 233
V-type proton ATPase catalytic subunit A P38606 4 123 4.8 35.6 552 683
V-type proton ATPase subunit d 1 P61421 4 20.1 3.7 24.5 5.00 403
V-type proton ATPase subunit B, brain isoform P21281 4 11.6 3.6 21.0 581 56.5
Ras-related protein Rab-3A P20336 3 23.6 3.8 18.8 5.03 250
Synaptotagmin-1* P21579 2 13.8 4.5 27.7 812 475
Synaptophysin* P08247 2 8.0 2.0 16.2 481 33.8
Vesicle-associated membrane protein 2* P63027 2 28.5 2.0 146 8.13 127
Synaptic vesicle glycoprotein 2A Q7L0J3 2 33 2.3 10.8 5.57 82.6
Syntaxin-1B P61266 2 11.7 23 163 538 332
Syntaxin-1A Q16623 1 7.6 2.0 72 524 330
Synaptogyrin-1 043759 1 10.3 2.0 59 468 254
V-type proton ATPase subunit E 1 P36543 1 11.1 2.0 10.5 8.00 26.1
V-type proton ATPase subunit H QoUI12 1 6.6 2.0 6.7 648 5538
V-type proton ATPase subunit F Q16864 1 26.1 2.0 6.4 552 134
B: Transiently-associated with the synaptic vesicle membrane
Tubulin beta-4 chain P04350 5 56.0 16.3 290.1 4.88 49.6
Tubulin beta-2C chain P68371 5 54.0 16.0 250.8 4.89 498
Tubulin beta-2A chain Q13885 5 533 15.7 234.0 489 499
Tubulin alpha-1A chain Q71U36 5 58.7 14.1 2287 5.06 50.1
Tubulin beta chain P07437 5 50.8 15.0 2243 489 49.6
Tubulin alpha-1B chain P68363 5 58.4 14.0 217.6 5.06 50.1
Tubulin beta-3 chain Q13509 5 37.9 11.9 119.0 493 504
Heat shock protein HSP 90-beta P08238 5 21.7 12.5 100.7 5.03 83.2
Cytoplasmic dynein 1 heavy chain 1 Q14204 5 39 12.8 95.9 6.40 532.0
Heat shock protein HSP 90-alpha P07900 5 222 11.8 859 5.02 84.6
Neurofilament medium polypeptide P07197 5 132 8.4 78.0 491 1024
Neurofilament light polypeptide P07196 5 19.5 7.5 71.8 4.65 615
Clathrin heavy chain 1 Q00610 5 7.7 8.8 60.2 5.69 1915
Alpha-internexin Q16352 5 17.0 6.5 55.6 540 554
Microtubule-associated protein 1B P46821 5 5.1 8.6 43.0 4.81 270.5
Elongation factor 1-alpha 1 P68104 5 10.7 3.7 33.6 9.01 50.1
Beta-soluble NSF attachment protein Q9H115 5 28.0 5.6 29.1 547 335
Glyceraldehyde-3-phosphate dehydrogenase P04406 5 12.0 2.6 11.7 846 36.0
Tubulin alpha-4A chain P68366 4 40.0 10.3 1953 5.06 499
Actin, cytoplasmic 1 P60709 4 342 7.6 1139 548 41.7
Spectrin beta chain, brain 1 Q01082 4 54 8.8 60.2 5.57 2744
Isoform 2 of Dynamin-1 Q051932 4 12.3 7.0 494 687 972
Calcium/calmodulin-dependent protein kinase II alpha Q8IWEO 4 16.0 4.5 309 720 54.1
Synapsin-1 P17600 4 7.2 2.8 227 9.83 741
Calcium/calmodulin-dependent protein kinase type II subunit delta Q13557 4 12.9 3.7 21.7 725 56.0
Isoform 2 of Spectrin alpha chain, brain Q138132 3 6.0 9.2 62.9 535 2849
Neurofilament heavy polypeptide P12036 3 7.7 6.3 50.2 6.18 1124
Elongation factor 1-alpha A8K9C4 3 13.9 43 44.8 9.01 502
Rab GDP dissociation inhibitor alpha P31150 3 224 6.2 31.5 5.14 50.6
Calcium/calmodulin-dependent protein kinase type II subunit beta Q13554 3 7.6 33 242 727 72.6
AP-2 complex subunit beta P63010 3 43 23 15.8 5.38 104.5
AP-2 complex subunit alpha-1 095782 3 32 2.0 9.6 7.03 107.5
Tubulin polymerisation-promoting protein 094811 3 17.8 2.0 9.2 944 237
Beta-actin variant (fragment) Q53G99 2 31.5 6.7 87.5 559 417
Dynamin-3 QoUQl6 2 43 3.0 21.8 835 977
Isoform delta 6 of calcium/calmodulin-dependent protein kinase type II Q13557-8 2 10.6 2.5 21.1 725 541
subunit delta
Microtubule-associated protein 1A P78559 2 1.7 35 20.1 4.92 3053
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Isoform 8 of calcium/calmodulin-dependent protein kinase type 11 Q13554-8 728 579
subunit beta
Elongation factor 1-delta P29692 2 9.8 2.3 10.8 5.01 31.1
Tubulin beta-6 chain QI9BUF5 1 23.7 8.0 179.6 4.88 49.8
Isoform 2 of heat shock protein HSP 90-alpha P07900-2 1 26.0 17.0 1254 5.16 98.1
Elongation factor 1-alpha (fragment) Q53G85 1 9.7 3.0 274 9.01 50.1
Dynamin-2 P50570 1 53 4.0 25.0 7.44 980
Dynamin-1 Q05193 1 34 2.0 19.6 7.17 973
Spectrin alpha chain, brain Q13813 1 14 2.0 18.6 535 284.4
Dynactin subunit 1 Q14203 1 2.7 2.0 148 581 141.6
Synapsin-2 Q92777 1 9.6 3.0 14.1 841 628

@ Springer



892

Neurotox Res (2019) 35:883-897

Table 3 (continued)

Protein identified Accession  No. of Coverage  No. of Score pIl MW
no. cases™* (%) peptides (kDa)
Profilin-1 P07737 1 21.4 2.0 13.6 827 15.0
Dynamin | isoform 2 variant (fragment) Q59GI5 1 4.0 2.0 13.0 7.68 68.8
Dynamin- 1-like protein 000429 1 35 2.0 12.3 6.81 81.8
Elongation factor 1-gamma P26641 1 7.1 2.0 10.6 6.67 50.1
Alpha-soluble NSF attachment protein P54920 1 14.2 3.0 10.1 536 332
Highly similar to Dynactin-1 B4DM45 1 24 2.0 9.2 540 136.7
AP-2 complex subunit alpha-2 094973 1 33 2.0 9.0 696 103.9
Dynein light chain 1, cytoplasmic P63167 1 37.1 2.0 82 740 104
Mitochondrial dynamin-like 120 kDa protein E5SKLK2 1 34 2.0 74 799 107.5
C: Putative synaptic vesicle proteins
Phosphoglycerate mutase 1 P18669 4 20.9 3.6 232 7.18 28.8
Reticulon-4 QINQC3 4 5.1 3.1 20.7 450 1299
Gamma-enolase P09104 4 17.4 4.4 20.0 5.03 472
L-lactate dehydrogenase B chain P07195 4 8.4 2.3 124 6.05 36.6
6-Phosphofructokinase type C Q01813 3 10.5 53 26.8 7.55 855
Rapl GTPase-GDP dissociation stimulator 1 P52306 3 9.8 4.0 24.5 531 663
Alpha-enolase P06733 3 13.4 35 20.6 739 47.1
6-Phosphofructokinase, muscle type P08237 3 5.8 3.6 18.0 7.99 85.1
Ras-related protein Rab-2A P61019 3 14.6 2.3 12.1 6.54 235
6-Phosphoftructokinase, liver type P17858 2 8.2 4.7 248 7.50 850
Thy-1 membrane glycoprotein P04216 2 18.0 2.0 13.5 873 179
Isoform 3 of Reticulon-3 095197-3 2 11.0 2.0 10.7 851 256
Visinin-like protein 1 P62760 1 24.6 4.0 162 5.15 221
Ras-related protein Rab-1A P62820 1 224 3.0 14.0 621 227
Pyruvate kinase isozymes M1/M2 P14618 1 5.7 2.0 11.8 7.84 579
Ras-related protein Rab-11A P62491 1 11.1 2.0 9.8 6.57 244
Septin-7 Q16181 1 6.5 2.0 9.0 8.63 50.6
Ras-related protein Rab-5C P51148 1 10.7 2.0 84 841 235
Fructose-bisphosphate aldolase C P09972 1 8.5 2.0 75 6.87 394

*Presence in GCls validated with immunofluorescence (see Fig. 2)

**Number of MSA cases (from which GCls were immunocaptured) in which the protein was identified (out of 5)

the pathogenesis of PD (Bender et al. 2006; Chen and Chan
2009; Kraytsberg et al. 2006; Onyango 2008; Smeyne and
Jackson-Lewis 2005). Eleven electron transport chain pro-
teins were identified in this study in GCIs (>4 out of 5
cases), including components of complex I/NADH dehy-
drogenase complex (3 proteins), complex III/cytochrome b
complex (3 proteins), complex IV/cytochrome oxidase
complex (1 protein) and complex V/ATP synthase complex
(4 proteins). Six of these proteins were also identified in
LBs. Shahmoradian et al. (2017) used advanced electron
microscopy techniques to visualise LBs from postmortem
brain tissue, which revealed a medley of membranous struc-
tures, such as vesicles, lysosomes and dysmorphic mito-
chondria. This supports the hypothesis that impaired organ-
elle trafficking in the mitochondrial and/or lysosomal path-
ways contributes to the pathogenesis of Parkinson’s disease.
Furthermore, there exist clear links between proper mito-
chondrial function, neurotransmission and neurodegenera-
tion Peiris et al. 2014), with reduced transmission observed
in models of Parkinson’s disease prior to the development of
overt symptoms or degeneration (Keating 2008).
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Indeed, after vesicle-associated proteins, energy transduc-
tion proteins and chaperones were also highly represented. In
this study, we have focused on vesicle associated proteins
because they are the most abundant group of proteins and
because of their potential to explain how alpha synuclein is
transported both to LBs and to GCIs. Consequently, an attrac-
tive hypothesis for the formation of inclusions is that aggre-
gated «-synuclein is selectively targeted to inclusions via
vesicle-mediated transport. It is proposed that there is a path-
way involving the release of toxic «-synuclein species from
neurons, a reuptake of a-synuclein from the extracellular
space by neighbouring neurons (in PD and DLB) or oligoden-
drocytes (in MSA), and the targeting and intracellular traffick-
ing of a-synuclein through retrograde vesicular transport to

Fig. 1 Representative 2-DE gel image of solubilised proteins from P>
immunocaptured GCls. Two hundred fifty micrograms of inclusions pu-
rified using the optimised GCI purification method were subjected to 2-
DE using a 24 cm pH 3-11NL strip and 12.5% linear SDS-PAGE. The gel
was stained with SyproRuby and imaged on a Typhoon 9400 variable
mode imager. Selected spots were identified by Thermo LTQ Orbitrap XL
mass spectrometry
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Panel 1 LBs from DLB sections
SNAP25

a-synuclein

a-synuclein

a-synuclein

a-synuclein

Synphys

Fig. 2 Immunofluorescence validation of the presence of synaptic
vesicle-related proteins in Lewy bodies (LBs) and glial cytoplasmic in-
clusions (GClIs). Fixed sections of DLB tissue (panel 1) and MSA tissue
(panel 2) were dual stained against x-synuclein and (A) SNAP25, (B)
VAMP2, (C) synaptotagmin 1 and (D) synaptophysin. A Cy-3-

the inclusion within the cell body (Fig. 3). When the 174
consistently identified LB proteins (2/2 cases) were compared
to the 164 consistently identified GCI proteins (>4/5 cases),
112 of the proteins were common to both LBs and GCls.
Twenty-five of these 112 proteins (22%) had previously been
established as components of LBs or GCIs. Twenty-eight of
these 112 proteins (25%) were synaptic vesicle-related, of
which 12 proteins have not previously been established as
LB or GCI proteins, including the synaptic vesicle-related
protein SNAP-25. A vesicle-based trafficking mechanism
could explain the presence of the wide range of vesicle-
related proteins identified from inclusions in this study and a
common formation mechanism for LBs and GClIs. An alter-
native hypothesis, which cannot be discounted, is that vesicle-
related proteins are present in inclusions as a result of their
interaction with o-synuclein.

Of the 112 proteins consistently identified between GCls
and brainstem LBs in this study, 45 proteins (40%) were also
identified in cortical bodies in a study by Leverenz et al.
(2007). The 91 proteins (out of 156) identified by Leverenz
et al. (2007) that were not consistently identified in either
GClIs or LBs in this study may arise for two reasons. Firstly,
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Panel 2 GCls from MSA sections

a-synuclein SNAP25

a-synuclein

a-synuclein

a-synuclein Synphys

conjugated secondary antibody was used for «-synuclein, appearing
red, and an Alexa-488-conjugated secondary antibody was used for the
synaptic vesicle proteins, appearing green. In the MSA sections, nuclei
were stained with DAPI and appear blue

the sample analysed by Leverenz et al. (2007) was a single
pooled sample from five DLB cases, so an identified protein
may have arisen from only one or two of the contributing
cases instead of being common to all cases. The data was
not compared to the identifications made from single cases
in this study. Secondly, these proteins may be present as con-
taminants from the surrounding tissue because of the laser
capture process used for inclusion purification by Leverenz
et al. (2007). As LBs were captured from 10 pm sections of
tissue, and LBs are spherical in structure, the tissue immedi-
ately surrounding the LBs would also be captured and the
proteins from this tissue identified in the sample alongside
the genuine LB proteins.

A wide range of proteins across a variety of functional
groups were identified with 2-DE separation and mass spec-
trometry of selected spots. While no established synaptic ves-
icle proteins were identified from the analysed spots, several
proteins with a protein trafficking function were identified.
Low molecular weight synaptic vesicle proteins are easily
missed with 2-DE/MS, as there are fewer peptides present in
low molecular weight proteins to identify and greater losses
during washing and handling steps due to their small mass.
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2. Re-uptake of a-synuclein

Figure Key clathrin-mediated exocytosis
free a-synuclein — —_—

dynamin

microtubule track —
a- and B- tubulin

dynein

|:>E'|.o—<of

dynactin & spectrin

dendrites cell body

Fig. 3 Proposed mechanism of inclusion formation via vesicle-mediated
transport of «-synuclein. Step 1: the release of external x-synuclein from
the presynaptic nerve terminal is proposed to occur via either exocytosis
of free a-synuclein, or via the release of o-synuclein-containing
exosomes from a multi-vesicular body (MVB) (supported by the identi-
fication of exosomal marker CD9 in LBs). Step 2: the re-uptake of extra-
cellular a-synuclein into the cell body is proposed to occur by clathrin-
mediated endocytosis (supported by the identification of clathrin, AP-2
complex subunits, and dynamin). Step 3: specific targeting of o-
synuclein to the inclusion is proposed to occur by retrograde vesicular

Also, many vesicle proteins have transmembrane regions;
thus, their hydrophobic nature may cause them to focus poorly
via 2D-E and therefore their identification missed on a 2D gel.

Immunofluorescence was used to provide an indepen-
dent verification of the presence of some of the key identi-
fications made by mass spectrometry. SNAP-25, VAMP2,
synaptotagmin I and synaptophysin were selected for vali-
dation based on their classification as established synaptic
vesicle-related proteins and commercial antibody availabil-
ity. Synaptophysin was found in LBs via immunofluores-
cence despite not being detected in the two DLB samples
analysed by mass spectrometry. The lack of detection by
MS can be due to many reasons including lack of tryptic
cleavage sites, glycoslylation, poor chromatography/
ionisation of peptides, incomplete fragmentation of pep-
tides and ion suppression from other coeluting ions. It may
have been below the limit of detection for a complex mix-
ture in the two samples analysed. As it was identified in only
two out of the five MSA samples analysed, it may have been
detected in LBs if a larger number of cases were analysed.

clathnn-coatvefii\fis}_crlgr ; &

u—synuclein containing "
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receptor ( S > 2% 8 — membrane | Qi S\f\e’d‘\" 1. Release of
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vesicle @—b

b) exosomal
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3. Targeting of a-synuclein
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nerve terminal

/  4.Addition of a-synuclein
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unknown mechanism
Targeting — Rab GTPases
SNARES — SNAP25, VAMP2, syntaxin-1
Vesicle-related — VATPase
SNARE-related - NSF

transport along microtubule tracks (supported by the identification of
dynein, «- and {3-tubulin, dynactin and spectrin). Step 4: the addition of
o-synuclein and associated proteins to the inclusion is proposed to in-
volve SNARE proteins, mechanism unknown (supported by the identifi-
cation of Rab GTPases, SNAP25, VAMP2, syntaxin-1, VATPase and
NSF). Note: while the re-uptake of a-synuclein (steps 2—4) is shown in
this diagram on the same neuron from which it is released (step 1) for the
sake of clarity, the reuptake is proposed to take place by neighbouring
neurons (in DLB and PD) or oligodendrocytes (in MSA)

The proteins that were consistently identified in GCIs and
LBs in this study have been used as the basis for developing
two alternative hypotheses for how proteins are targeted to
inclusions. Defective a-synuclein and associated proteins
may be released extracellularly from the presynaptic terminal,
for reuptake by the target cell in clathrin-coated vesicles (neu-
rons in PD or DLB, oligodendrocytes in MSA), where they
are selectively targeted to an inclusion body via retrograde
vesicular transport. The identification of a large number of
synaptic vesicle-related proteins in the purified GCI and LB
samples in this study, including those associated with
exosomes (CD9), clathrin-mediated endocytosis (clathrin,
AP-2 complex, dynamin), retrograde transport (dynein,
dynactin, spectrin) and synaptic vesicle fusion (SNAP2S,
VAMP2, syntaxin-1), supports this hypothesis (see Fig. 3).

Alternatively, misfolded or excess «-synuclein may lead to
an inhibition of ER-Golgi trafficking and subsequent ER stress
at the point of translation, where o-synuclein and associated
proteins that subsequently fail to be degraded are targeted to a
LB via anterograde transport in COPII-coated vesicles. While
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the ER chaperone proteins GRP78, PDI, calnexin and
calreticulin were identified in this study, proteins relating to
the UPR signalling cascade and the formation of COPII-
vesicles (with the exception of the supporting family of p24
proteins) were not identified in purified inclusions.
Furthermore, it is unclear how the latter mechanism would
relate to GCI formation in MSA, as the x-synuclein would still
need to be targeted to the oligodendrocyte from a neuronal cell.

In summary, this study has provided a comprehensive char-
acterisation of the ASPI proteome, now possible due to the
recent development of an improved ASPI purification meth-
od. The finding that 21% of proteins consistently identified in
both LB samples and glial cytoplasmic inclusion samples are
synaptic vesicle-related supports the hypothesis that
misfolded o-synuclein is trafficked in vesicles to a central
inclusion body as the common formation mechanism for both
LBs and GCls.
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