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Abstract 

Parkinson’s disease (PD) is characterized by intra-neuronal inclusions of aggregated -

synuclein protein (so called Lewy bodies) in distinct brain regions. Multiple posttranslational 

modifications may affect the structure and function of -synuclein. Mass spectrometry-based 

analysis may be useful for the characterization and quantitation of -synuclein forms, but has 

proven challenging, mainly due to the insolubility of Lewy bodies in aqueous buffer. In the 

present study, we developed a novel method by combining differential solubilization with 

immunoprecipitation and targeted proteomics using liquid chromatography and tandem mass 

spectrometry. Brain tissue homogenization and sample preparation were modified to facilitate 

analysis of soluble, detergent soluble and detergent insoluble protein fractions (Lewy body-

enriched). The method was used to compare -synuclein forms from cingulate cortex (affected) 

and occipital cortex (unaffected) in two study sets of PD patients, and controls. We identified 

~20 modified -synuclein variants, including species with N-terminal acetylation and C-

terminal truncations at amino acids 103 and 119. The levels of -synuclein forms Ac--syn1-6, 

-syn13-21, -syn35-43, -syn46-58, -syn61-80 and -syn81-96 except Ac--syn103-119 were 

significantly increased in PD cingulate region compared to controls in the Lewy body-enriched 

-synuclein fraction. In the soluble fraction, only Ac--syn1-6 was significantly increased in 

PD compared to controls. None of the detected -synuclein variants was Lewy body-specific, 

but acetylated forms should be examined further as potential biomarkers for abnormal -

synuclein accumulation.  

 

Introduction: 

Parkinson’s disease (PD) is the most common movement disorder and the second most 

common neurodegenerative disease affecting approximately 10 million people worldwide (1). 

Although it typically develops after the age of 65, about 4% of people develop "young-onset" 

PD before the age of 50 (1). Pathological aggregation of the intrinsically disordered protein -

synuclein into Lewy bodies is a hallmark of PD and other synucleinopathies (2). 

Neuropathologically, PD is defined by loss of dopaminergic neurons in the substantia nigra, 

the presence of Lewy bodies and Lewy neurites made of unbranched -synuclein filaments (3). 

-Synuclein pathology predominantly affects the neocortex, hippocampus, substantia nigra 

(SN), and thalamus (4). The α-synuclein inclusions are also distributed in the peripheral and 
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the enteric nervous system (5). The typical symptoms of PD include motor dysfunction, 

bradykinesia, rigidity and tremor in the early stage and at advanced stage cognitive 

dysfunctions (4). Inclusions of -synuclein are found in PD, but also in PD dementia (PDD), 

dementia with Lewy bodies (DLB) and multiple system atrophy (MSA), collectively known as 

synucleinopathies (3). In PD, PDD and DLB, the Lewy body-containing insoluble -synuclein 

deposits are found primarily in neurons, whilst cytoplasmic inclusions in oligodendrocytes are 

common in MSA (4, 6). The distinction between PD, PDD and DLB is based on the time of 

onset of motor symptoms and dementia. However, the regional distribution and progression 

patterns of -synuclein pathology may be modified by several factors, including genetic 

variation (e.g. SNCA, LRRK2, VPS35, PARK2, PINK1) and other co-existing pathologies 

resulting in significant overlap between the synucleinopathies (7-9). 

There has been a focus on establishing biomarkers reflecting Lewy body pathology in PD and 

other synucleinopathies in biofluids, especially in cerebrospinal fluid (CSF). Most available 

assays measure total amount of α-synuclein, but there are also assays targeting oligomeric and 

phosphorylated α-synuclein or other modified forms (10-16), as well as novel assays that 

qualitatively detect the amplified biochemical signal of α-synuclein seeds that may be related 

to Lewy body pathology (16, 17). Despite considerable variation in assay specificity and 

performance among the quantitative assays, the general pattern that has emerged is a modest 

decrease in total -synuclein and an increase in phosphorylated and oligomeric -synuclein in 

PD (18, 19). Even though, the general trend is a decrease in total -synuclein level in CSF, the 

large overlap of individual values decreases clinical usefulness (20). Additionally, in 

Alzheimer´s disease (AD) and Creutzfeldt-Jakob’s disease (CJD), CSF α-synuclein 

concentration is increased and correlates with CSF tau concentration, indicating that α-

synuclein might also be a non-specific marker of neurodegeneration (11, 21-23). Increased CSF 

concentration of α-synuclein has also been reported in DLB, where a competition might exist 

between the aggregation of α-synuclein into Lewy bodies and its release from degenerating 

synapses (where it is abundantly expressed), complicating the data interpretation (24). In 

agreement with this hypothesis, a recently published, multiple reaction monitoring mass 

spectrometry assay revealed significantly increased CSF concentrations of α-synuclein in AD 

and CJD, but not in the ‘classical’ synucleinopathies like PD (15). Yet another problem with 

α-synuclein as a CSF biomarker is that the measurements may be confounded by α-synuclein 

release from erythrocytes, where is it highly expressed (25), in cases of blood contamination 

of the sample.  
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Full-length -synuclein comprises 140 amino acids containing three distinct regions: residues 

1–60 containing four 11-amino acid repeats (KTKEGV); residues 61–95 containing the 

hydrophobic and highly amyloidogenic non-Aβ component (NAC) region and residues 96–

140, the acidic C-terminal region (26, 27). The physiological function of -synuclein is largely 

unknown, but the protein is highly expressed in synapses and may play a role in neuronal 

plasticity and protect from apoptosis and oxidative damage (28-30).  

In vitro studies have suggested that -synuclein may undergo a conformational transition from 

helical structure to anti-parallel β-sheet structures exposing the NAC domain that can 

participate in hydrophobic interactions and initiate the process of aggregation (31, 32). 

 The highly organized fibrils of aggregated α-synuclein are the major constituent of Lewy 

bodies (33). -Synuclein can be modified by multiple covalent posttranslational 

modifications (PTMs) like phosphorylation, nitration, methionine oxidation, glycosylation, 

ubiquitination, sumoylation, N-terminal acetylation and truncations that may affect both 

structure and function of -synuclein. Phosphorylated α-synuclein (at S87, S129, or Y125) 

and truncated forms (-syn1-110, -syn1-120, -syn1-121) increase the aggregation 

propensity of α-synuclein (21, 34-37). One study suggested that aggregation-prone C-

terminally truncated α-synuclein forms oligomers and then facilitates the aggregation of full-

length α-synuclein leading to formation of fibrils (38). Analysis of PTMs of α-synuclein is 

challenging due to the insolubility of Lewy bodies in aqueous buffer for tissue 

homogenization, loss of -synuclein during the biochemical fractionation of brain tissue 

procedure, sample preparation steps for immunochemical analysis, efficiency of digestion of 

α-synuclein and finally, solubility and ionization of digested peptides for mass spectrometry-

based analysis (39).  

We have previously used immunoprecipitation combined with nanoflow liquid 

chromatography (LC) coupled to high resolution electrospray ionization Fourier transform ion 

cyclotron resonance tandem mass spectrometry (ESI-FTICR-MS/MS) to determine known and 

novel isoforms of -synuclein (Ac--syn1-140, Ac--syn1-139, and Ac--syn1-103) in brain tissue 

homogenates (40). In this study, we have expanded the investigation into the detergent 

insoluble (Lewy body-enriched) fraction of -synuclein. We have also developed a novel 

method where we combined immunoprecipitation with targeted proteomics using Parallel 

Reaction Monitoring Liquid Chromatography-tandem/Mass Spectrometry (PRM LC-MS/MS) 
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to achieve better quantification of the identified -synuclein forms. Brain tissue 

homogenization and sample preparation were modified to facilitate the analysis of soluble, 

detergent-soluble and detergent-insoluble protein fractions. The developed method was 

subsequently used to compare soluble, detergent-soluble and detergent-insoluble -synuclein 

forms from cingulate cortex and occipital cortex in two cohorts of PD patients and controls.  

1. Materials and Methods 

1.1. -Synuclein proteins and heavy isotope labeled peptide standards 

Recombinant full length -synuclein (Mw 14.460 kDa; rPeptide) and uniformly (15)N-labeled 

-synuclein (Mw 14.624 kDa; rPeptide) were dissolved in ultrapure water at a concentration 

of 1 g/L. The heavy stable isotope (SI)-labeled peptide standards of -synuclein (Ac--syn1-

6[K], -syn13-21[K], -syn35-43[K], -syn46-58[K], -syn61-80[K], -syn71-80[K], -syn81-96[K], and 

-syn103-119[L]) were custom synthesized with (13)C- and (15)N-labeled lysine [K] or (13)C- 

and (15)N-labeled leucine [L] at ThermoFisher Scientific, USA (Heavy Peptide FasTrack 1 

standards). The purity of the peptides was >95%. IS peptides were dissolved in 1 mL water, 

aliquoted and stored at −70 °C. 

2.2 -Synuclein antibodies 

The following antibodies were used: the mouse monoclonal anti--synuclein antibody Clone 

42 (BD Transduction Laboratories, USA), which was raised against amino acids 15–123 of rat 

-synuclein that recognizes amino acids 85-98 of -synuclein (41), and the rabbit monoclonal 

anti--synuclein antibody MJFR1 (Abcam, UK), which recognizes amino acids 118-123 of 

human -synuclein. 

2.3. Human brain tissue samples 

Frozen post-mortem brain tissue was obtained from Queen Square Brain Bank, London, UK. 

Two brain regions, cingulate cortex as disease affected and occipital cortex as disease 

unaffected, was collected from clinically and pathologically confirmed patients with PD (n = 

10) and controls (n = 10) in two sets for two studies (denoted study 1 and 2). The presence of 

Lewy bodies and -synuclein was confirmed by immunohistochemistry. The stages of PD were 

categorized according to the Braak and Braak criteria, which are based on the abundance of -

synuclein in different brain regions. All the PD and control cases belonged to stage 5 or 6 and 

stage 0, respectively. The control cases were significantly older than the PD cases. Post-mortem 
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delays were comparable between PD and control cases. The age at onset and duration of the 

disease in PD cases were not significantly different between study 1 and 2. The clinical and 

demographic characteristics of the brain samples (study 1 and 2) are presented in table 1. 

2.4. Homogenization of brain tissue 

The sequential homogenization of brain tissue was performed following the method as 

described (40) with modifications specified below. During the entire process, the samples were 

kept on ice. Brain tissue (~100 mg) was homogenized in 1 mL Tris-buffered saline (TBS, 20 

mM Tris-HCl, pH 7.6 containing 137 mM NaCl; Sigma–Aldrich) containing complete protease 

inhibitor. Centrifugation of the homogenate was performed at 31,000 g for 1 h at +4°C and the 

supernatant was collected (soluble fraction). The pellet was washed two times with TBS 

containing protease inhibitor. After each wash, the samples were centrifuged at 31,000 g for 

10 min at +4°C and supernatants discarded. After adding 0.8 mL 2% Triton-X-100 containing 

protease inhibitor (Sigma–Aldrich), the pellet was homogenized and sonicated for 30 seconds 

and then centrifuged as above. The supernatant (detergent-soluble fraction) was collected and 

the pellet was washed two times with 2% Triton-X-100 containing protease inhibitor (see 

above). Then, 0.8 mL 90% formic acid (FA; Sigma–Aldrich) was added to the pellet, which 

was homogenized, sonicated and centrifuged as above and the supernatant (detergent insoluble 

fraction) was collected. The pellet was stored at -80°C for further analysis. The detergent 

insoluble fraction was immediately diluted with ultrapure water (1:20, v/v) in presence of 72.5 

mM NaCl (Sigma–Aldrich) and lyophilized followed by reconstitution of the dried sample in 

0.3% n-octyl β-D-glucopyranoside (n-OGP; Sigma–Aldrich) in 100 mM Na-phosphate (pH 

7.4; Sigma–Aldrich). In study 2, (15)N-labeled -synuclein protein (5 µg) was added in each 

biochemical fractionation step in order to monitor if any -synuclein modification were created 

by the sample preparation. Pooled samples were prepared by mixing equal amount of 

individual brain tissue extracts from each fraction from individual groups to use it as a quality 

control sample. The total protein amount in each sample was determined using Protein DC 

assay reagent (Bio-Rad Laboratories). 

2.5. Western blotting (WB) 

Brain tissue extracts were mixed (2:1, v/v) with NuPAGE sample buffer (3X) (Thermo Fisher 

Scientific) containing 12% lithium dodecyl sulphate (LDS, Sigma–Aldrich) and 150 mM 

dithiothreitol (DTT, Sigma–Aldrich). Pellets were dissolved in NuPAGE sample buffer (1X). 
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Then, 5 µg (soluble and detergent soluble) and 0.5 µg (detergent insoluble) of total protein 

were electrophoresed on NuPAGE 12% Bis–Tris gel using the NuPAGE mini-gel system 

(Thermo Fisher Scientific) at 120 V for 1 h. Before transfer, the membrane and the blotting 

papers (4X thick filter paper; BioRad) were soaked in transfer buffer (Thermo Fisher Scientific) 

containing 10% methanol (Thermo Fisher Scientific) for 1 h at room temperature shaking. The 

gel was soaked in the transfer buffer containing 10% methanol for 15 min at room temperature. 

The proteins were transferred onto nitrocellulose membranes (0.22 µM; GE Healthcare Life 

Sciences) using semi-dry blotting technique. The transfer was performed at 0.05 A per gel with 

60 cm2 area for 1h 20 min. Blocking was performed for 3 h at room temperature using 1% bovine 

serum albumin (BSA, Sigma-Aldrich) in phosphate-buffered saline containing 0.05% Tween-

20 (PBST, Sigma-Aldrich). Incubations with the monoclonal anti--synuclein antibodies, BD 

Clone 42 (250 mg/L, dilution 1:1000) or MJFR1 (1 g/L, dilution 1:1000), and without primary 

antibody (negative control) were performed overnight at +4°C. The membranes were washed 

three times with PBST and then incubated for 1 h at room temperature with biotinylated anti-

mouse (1.5 mg/ml, diluted 1:5000; Vector Laboratories) or biotinylated anti-rabbit (3mg/ml, 

dilution 1:5000; Sigma-Aldrich) IgG antibody in 1% BSA in PBST. A second PBST wash was 

performed after which the membranes were incubated for 1 h at room temperature with 

streptavidin-biotinylated horseradish peroxidase complex (diluted 1:20000 in 1% BSA in 

PBST; Kem-En-Tec Diagnostics). Following three times washes, the membranes were 

developed for 2 min with ECL Advanced solution (GE Healthcare Life Sciences) according to 

the manufacturer’s instructions. The emitted signal was detected by a Fujifilm LAS-3000 

System (FUJIFILM Corporation) and evaluated using the MultiGaugev2.2software 

(FUJIFILM Corporation). The amount of in brain tissue extracts to be loaded in gel to get a 

clear and quantifiable band of -synuclein were optimized using a standard curve (R2= 0.9453) 

prepared by densitometric quantification of bands of different amount (0.0025-0.01μg) of 

recombinant -synuclein standard in WB. Band intensities -synuclein was based on the 

optical density of each band subtracting the background of the blot. All samples were run and 

analyzed in duplicate on two separate gels. The coefficient of variation (CV) was less than 10% 

between two duplicate samples in each gel. The semi-quantitative estimation of the most 

prominent band of -synuclein (17 kDa) in all the samples was done by normalizing the band 

intensities of -synuclein from individual brain samples against the band intensities of the 

pooled PD sample from each fraction from cingulate cortex region followed by calculating the 

mean value of individual samples from two separate gels.  
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2.6. Immunoprecipitation 

Immunoprecipitation (IP) of brain tissue homogenates was performed as described earlier (40, 

42). In brief, an aliquot (1 µg) of the mouse monoclonal anti--synuclein antibody Clone 42 

(250 mg/L) or IgG from murine serum (1 g/L, a negative control) was separately added to 50 

µL magnetic DynabeadsM-280 Sheep anti-mouse IgG (Thermo Fisher Scientific) per sample 

and incubated 1 h on a rocking platform at room temperature. The beads were washed three 

times with 1 mL of phosphate buffered saline (PBS, pH 7.4). The antibodies were cross-linked 

using 20 mM dimethylpimelimidate dihydrochloride (DMP; Sigma–Aldrich) and 0.2 M 

triethanolamine (pH 8.2; Sigma–Aldrich) and the reaction was stopped by addition of 50 mM 

Tris-HCl, pH 7.5. The cross-linked beads were washed 3 times in PBS and the blocking of 

unbound sites was performed for 1 h at room temperature using 1 mL Roti®-block (1x) (Carl 

Roth, GmbH). The samples described below were incubated with antibody coupled magnetic 

beads in presence of PBS containing 0.025% Tween-20 (soluble fractions) and PBS (detergent 

soluble and detergent insoluble fractions) overnight on a rocking platform at +4°C. The 

magnetic beads/sample solution was transferred to tube 1 in the KingFisher magnetic particle 

processor (Thermo Fisher Scientific). The following three wash steps (tubes 2–4) were 

conducted for 10 s in 1 mL of each washing buffer: (tube 2) 0.025% Tween-20 in PBS, (tube 

3) PBS and (tube 4) 50 mM ammonium bicarbonate (NH4HCO3, pH 8.0; Sigma-Aldrich). 

Then, the washed beads were resuspended in 100 µL 50 mM NH4HCO3, pH 8.0 in tube 5 and 

transferred to polypropylene tubes. 

Samples study 1: Soluble (25 µg total protein) brain fractions together with uniformly labeled 

recombinant (15)N-labeled -synuclein (500 fmol/sample) were incubated with antibody 

coupled magnetic beads in presence of PBS containing 0.025% Tween-20 overnight on a 

rocking platform at +4°C. The detergent soluble (25 µg total protein) and detergent insoluble 

(10 µg total protein) brain fractions together with (15)N-labeled -synuclein (500 fmol/sample) 

were incubated in presence of PBS overnight on a rocking platform at +4°C. 

Samples study 2: In study 2, the (15)N-labeled -synuclein was added at the homogenization 

step (see section 2.4). The soluble (25 µg total protein) brain fractions were incubated with 

antibody coupled magnetic beads in presence of PBS containing 0.025% Tween-20 and the 

detergent soluble (25 µg total protein) and detergent insoluble (10 µg total protein) brain 

fractions were incubated in presence of PBS overnight on a rocking platform at +4°C. 
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2.7. Recovery and digestion efficiency 

The monitoring of recovery of -synuclein after IP and vacuum centrifugation using MALDI-

TOF-MS analysis and method optimization of digestion of -synuclein with different enzymes 

have been described in detail in the supporting information. 

2.7. On-bead digestion with trypsin 

Disulphide bonds were reduced by adding 10 µL 10 mM dithiothreitol (DTT) in 50mM 

NH4HCO3 to each sample followed by 30 min incubation at +60°C at 400 rpm. After cooling 

down to +25°C, alkylation was performed by adding 10 µL 10 mM iodoacetamide (IAM) in 

50mM NH4HCO3, and incubating for 30 min at +25°C at 400 rpm in in dark. Sequencing grade 

modified trypsin (Promega, 20μg dissolved in 0.01% aqueous hydrochloric acid and diluted to 

5 mg/L in 50 mM NH4HCO3, pH 8) was added to each sample (10 μL) and incubated overnight 

at +37°C at 400 rpm. The reaction was stopped by addition of 10 µL of 10% aqueous FA 

followed by centrifugation 16910 g for 10 min. The supernatant was collected and divided into 

two polypropylene tubes. The samples were dried using vacuum centrifugation. 

2.8. Data dependent nanoflow LC–MS/MS analysis  

On-bead-digested dried samples were dissolved in 10 µl 20% ACN containing 0.1% TFA, 

mixed thoroughly and transferred to LC vials (SUN-Sri). The nanoflow LC-ESI-MS/MS 

spectra were acquired on a Q Exactive™ Hybrid Quadrupole-Orbitrap™ mass spectrometer 

coupled to Dionex Ultimate 3000 RSLC nano system (Thermo Fisher Scientific). A C18 column 

Acclaim PepMap RSLC C18, 2 µm, 100 Å, 75 µm i.d. x 15 cm, nanoViper (Thermo Fisher 

Scientific) was used for high-resolution separation and Acclaim PepMap 100 C18, length 500 

mm; i.d. 75μm, particle size 2 μm (Thermo Fisher Scientific) was used for desalting. Mobile 

phases were 0.1% aqueous FA (v/v) (A) and 0.1% FA in 84% ACN in water (v/v) (B). Loading 

buffer was 0.05% FA in 2% ACN in water (v/v). The sample (5 μL) was loaded on the trapping 

column with 5μL/min loading buffer. After 2 minutes of washing the peptides were loaded on 

the separation column with 3% buffer B at 150 nL/min and subsequently eluted with a 50 min 

linear gradient of 5%–40% buffer B. The mass spectrometer was set to acquire positive ions in 

the data-dependent mode, with a scan cycle consisting of single microscans of one full scan 

mass spectrum followed by up to ten MS2 scans. Settings were as follows: spray voltage (+1.7 

kV); capillary temperature (+250°C); resolution (70000 MS, 17500 dd-MS2); AGC target (1e6 

MS, 5e4 dd-MS2); maximum injection time (250ms MS, 60ms dd-MS2), m/z isolation window 

https://www.thermofisher.com/order/catalog/product/IQLAAEGAAPFALGMAZR
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(m/z 300-1200 MS, m/z 2.0 dd-MS2). MS/MS scans were acquired with a normalized collision 

energy (NCE) setting of 28.0 for the ten most intense precursor ions with an intensity greater 

than 1.7e4, charge state 2-4, and a dynamic exclusion for 50 sec. Mascot Distiller v. 2.3.2.0 

was used for database search and protein identification. Specified search parameters were 

database (Swissprot), taxonomy (Homo sapiens), enzyme (semi-trypsin), variable 

modifications (acetyl [N-term] and oxidation [M]), static modification (carbamidomethyl [C]), 

mass values (monoisotopic), peptide mass tolerance (± 15 ppm), fragment mass tolerance (± 

20 mmu), and maximum 2 missed cleavages. The target false discovery rate (FDR) for peptide 

spectrum matches (PSMs) was 0.01. On average, individual ions scores > 40 indicate identity 

or extensive homology (p< 0.05) was considered for identification. Ions score is −10log(P), 

where P is the probability that the observed match is a random event.  

2.9. Targeted microflow LC-MS/MS analysis 

High-resolution parallel reaction monitoring (PRM) analyses were performed on a Q 

Exactive™ Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher Scientific) 

coupled to an Ultimate 3000 chromatography system (Thermo Fisher Scientific). Mobile 

phases were 0.1% aqueous FA(v/v) (A) and 0.1% FA in 84% ACN in water (v/v) (B). The IS 

peptides standard stock solutions were thawed, mixed and further diluted in 20% ACN 

containing 0.1% FA to a final concentration of 10 fmol/µL. The LC gradient, MS scheduling 

and quantitated transitions were set to avoid interference of co-eluting peptides of similar mass-

to-charge ratios belonging to other brain proteins. The IonMax electrospray ion source settings 

were: spray voltage, +4100 V; capillary temperature, +320 °C; sheath gas pressure setting, 25 

arbitrary units; auxiliary gas pressure setting, 10 arbitrary units; and probe heater temperature, 

+300 °C. The instrument was set to acquire scheduled pairs or triplets of PRM scans in profile 

mode, allowing parallel detection of fragments from corresponding brain derived -synuclein 

peptide, IS peptide and (15)N-labeled peptide derived from the (15)N-labeled recombinant -

synuclein. The settings were as follows: resolution setting, 70,000; AGC target, 3e6; maximum 

injection time, 250 ms; isolation window 3.0 m/z. The NCE settings were optimized for each 

peptide by injecting respective IS peptide solution. 

Study 1: The dried samples after IP and on-bead digestion were dissolved in 55 µL of a mixture 

of IS peptides (Ac--syn1-6, -syn13-21, -syn35-43, -syn46-58, -syn61-80n, -syn81-96, and -

syn103-119) mixed thoroughly for 1 h and transferred to LC vials (SUN-Sri). Samples (50 μL) 

were loaded directly onto a HypersilGold-C18 column, (length 100 mm, inner diameter 2mm, 

https://www.thermofisher.com/order/catalog/product/IQLAAEGAAPFALGMAZR
https://www.thermofisher.com/order/catalog/product/IQLAAEGAAPFALGMAZR
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particle size 1.9μm, Thermo Fischer Scientific) with 0.1% aqueous FA at 300 μL/min. After 2 

min of loading, the peptides were eluted off the column using the following linear gradient 

steps: 0 min 0%B; 4 min 17%B; 16min 35%B; 17.5 min 100%B; 20 min 0%B.  

Study 2: The dried samples after IP and on-bead digestion were dissolved in 55 µL of a mixture 

of IS peptides (Ac--syn1-6, -syn13-21, -syn35-43, -syn61-80, -syn71-80, and -syn103-119) mixed 

thoroughly for 1 h and transferred to LC vials (SUN-Sri). Samples (50 μL) were loaded directly 

onto a HypersilGold-C18 column, (length 100 mm, inner diameter 2mm, particle size 1.9μm, 

Thermo Fischer Scientific) with 0.1% aqueous FA at 300 μL/min. After 2 min of loading, the 

peptides were eluted off the column using the following linear gradient steps: 0 min 0%B; 4 

min 5%B; 16min 35%B; 16.5 min 100%B; 20 min 0%B. 

2.9.1. Data analysis 

Data acquisition was done with Xcalibar software version 2.2 SP1.48 (Thermo Fisher 

Scientific) and the data analysis for determining selected fragment ion peak areas was 

performed with Pinpoint 1.3.0 (Thermo Fisher Scientific). The MS accuracy was ±10 ppm 

centered at 0, a MS/MS accuracy of ±15 ppm and the isolation mode was set to MS/MS with 

an isolation width of 3.0 u. The peaks were detected using a chromatographic peak with a 

window size of ± 2.0 min. The complete peak area was determined after using four points of 

smoothing. The scheduling window size for identified transitions was ± 0.5 min. The detected 

fragment ion peaks were manually inspected for accuracy and absence of interferences from 

other peptides than the peptide of interest, including fragments originating from other product 

ions in the same pair/triplet. The relative amount of each brain derived or (15)N-labeled -

synuclein peptide was calculated by normalizing the measured peak area with the peak area of 

the corresponding IS peptide.  

2.10. Statistical analysis 

The statistical (non-parametric) analysis was performed using GraphPad Prism (version 6.07). 

Data are given as the median (interquartile range) unless otherwise stated. Differences between 

more than two groups were determined with Kruskal-Wallis test. If there were significant (P < 

0.05) differences among groups, then the differences between two groups were determined by 

Mann-Whitney U-test. 

2.11. Ethical approval 
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The study was approved by the regional ethics committees at the University of Gothenburg and 

UCL. 

2. Results: 

2.1. Analysis of brain -synuclein by WB 

The brain homogenate fractions were analyzed by WB to monitor the presence of full length 

-synuclein as well as truncated and oligomeric forms. All brain homogenate fractions 

(soluble, detergent soluble and detergent insoluble) of both brain regions; cingulate cortex and 

occipital cortex from PD and control brains showed presence of full length -synuclein 

corresponding to molecular weight of around 17 kDa in WB (probably full length) (Figure 1). 

The band intensities of 17 kDa full length -synuclein in the detergent insoluble fraction from 

both the gyrus cingulate and occipital cortices were significantly lower in controls than PD 

brains. In the detergent insoluble fraction of cingulate cortex, but not in occipital cortex, weak 

additional -synuclein bands of 34 kDa (possibly an -synuclein dimer), 12 kDa (probably 

truncated forms -syn1-119 or Ac--syn1-119) and 8 kDa (probably truncated forms -syn65-140, -

syn66-140, -syn68-140) were observed. These forms were also identified by IP-MS analysis, which 

is discussed in details in section 3.3. The 34 kDa band was not present in the soluble and 

detergent soluble fractions. Instead, the soluble and detergent soluble fractions from both 

controls and PD brains showed presence of 12 kDa band of -synuclein (Figure 1). Semi-

quantification of the full length -synuclein (17 kDa) band revealed significant differences 

between the PD and control samples from detergent insoluble fractions from both regions 

(Figure 2). The band intensities for the control detergent insoluble fractions from cingulate 

cortex were significantly lower than the corresponding fractions from PD cingulate cortex 

(Figure 2). The WB results of three fractions from two regions from PD and control cases (n 

=10) are presented in supplementary figure S1.  
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Figure 1: WB analysis of biochemically fractionated samples from PD and control postmortem 

brains. WB using mouse monoclonal anti--synuclein antibody (BD Clone 42) (A) and 

without primary antibody (negative control) (B). Molecular markers (lane 1); soluble fraction 

of cingulate cortex (lane 2 and 3); soluble fraction of occipital cortex (lane 4 and 5); detergent 

soluble fraction of cingulate cortex (lane 6 and 7); detergent soluble fraction of occipital cortex 

(lane 8 and 9); detergent insoluble fraction of cingulate cortex (lane 10 and 11) and detergent 

insoluble fraction of occipital cortex (lane 12 and 13) from PD and control brain respectively. 

The samples are representatives of 10 samples from each fraction and all the samples were run 

in duplicates in two separate gels. (C) Schematic diagram of -synuclein showing N-terminal 

acetylation and truncations (blue dotted line) at different sites that might be detected by WB 

and IP-MS analysis of brain tissue samples. The table below shows the abundance (denoted by 

black line, green circle, blue circle and red circle for absent, weak, moderate and strong band 

respectively) of the -synuclein bands of 34, 17, 12, and 8 kDa in different fractions from PD 

and control brains that correspond to different forms of -synuclein (-syn1-140, Ac--syn1-140, 

-syn1-119, Ac--syn1-119, -syn65-140, -syn66-140, -syn68-140).  
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Figure 2: Densitometric quantification of the -synuclein 17 kDa band recognized by the 

mouse monoclonal BD clone 42 antibody in WB of PD and control brain samples. Relative 

intensities of -synuclein bands of individual samples with mean of corresponding PD pooled 

samples in soluble (A), detergent soluble (B) and detergent insoluble (C) fractions of cingulate 

and occipital cortex of PD and control brains. The scatter dot plot shows median with 

interquartile range. p < 0.05 was considered significant.  

2.2. Method optimization for recovery of immuno precipitated -synuclein 

In our original method, the immuno-enriched -synuclein was eluted from the magnetic beads 

in 0.5% FA followed by drying by vacuum centrifugation (52). However, in this study we 

found that drying of recombinant -synuclein in 0.5% FA by vacuum centrifugation resulted 

in almost complete loss (~90%) of -synuclein signal in MALDI-TOF-MS compared to a 

freshly prepared sample (supplementary figure S2). Furthermore, the storage of -synuclein at 
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-20°C overnight caused an almost 30% signal loss in MALDI-TOF-MS (supplementary figure 

S1A-B). To minimize the loss of -synuclein by vacuum-drying, a method for on-bead 

digestion of -synuclein was developed (see supplementary information). 

Briefly, on-bead digestion of recombinant -synuclein was performed with trypsin and Glu-C 

separately after IP followed by reconstitution in 20% ACN containing 0.1% TFA or 1M GuHCl 

containing 0.1% TFA. Since the sequence coverage was similar and some of the potentially 

truncated -synuclein forms could not be detected after Glu-C digestion we decided to continue 

with on-bead trypsin digestion and reconstitution in in 20% ACN containing 0.1% TFA. 

However, the sensitivity of the MS analysis appeared to be significantly lower for the most N-

terminal and C-terminal parts of -synuclein. 

Brain tissue extracts were also immunoprecipitated with either mouse monoclonal BD Clone 

42 or rabbit monoclonal MJFR1 anti--synuclein antibody that did not show significant 

difference in sequence coverage. 

2.3.Analysis of brain -synuclein forms by data dependent nanoflow LC–MS/MS 

In study 1, data-dependent nanoflow LC-MS/MS analysis was performed on all brain tissue 

homogenates (soluble, detergent soluble and detergent insoluble) after IP and on-bead 

digestion to determine which forms of -synuclein that could be detected (Figure 4A). Here 

the presence of semi-tryptic -synuclein peptides indicate possible truncated -synuclein 

forms. The LC-MS/MS analysis of soluble fractions yielded very high sequence coverage (85-

100%) of -synuclein along with detection of several semi-tryptic peptides (Figure 4B). Some 

of these peptides (-syn81-103, and -syn97-119, -syn98-119, -syn103-119) probably corresponds to 

two of the endogenous C-terminally truncated forms of -synuclein, Ac--syn1–103 and Ac--

syn1–119 we identified in our previous study and which have been also been detected by other 

researchers (53). Four other peptides ending with the lysine at amino acid 80 may well 

correspond to N-terminally truncated forms earlier found by Kellie et al. in the SDS-soluble 

(-syn71-140, -syn68-140, -syn66-140, -syn65-140) or SDS-insoluble (-syn68-140) fractions of 

human frontal gyrus tissue samples (43). In general, we found that the -synuclein sequence 

coverage for the detergent soluble and insoluble fractions were lower, around 50-75%. This 

could be due to lower amounts of brain derived -synuclein in these biochemical fractions. 

Fewer semi-tryptic peptides were also found in the detergent soluble and insoluble fractions 

(Figure 4B). A potentially interesting exception being the peptide -syn66-80 that probably 
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corresponds to N-terminally truncated forms -syn66-140, which only was detected in the 

detergent insoluble fraction. Note also that only the acetylated N-terminal was detected and not 

the unmodified form. This strengthens our earlier findings that brain-derived -synuclein is 

mainly N-terminally acetylated. However, the LC-MS/MS sensitivity for most N-terminal part 

of -synuclein is reduced since the Ac--syn1–6 and Ac--syn1–10 peptides are relatively 

hydrophobic and difficult to ionize with a predominantly charge state of one. The expectation 

values of the tryptic and semi-tryptic peptides of -synuclein in three fractions of all samples 

in study 1 have been presented in supplementary table S1-S3. 

In study 2, a few samples from each fraction were analyzed by nanoflow LC-MS/MS to check 

the reproducibility of the method and trypsin digestion efficiency. The result obtained from 

nanoflow-LC-MS/MS analysis of study 2 was comparable to study 1 in terms of sequence 

coverage, score and detection of tryptic and semi-tryptic peptides (Figure 4B). 
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Figure 4: Summary of results obtained from nanoflow-LC-MS/MS analysis. A. Sequence of 

-synuclein (UniProtKB acc # P37840; SYUA_HUMAN) showing cleavage site of trypsin 

(black lines) and semi-tryptic endogenous peptides (blue lines). B. Heat map representing how 

many samples in each fraction/region/group that had a significant data base hit for each peptide 

(Red 1-4, Yellow 5-7, Green 8-11). 
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2.4. Quantitation of brain -synuclein by targeted microflow LC-MS/MS 

Study 1 

To get a more accurate quantification of -synuclein in different brain samples, the 

immunoprecipitated and trypsin-digested samples from PD and control brains were quantified 

using targeted microflow LC-MS/MS (LC-PRM-MS) after reconstituting the samples in 20% 

ACN containing 0.1% FA in presence of isotopically (13)C-labeled standard peptides (tryptic 

Ac--syn1-6, -syn13-21, -syn35-43, -syn46-58 , -syn61-80n, -syn81-96 and semi-tryptic -

syn103-119). 

In the soluble fractions, only the most N-terminal -synuclein peptide (Ac--syn1-6) showed 

significant differences between PD and control (Figure 5A-G) (supplementary table S4). The 

levels were significantly increased in the PD cingulate region compared to the control cingulate 

and PD occipital region. No statistically significant differences were found in the detergent 

soluble fractions (Figure 5H-N) (Table S5). In the detergent insoluble fractions the levels of all 

-synuclein peptides, except Ac--syn1-6, and -syn103-119 were significantly increased in 

cingulate region from PD compared to the controls (Figure 5O-U) (Table S6). Interestingly, 

the levels of all investigated peptides were significantly increased in occipital region from PD 

compared to the controls (Figure 5O-U) (Table S6). 

Note also that neither the (15)N-labeled Ac--syn1-6, nor the (15)N-labeled -syn103-119 were 

detected in quantifiable amounts (Table S4-6), which indicates that these modifications could 

be mainly brain-derived.  

The CVs for individual (13)C-labeled and (15)N-labeled peptides respectively added in 

different samples including pooled samples during IP and PRM analysis were typically less 

than 10% and 20%, respectively (supplementary table S4-S6). Low CV indicates that the IP, 

digestion and LC-PRM-MS methods were relatively robust. 

Study 2 

In study 2, the following -synuclein peptides were quantified: tryptic Ac--syn1-6, -syn13-21, 

-syn35-43, -syn61-80 and semi-tryptic -syn71-80 and -syn103-119 (Figure 4B). In the soluble 

fractions most peptides levels were significantly increased in the cingulate region compared to 

the occipital region both in PD (not -syn61-80 and -syn71-80) and controls (not -syn71-80) 

(Figure 6A-F) (Table S7). In the detergent-soluble fraction all peptides except -syn71-80 had 
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significantly increased levels in PD cingulate region compared both to controls cingulate region 

and PD occipital region (Figure 6G-L) (Table S8). This was also the case in the detergent-

insoluble fractions. The exceptions were for Ac--syn1-6, where the difference between PD 

cingulate region and PD occipital region was not significant, and -syn103-119, where there was 

no difference between PD and control in the cingulate region (Figure 6M-R) (Table S9). 

A potential problem of using formic acid during protein extraction is the risk of cleavage at 

sites containing aspartic acid-proline (Asp-Pro) peptide bonds (44-46). However, during the 

brain extraction in this study the temperature was maintained around +4°C throughout during 

extraction, homogenization and centrifugation. After that the detergent insoluble fraction was 

quickly diluted (1:20 v/v) and lyophilized. At these conditions, the possibility of formic acid 

cleavage should theoretically be extremely low (47). In spite of this, to evaluate the effect of 

sample preparation on modification of -synuclein, uniformly (15)N-labeled -synuclein 

protein (5 µg) was added to the brain tissues before each step of homogenization in study 2, 

which was in contrast to study 1, where the uniformly (15)N-labeled -synuclein protein was 

added to the samples immediately before the immunoprecipitation step. We found that the 

relative amounts of (15)N-labeled and brain-derived -synuclein peptides were the same for 

all unmodified peptides; ~130% in the soluble fractions, ~500% in the detergent-soluble 

fractions, and ~3500% in the detergent-insoluble fraction (Table S7-9). This ratio increase is 

mainly due to the levels of brain-derived -synuclein decreasing in each extraction step. 

However, for the acetylated N-terminal (Ac--syn1-6), the (15)N-labeled levels were 

considerably lower; 0.4% in soluble fractions, 2% in the detergent soluble fractions, and 16% 

in the detergent insoluble fraction. This indicates that even if N-terminal acetylation of -

synuclein is probably possible to create in the sample preparation, the risk is in the order of 

0.5% or less. The risk of creating a cleavage at -synuclein amino acid 119 seems to be higher, 

at least for the detergent insoluble fraction. Due to the very low -syn103-119 levels, it is difficult 

to make any reliable estimation, but the risk of FA-induced fragmentation could be in the range 

from roughly 1% in the soluble fraction to 50% in the detergent-insoluble fraction. We found 

no reliable signal from (15)N-labeled -syn71-80.  

The CVs for the individual isotopically (13)C-labeled standard peptides added to the samples 

at reconstitution were very similar to study 1, indicating that the LC-PRM-MS method was 

relatively robust (Table S7-9). The CVs for the (15)N-labeled peptides originating from the 

(15)N-labeled -synuclein added to the brain tissues at the homogenization were higher than 
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the corresponding peptides in study 1, typically 10-30% (supplementary table S7-S9). This 

most likely reflects the variability in the extraction steps. 

 

Figure 5: Targeted PRM analyses of -synuclein in human brain homogenates in study 1. The 

values of different peptides of -synuclein were reported as the peak area ratio between the 

endogenous peptide and the (15)N-labeled corresponding peptide (endogenous peptide/(15)N-

labeled peptide). The peak area ratio for tryptic and semi-tryptic (103-119) peptides were 
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multiplied by 10 and 10000, respectively, to plot in a suitable scale. The scatter dot plot shows 

the measured levels of six N-terminal tryptic peptides, Ac-1-6 (A, H, O), 13-21 (B, I, P), 35-

43 (C, J, Q), 46-58 (D, K, R),61-80 (E, L, S), 81-96 (F, M, T) and one semi-tryptic peptide 

103-119 (G, N, U) of -synuclein from soluble (A-G), detergent-soluble (H-N) and detergent-

insoluble (O-U) fractions of PD and control brains. The plot shows median with interquartile 

range. A probability (p) value < 0.05 was considered significant. 
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Figure 6: Targeted PRM analyses of -synuclein in human brain homogenates in study 2. The 

values of different peptides of -synuclein were reported as the peak area ratio between the 

endogenous peptide and the (15)N-labeled corresponding peptide (endogenous peptide/(15)N-

labeled peptide). The peak area ratio for tryptic and semi-tryptic (103-119 (F, L, R), and 71-80 

(Q)) peptides were multiplied by 10 and 10000 respectively to plot in a suitable scale. The 

scatter dot plot shows the measured levels of four N-terminal tryptic peptides, Ac-1-6 (A, G, 

M), 13-21 (B, H, N), 35-43 (C, I, O), and 61-80 (D, J, P), two semi-tryptic peptide 71-80 (E, 

K, Q) and 103-119 (F, L, R) of -synuclein from soluble (A-F), detergent-soluble (G-L) and 

detergent-insoluble (M-R) fractions of PD and control brains. The plot shows median with 

interquartile range. A probability (p) value < 0.05 was considered significant. 

3. Discussion: 

In the present study, we evaluated -synuclein levels in brain tissue by western blotting, and 

developed an IP-MS-based method for characterization and quantification of different -

synuclein forms in post-mortem brain tissue, which was used in two independent studies to 

quantify soluble, detergent-soluble and detergent-insoluble -synuclein in brain tissue from 

two different brain regions in PD patients and non-demented controls.  

HZ: Här tycker jag att det borde komma ett stycke om de viktigaste 

metodutvecklingsframstegen (on-bead digestion, m.m.) och en konklusion om vad det var för 

metod vi till slut bestämde oss för att använda. Sedan kan resten komma. 

The main finding of our study was that in the detergent-insoluble (Lewy body-enriched) 

fraction, the PD cingulate cortex had the highest levels of -synuclein. This was found both in 

the WB and LC-MS analyses. In our WB analysis, the dimer (34 kDa) and low molecular 

weight species (12 and 8 kDa) of -synuclein were only present in the detergent-insoluble 

fractions of PD brains. These results were consistent with the immunohistochemical findings 

of Lewy bodies and -synuclein in the cingulate region of these PD patients and indicate that 

results obtained from the -synuclein extraction and sample preparation procedure reflects the 

pathology (10, 58). In study 1, there was also a significantly increased level of -synuclein in 

PD compared to control in the occipital region. For PD patients in latest stage of the disease 

(Braak stage 6), it is not unusual that Lewy body pathology is present in the occipital regions 

(59).  
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In the initial characterization of brain -synuclein, we found evidence of ~20 modified forms, 

including N-terminal acetylation and C-terminal truncations at amino acids 103 and 119. 

Several of these are consistent with modified -synuclein forms reported in earlier studies (40, 

43, 48-51). We did not detect any non-acetylated N-terminal -synuclein, which is in 

agreement with earlier studies (40, 43, 49). N-terminal acetylation of cytosolic proteins, 

especially in proteins initiated with a Met residue often occurs and has been shown to be 

indispensable for the proper plasma membrane targeting of -synuclein in yeast (52, 53). 

Interestingly, in study 1, the most N-terminal -synuclein peptide (Ac--syn1-6) was the only 

part of -synuclein that had significantly increased levels in PD cingulate cortex compared to 

control cingulate cortex. Also, in study 2, the levels of soluble Ac--syn1-6 were more markedly 

increased than the rest of the protein in PD cingulate compared to PD occipital region. All PD-

causing point mutations in -synuclein occur within the N-terminal membrane-binding domain 

which suggests a possible association between membrane interaction and PD pathology (54). 

In the detergent soluble fractions, which mostly contain membrane proteins we did not detect 

any significant differences between PD and controls in study 1 (67). However, in study 2 there 

were increased levels in PD cingulate region compared to both control cingulate region and PD 

occipital. In general the differences between PD patients and controls as well cingulate and 

occipital brain regions were more pronounced in study 2. 

It has earlier been shown that C-terminally truncated forms of -synuclein increase the 

aggregation propensity and facilitate the formation of fibrils (39, 48). Murray et al. (2003) have 

performed seeding experiments under conditions where full-length -synuclein did not readily 

aggregate, whilst -synuclein that was C-terminally truncated at 102 or 110 was efficient in 

seeding full-length -synuclein aggregation over a range of concentrations (55). According to 

Murray et al. (2003), Ac--syn1-103 should be more aggregation-prone than Ac--syn1-119 and 

longer -synuclein forms (49). This could explain our result from the detergent-insoluble 

fraction suggesting that the levels of the longer form of -synuclein (-syn103-119) were 

unaltered in PD cingulate cortex compared to control cingulate cortex. Kellie et al. (2014) 

identified and quantified a few truncated forms using an intact protein MS approach and 

normalized the values to the Ac--syn1-140 form to show the protein abundance (53). In 

agreement with our results, they did not find any statistically significant differences in 

endogenous -syn1-119 levels between disease and control subjects in the SDS-insoluble 

fractions (43).  
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Most of the truncated forms found in the current study were N-terminal truncations in the NAC 

region, i.e., -syn65-X, -syn66-X-syn68-X, -syn71-X. We measured the levels of -syn71-80 in 

study 2 and found a no significant differences. This is consistent with Kellie et al. (2014) who 

detected the endogenous forms of -syn71-140, -syn68-140, -syn66-140, -syn65-140 but did not find 

any statistically significant differences in their abundance between disease and control subjects 

in either the SDS-soluble or -insoluble fraction (43). 

There are reports on differences in the levels of C-terminally truncated forms between PD and 

control samples (43, 48). Different results between different studies might result from variable 

methods of brain extraction. Analysis of PTMs of aggregated -synuclein is limited by 

insolubility of Lewy bodies and loss of -synuclein in different extraction steps. A major 

challenge in studying membrane-bound or LB associated proteins using MS is the use of strong 

ionic and non-ionic detergents like SDS and Triton X-100; chaotropic agents like urea, thiourea 

or guanidine and high concentration of organic acids like FA. These reagents are essential for 

solubilizing these types of proteins; however, they interfere with the IP, enzymatic digestion 

and MS analysis by suppressing ionization and affecting chromatographic separation (56, 57). 

In this study, 2% Triton-X-100 and 90% FA were used for solubilization of membrane-bound 

and Lewy body-enriched detergent-insoluble α-synuclein, respectively. We found that by 

removing the organic acid by lyophilization followed by reconstitution of the protein in 

presence of n-OGP in phosphate buffer and diluting the samples in PBS during the IP we 

achieved a relatively robust method with high recovery and low variability. Another general 

problem when characterization/quantifying protein forms from brain tissue is that the protein 

extraction or any other preparation step could create cleavages or other modifications of the 

targeted protein. In this study we added (15)N-labeled -synuclein either at the IP or to the 

brain tissue at the different extraction steps. This made it possible to monitor the risk for 

cleavages/modifications being created by the sample preparation. Overall, the risk for such a 

confounding effect was found to be negligible.  

4. Conclusions:  

We have developed a novel method where we combine differential solubilization with 

immunoprecipitation and proteomics using PRM LC-MS/MS for quantification of brain-

derived -synuclein. This method was used to analyze soluble, detergent soluble and detergent 

insoluble -synuclein in brain tissue fractions from PD patients and controls. Interestingly, in 

the soluble fraction only the acetylated N-terminal -synuclein (Ac--syn1-6) was significantly 
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increased in PD compared to controls. In the detergent insoluble fraction, significantly 

increased levels of most investigated -synuclein forms were found in PD occipital region 

compared to controls. In conclusion, we did not identify any Lewy body-specific forms of α-

synuclein, but acetylated forms should be investigated further. 
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Table 1. Clinical and demographic characteristics of the brain samples 

(a) The age at death, age at onset, duration of the disease and post-mortem delays presented in the table 

is the mean ± S.D. of samples (n = 10). 

(b) Mann–Whitney U test was performed for evaluating statistical significant differences (p values of < 

0.05) between Parkinson’s disease (PD) and control cases. 
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Subjectdetails Study set 1 Study set 2 

PD (n = 10) Control (n = 

10) 

p value (b) PD (n = 10) Control (n = 10) p value 

Female n = 4  - n = 4 n = 6 - 

Male n = 6  - n = 6 n = 4 - 

Age at death 
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