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Alpha-, Beta-, and Gamma-synuclein
Quantification in Cerebrospinal Fluid by
Multiple Reaction Monitoring Reveals
Increased Concentrations in Alzheimer’s and
Creutzfeldt-Jakob Disease but No Alteration in

Synucleinopathies™*s

Patrick Oecklt, Fabian Metzgert, Magdalena Naglt, Christine A.F. von Arnimi,
Steffen Halbgebauert, Petra Steinackerz, Albert C. Ludolpht, and Markus Otto1§

a-Synuclein (aSyn) is a major constituent of proteina-
ceous aggregates in neurodegenerative diseases such as
Parkinson’s disease (PD) and a potential biomarker can-
didate for diagnosis and treatment effects. However,
studies about aSyn in cerebrospinal fluid (CSF) in dis-
eases are inconsistent and mainly based on immunolog-
ical assays. Quantitative information about B-synuclein
(BSyn) and y-synuclein (ySyn) in CSF is not available.
Here, we present an alternative method for the simul-
taneous quantification of aSyn, BSyn and ySyn in CSF by
multiple reaction monitoring (MRM) with a high sequence
coverage (70%) of aSyn to validate previous, ELISA-based
results and characterize synucleins in CSF in more detail.
The MRM has high sensitivity in the low pg/ml range
(3-30pg/ml full-length aSyn) using 200 ul CSF. A high
portion of CSF aSyn is present in the N-terminally acety-
lated form and the concentration of unmodified peptides
in the nonamyloid component region is about 40% lower
than in the N-terminal region. Synuclein concentrations
show a high correlation with each other in CSF (r>0.80)
and in contrast to aSyn and ySyn, 8Syn is not affected by
blood contamination. CSF «Syn, BSyn and ySyn concen-
trations were increased in Alzheimer’'s and Creutzfeldt-
Jakob disease but not altered in PD, PD dementia (PDD),
Lewy body dementia and atypical parkinsonian syn-
dromes. The ratio BSyn/aSyn was increased in PDD
(1.49 = 0.38, p < 0.05) compared with PD (1.11 = 0.26) and
controls (1.15 = 0.28). BSyn shows a high correlation with
CSF tau concentrations (r = 0.86, p < 0.0001, n = 125).
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In conclusion, we could not confirm previous observa-
tions of reduced aSyn in PD and our results indicate that
CSF synuclein concentrations are rather general markers
of synaptic degeneration than specific for synucleinopa-
thies. Bsyn is an attractive biomarker candidate that
might be used as an alternative to or in combination with
tau in AD and CJD diagnosis and in combination with
aSyn it is a biomarker candidate for PDD. Molecular &
Cellular Proteomics 15: 10.1074/mcp.M116.059915, 3126~
3138, 2016.

a-Synuclein (aSyn)' is a small (14 kDa) presynaptic protein
and a key player in the pathogenesis of several neurodegen-
erative diseases such as Parkinson’s disease (PD), PD de-
mentia (PDD), and Lewy body dementia (LBD). None of these
diseases is curable to date and diagnosis is based on clinical
symptoms (1). Aggregated aSyn is the main constituent of
Lewy bodies which are histopathological hallmarks in the
brain of these synucleinopathies. Oligomerization and aggre-

" The abbreviations used are: aSyn, a-synuclein; Ac, N-terminal
acetylation; aCSF, artificial CSF; AD, Alzheimer's disease; Alb, serum
albumin; a1Ch, a1-antichymotrypsin; a1Tr, a1-antitrypsin; a2HS, a2-
HS-glycoprotein; a2M, «2-macroglobulin; BSyn, B-synuclein; CBS,
corticobasal syndrome; CE, collision energy; ChP, choroid plexus;
CJD, Creutzfeldt-Jakob disease; CP, ceruloplasmin; CSF, cerebro-
spinal fluid; CUR, curtain gas; IS, internal standard; ySyn, 7y-sy-
nuclein; HSA, human serum albumin; Hb, hemoglobin; Hbb, hemo-
globin beta subunit; Hpx, hemopexin; Ig, immunoglobulin; LBD, Lewy
body dementia; LLOQ, lower limit of quantification; LOD, limit of
detection; MeOH, methanol; MRM, multiple reaction monitoring;
NAC, non-Abeta component; NINCDS-ADRDA, National Institute of
Neurological and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorders Association; O-GIcNAc, O-linked 3-N-
acetylglucosamine; PD, Parkinon’s disease; PDD, PD dementia;
PSAQ, protein standard absolute quantification; PSP, progressive
supranuclear palsy; PTM, post-translational modification; QC sample,
quality control sample; TEAB, triethylammonium bicarbonate.
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gation of aSyn is neurotoxic and thought to be a causative
factor in the neurodegenerative process. Many post-transla-
tional modifications (PTMs) have been described for aSyn
(e.g. phosphorylation, oxidation) (2) and there is evidence that
PTMs might influence its aggregation and toxic potential (in
addition to other mechanisms such as aSyn mutations or
metal ion binding) (3). Additionally, shorter forms of aSyn with
unknown function can be generated by alternative splicing of
the aSyn gene (2). Although aSyn is a cytoplasmic protein it is
also present in the cerebrospinal fluid (CSF) (4). Because of its
importance in the pathogenesis of synucleinopathies, aSyn
determination in CSF is a promising biomarker candidate for
clinical diagnosis and for the development of aSyn modulat-
ing drugs.

Many studies investigated CSF aSyn concentrations in
neurodegenerative diseases, especially PD as the most com-
mon synucleinopathy (for a review, see ref (5)). Most studies
observed slightly reduced aSyn concentrations in PD, al-
though results are inconsistent. Additionally, the reported
small alterations seem not to be of diagnostic relevance (5).
To date, the method of choice for aSyn determination are
immunoassays but antibodies and platforms vary consider-
ably. This led to large concentration differences between
studies and hampers the interpretation of inconsistent re-
sults. These differences also raise concern about the selec-
tivity of the assays and, thus, an alternative method is
needed to confirm previous observation about CSF aSyn
concentrations.

The other members of the synuclein protein family, B-sy-
nuclein (8Syn) and y-synuclein (ySyn), are less well studied
although they are present in proteinaceous aggregates in
some neurodegenerative diseases (6) and there is evidence
for a strong interaction of aSyn and BSyn (7). BSyn has been
shown to be neuroprotective and inhibits aSyn aggregation
(7). ¥Syn aggregation is also associated with widespread
neurodegeneration (8). Both proteins are present in CSF (9).
Only a single study investigated ySyn concentrations in CSF
of dementia patients by a qualitative Western blot and ob-
served an increase in Alzheimer’s disease (AD) and LBD (10)
but this was not validated with further studies and information
about other neurodegenerative diseases is missing. CSF
BSyn has not been investigated in neurological disorders so
far. The determination of BSyn and ySyn in CSF and their
relation to aSyn would help to clarify their role in neurodegen-
erative diseases and the ratio of synuclein protein concentra-
tions in CSF might be more meaningful biomarker candidates
than each of the proteins alone.

Multiple reaction monitoring mass spectrometry (MRM) can
be used for accurate, absolute quantification of proteins using
stable-labeled protein standards (protein standard absolute
quantification, PSAQ) (11) and is an excellent alternative to
immunoassays for quantification of aSyn with a high selectiv-
ity and the ability for multiplexing, i.e. simultaneous quantifi-
cation of BSyn and ySyn. MRM has already successfully been

applied for the determination of biomarker candidates in CSF
(12). In addition, it allows a more detailed characterization of
the whole protein regarding truncations or PTMs by analyzing
several peptides across the protein sequence after proteolytic
digestion and aSyn PTMs are in discussion as promising
biomarker candidates in synucleinopathies (13). Detailed pro-
tein characterization by MRM has recently successfully been
shown for the tau protein in CSF, a biomarker used in the
diagnostics of AD, which seems to be predominantly N- and
C-terminally truncated in CSF (14). However, it was not pos-
sible so far to quantitatively measure aSyn in CSF by MRM in
a useful sample volume because of the low concentration in
the pg/ml range.

We present here an MRM method for the simultaneous and
absolute quantification of unmodified aSyn, BSyn, ySyn and
hemoglobin in the low pg/ml range in 200 ul CSF using a
stable-labeled protein standard (aSyn) and stable-labeled
peptides (BSyn, ySyn, PTMs) as internal standards. Seven of
eight possible, unmodified tryptic peptides of aSyn are in-
cluded covering 70% of the aSyn sequence for a more de-
tailed characterization of aSyn. In addition, several PTMs
are included for aSyn (Ser®”P, Ser®”0O-GlcNAc, Thr®*P,
Thr*O-GIcNAc, N-terminal acetylation) as well as two pro-
teotypic peptides for the aSyn splice variants aSyn126 and
aSyn112 (Fig. 1). We used the method to characterize synucle-
ins in CSF of patients without neurodegenerative diseases and
compared the results with ELISA data. We then measured sy-
nucleins in a panel of neurodegenerative diseases including PD,
PDD, LBD, progressive supranuclear palsy (PSP), corticobasal
syndrome (CBS), AD and Creutzfeldt-Jakob disease (CJD) to
validate previous results of CSF aSyn with immunoassays and
to gain new information about BSyn, ySyn and the aSyn peptide
pattern in CSF.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant full-length aSyn (purity >95%) was pur-
chased from AJ Roboscreen GmbH (Leipzig, Germany) and the exact
protein concentration was determined by amino acid analysis (Al-
phalyse A/S, Odense, Denmark). Full-length gSyn, ySyn and °N-
labeled aSyn (all with purity >95%) were from rPeptide (Bogart, GA)
and exact BSyn concentration was determined using aSyn MRM of
common peptides. Synthetic peptides (see supplemental Table S1)
were purchased from Thermo Fisher Scientific.

Trypsin/LysC Mix was from Promega GmbH, triethylammonium
bicarbonate (TEAB), ammonium hydroxide solution (LC-MS grade)
and human serum albumin (HSA, #A3782) from Sigma, solid phase
cation extraction disks from 3M (#2251, St. Paul, MN) and artificial
CSF (aCSF) from EcoCyte Bioscience (Austin, TX). All LC solvents
were of LC-MS grade and purchased from Thermo Fisher Scientific
(DMSO, formic acid, TFA) or Carl Roth GmbH, Karlsruhe, Germany
(ACN, methanol (MeOH), water).

Stock Solutions, Calibration Standards, and Quality Control (QC)
Samples—Proteins and peptides were dissolved in LC-MS water at
concentrations of 100-500 pg/ml, aliquoted in protein low binding
tubes and stored at —80 °C. Calibration standards and QC samples
were prepared freshly in aCSF containing 200 ng/ml HSA for each
analytical sequence using recombinant aSyn, BSyn, ySyn, and syn-
thetic peptides for sequences with PTMs and splice variants (see
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Fic. 1. Primary structure of synucleins and selected peptides for MRM. Protein sequences were obtained from the UniProt database
(aSyn: P37840, BSyn: Q16143, ySyn: O76070). Peptides used for MRM are indicated in yellow and green. Proteotypicity of the peptides was
tested using the human proteome fasta from UniProt (23 Jan 2014) and Skyline software 3.1. Peptides with posttranslational modifications were
also included in the MRM (Ac: N-terminal acetylation, P: phosphorylation, O-GlcNAc: O-linked B-N-acetylglucosamine). Alternative splicing of
aSyn generates two new proteotypic peptides. The NAC (non-Abeta component) region which is important for aggregation is highlighted in the
aSyn sequence. Frequently used combinations of antibodies in ELISAs for aSyn measurement in CSF are: Syn211 (1st) and FL-140 (2nd) (66,
67), ASY-1 (1st) and polyclonal anti-aSyn (2nd) (17), Syn1 (1st) and C-20 (2nd) (68), 9B6 (1st) and 4D8 (2nd) (39), MJF-1 (1st) and Syn1 (2nd)
(69), Syn103-107 (1st) and Syn118-123 (2nd) (Covance #SIG-38974) (70) and Syn100 (1st) and Syn130 (2nd) (Invitrogen #KHB0061).

supplemental Table S1). Concentrations of the calibration standards
and low, medium and high QC samples covered a range of 1.5-1310
pM (aSyn, BSyn) and 40-2000 pm (ySyn) and are listed in detail in
supplemental Table S1. In addition, an unspiked CSF QC sample was
included in each sequence.

Sample Preparation— CSF samples were thawed on ice and 200 ul
of CSF, calibration standard or QC sample were mixed with 40 ul of
internal standard (IS) solution (containing labeled peptides and "°N-
aSyn in 0.5 m TEAB, see supplemental Table S1) and 12 pul of
Trypsin/LysC solution (0.1 pg/ul in 100 mm TEAB) in protein low
binding tubes (Sarstedt, Nimbrecht, Germany). Samples were di-
gested for 16h at 27 °C. After addition of 700 wl water and 100 ul 10%
TFA, tryptic peptides were captured with STAGE-tips (15) containing
solid phase cation extraction disks (activated with ACN), washed with
0.2% TFA and eluted into 24-Well PCR plates with increasing con-
centrations of ammonium acetate in 20% ACN/0.5% formic acid (75
mwm —fraction 1, 125 mm —fraction 2, 200 mm —fraction 3) and finally
with 5% ammonium hydroxide/80% ACN (fraction 4).

Fractions were vacuum dried and redissolved in 25 ul of 0.1%
TFA/6% ACN (fraction 1 and 3), 0.5% TFA/6% ACN (fraction 2) and
0.1% TFA/4% ACN (fraction 4) by thorough mixing and sonication,
centrifuged and stored in the autosampler at 4 °C.

Serum (20 wl) was diluted with 180 ul aCSF and prepared as
described for CSF.

LC-MRM Analysis—Samples were analyzed using an Agilent 1260
HPLC pump (Santa Clara, CA), Eksigent microLC200, and AB Sciex
QTRAP6500 mass spectrometer (both AB Sciex, Framingham, MA) in

positive ionization mode. Twenty microliters of sample were loaded
on a C18 PepMap100, 5 um, 0.3 X 5 mm trap column (Thermo Fisher
Scientific) with mobile phase A: 0.05% TFA, and mobile phase B:
0.05% TFA in MeOH. Afterward, peptides were separated on an
Eksigent HALO Fused-core C18, 2.7 um, 0.5 X 100 mm column at
40 °C with mobile phase A: 4% DMSO0/0.1% formic acid, and mobile
phase B: 4% DMS0/96% ACN/0.1% formic acid (see supplemental
Table S2 for gradient settings). The analytical column was connected
to the QTRAP6500 with a 25 um electrode and data were acquired in
scheduled MRM mode (retention time window 40-120s, scan time
0.2-0.4s, dwell weight: 0.2 for labeled peptides, 1.0 for others). The
ion source settings were as follows: 4900-5500 V, 175 °C, curtain gas
(CUR) 30psi, nebulizer gas (GS1) 20—-40psi, GS2 30psi and CAD gas
high. Transitions used and individual MS settings are described in
Table | and supplemental Table S3. Two or three transitions per
peptide were acquired and the correct transition pattern of each
peptide was verified in all samples using Skyline software 3.1 (16).

Data Analysis and Quantification of MRM Data—In each analytical
sequence, calibration standards, QC samples and a blank sample
(aCSF+HSA) with and without IS were analyzed in duplicate (one at
the beginning and one at the end of the sequence). The order of
CSF samples (single measurement) was defined by systematic
randomization.

Intra-assay precision (%CV) was determined by analysis of four
CSF-QC samples in a single run and inter-assay precision by analysis
of duplicate CSF-QC samples in four independent runs. The lower
limit of quantification (LLOQ) was defined as the lowest concentration
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TABLE |
MS parameters and chromatographic characteristics. CE: collision energy, RT: retention time, z: charge state

Precursor mass

Peptide sequence (position) Protein (labeled peptide) z Product ion CE (V) Fraction RT (min)
MDVFMK (1-6) aSyn 385.7 (389.2) 2+ y5, y3 19, 23 4 5.1
(1-6) BSyn
Ac-MDVFMK (1-6) aSyn 812.4 (820.4) 1+ b3, y3 49, 47 2 9.2
(1-6) BSyn
EGVVAAAEK (13-21) aSyn 437.2 (442.2) 2+ y5, y6, y3 18,20, 18 2 3.5
(13-21) BSyn
QGVAEAAGK (24-32) aSyn 415.7 (421.2) 2+ y6, y4 21,21 2 2.1
EGVLYVGSK (35-43) aSyn 476.3 (481.3) 2+ y5, y3 20, 21 3 4.4
(35-43) BSyn
EGVVHGVATVAEK (46-58) aSyn 648.4 (656.3) 2+ y8, y9 35, 34 4 3.4
EGVVHGVAT(Phospho)VAEK (46-58) aSyn 688.3 (692.3) 2+ b5, y8, y4 37, 35, 39 3 6.1
EGVVHGVAT(O-GIcNAC)VAEK (46-58) aSyn 749.9 (753.9) 2+ b5, b7, y8, 204.1 38, 46, 35, 38 3 3.1
(oxonium ion)
EQVTNVGGAVVTGVTAVAQK (61-80) aSyn 964.5 (976.5) 2+ y10, y9, y11 44,44, 44 2 7.9
TVEGAGSIAAATGFVK (81-96) aSyn 739.9 (748.4) 2+ y8, y11,y7 34, 34, 34 3 6.7
TVEGAGS(Phospho)lAAATGFVK (81-96) aSyn 779.9 (785.9) 2+ Y8, y7, y142* 34, 34,29 1 7.8
TVEGAGS(O-GIcNAC)IAAATGFVK (81-96) aSyn 841.4 (847.4) 2+ y8, y7, y6, 204.1 43, 46, 49, 27 3 6.3
(oxonium ion)
EGYQDYEPEA (103-112) aSyn112 1200.5 (1206.5) 1+ b7, b6, y7 52,52, 59 1 5.3
EGVLYVVAEK (35-44) aSyn126 553.8 (557.8) 2+ y6, y7, y4 23, 25,28 3 6.0
EGVVQGVASVAEK (46-58) BSyn 636.8 (640.9) 2+ y8,y9, y10 30, 28, 28 2 7.0
EQASHLGGAVFSGAGNIAAATGLVK (61-85) BSyn 776.1 (778.8) 3+ Y8, b172* 31,27 4 8.1
ENVVQSVTSVAEK (46-58) ¥Syn 695.4 (699.4) 2+ y8, y10 34,34 2 7.2
TVEEAENIAVTSGVVR (81-96) ¥Syn 837.4 (842.4) 2+ y8,y7 46, 37 3 6.0
VNVDEVGGEALGR (19-31) Hbb 657.8 (662.8) 2+ y7,y8 30, 31 2 6.9

with a CV and deviation of =20% and the limit of detection (LOD) with
a signal-to-noise ratio of 3.

Stability of synucleins in CSF was tested by incubation of CSF at
bench-top conditions (RT), on ice and with different freeze-thaw
cycles (thawing for at least 2 h, freezing for at least 12 h). Dilution
stability was determined by dilution of CSF with aCSF up to fourfold.

The IS-normalized peak area was used for quantification (synucle-
ins) and all transitions from a single peptide were summed up. Pep-
tide concentrations were calculated based on the calibration curve
(weighting 1/x?) using Analyst software 1.6.2 (AB Sciex). Total aSyn
and ySyn concentration was calculated as the mean concentration of
all proteotypic peptides (see Fig. 1). Concentration of the Hbb (he-
moglobin beta subunit) peptide was determined using the IS peak
area for one-point calibration and total hemoglobin (Hb) concentration
was calculated assuming a 1:1 ratio of the Hb alpha and beta subunit.
The Hbb IS was added to samples in a final concentration of 200
ng/ml to increase accuracy at this cut-off. CSF samples with a he-
moglobin concentration >200 ng/ml were ruled out for aSyn and
ySyn analysis as recommended (17).

ELISAs—CSF and serum samples for aSyn ELISA (Covance #SIG-
38974) measurements were diluted 1:20 and 1:200, respectively, and
tau concentration in CSF was determined with a commercial ELISA
(Fujirebio). All measurements were performed according to the man-
ufacturer’s instructions.

Patients and CSF Collection—Patients were enrolled at the Ulm
University Hospital, Department of Neurology. Characteristics of pa-
tients are depicted in supplemental Table S4. Control patients had no
neurodegenerative disease and CSF was collected to rule out acute
or chronic inflammation of the brain. PD patients were diagnosed
according to accepted criteria (18), PDD and LBD according to (19,
20). Diagnosis of PSP and CBS followed the criteria of (21, 22). AD
patients fulfilled the NINCDS-ADRDA (National Institute of Neurolog-
ical and Communicative Disorders and Stroke-Alzheimer’s Disease
and Related Disorders Association) criteria and CJD was diagnosed
according to the WHO consensus criteria (23). All patients or their

relatives gave written informed consent to participate in the study and
the collection and analysis of CSF and serum samples was approved
by the Ethics Committee of Ulm University.

CSF was collected by lumbar puncture at the Ulm University Hos-
pital, Department of Neurology. Samples were centrifuged and stored
at —80 °C within 2 h according to local SOPs and standard CSF
parameters were determined (24).

Statistics — Statistical analysis was performed using GraphPad
Prism 5.0. Disease groups were compared by Kruskal-Wallis test and
Dunn’s post hoc test. Correlation analysis was performed using
Spearman'’s rank correlation coefficient.

RESULTS

Establishment of Method— All theoretical tryptic peptides of
aSyn except the C-terminal peptide (see discussion section)
were selected for the method to cover the largest part possi-
ble (about 70%) of the aSyn sequence. Proteotypic peptides
for BSyn and ySyn and the optimal charge state of all peptides
were selected based on the observed sensitivity and selec-
tivity. MS parameters were optimized by direct infusion of
tryptic peptides and are shown in supplemental Table S3. Fig.
1 gives an overview of selected peptides and their relation to
the amino acid sequence and other synuclein variants. To
optimize LC conditions we tested different column tempera-
tures, flow rates and compositions of the mobile phases using
ACN, MeOH, formic acid, and TFA. The settings were opti-
mized for each sample fraction and are given in supplemental
Table S2. The high dynamic range of protein concentrations in
CSF significantly hampers the detection of low abundance
proteins such as aSyn by LC-MS/MS and we tested several
approaches to modify the digestion protocol in favor of sy-
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nucleins. The synuclein proteins do not contain Cys-residues
and a reduction and alkylation step is not necessary. Omitting
reduction and alkylation increased sensitivity for aSyn pep-
tides and markedly decreased intensity of selected HSA
peptides (10-1000x, label-free estimation). Using a digestion
temperature of 27 °C instead of 37 °C and using trypsin/LysC
instead of trypsin alone also improved the sensitivity for sy-
nucleins. Heating or addition of small amount of ACN (5-10%)
to samples before digestion reduced sensitivity for synucleins
but increased the intensity of HSA peptides. Transitions of
peptides for detection/quantification were selected based on
their sensitivity and selectivity examined by spike-in experi-
ments and comparison of the transition profile with the stable-
labeled peptides in CSF. Representative chromatograms are
shown in supplemental Fig. S1.

Precision, Sensitivity, Stability—We observed an intra-as-
say precision of 1.9-8.2% for aSyn peptides, 4.1-12.2% for
BSyn peptides, 9.8-14.2% for ySyn peptides, and 13.1% for
N-terminal acetylated o/BSyn1-6. The inter-assay precision
was 5.9-11.5% for aSyn peptides, 5.9-11.6% for BSyn pep-
tides, 15.7-16.8% for ySyn peptides, and 18.1% for N-termi-
nal acetylated «/BSyn1-6.

The LOD and LLOQ were in the range of 0.2-2.0 pm (equiv-
alent to 3-30pg/ml full-length protein) and 5.0-6.5 pm (75—
97.5pg/ml) for aSyn peptides, 0.2-0.5 pm (3-7pg/ml) and
1.5-6.5 pm (21-91pg/ml) for BSyn peptides, 10-32 pm (133—
427pg/ml) and 40 pm (533pg/ml) for ySyn peptides and 1.5-
325 pm for aSyn PTMs and splice variants (see supplemental
Table S1).
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All synuclein proteins were stable for at least 4h on ice and
five freeze/thaw cycles. Not all peptides were stable at room
temperature. Dilution stability could be shown for up to four-
fold dilution for all peptides except BSyn46-58. Therefore,
this peptide was excluded from further analyses.

Characterization of Synucleins in CSF—The concentration
of total aSyn and BSyn in CSF of control patients was com-
parable and in the range of 9.57-31.8 pm (138-459pg/ml) for
aSyn and 6.87-43.9 pm (98.2—-627pg/ml) for BSyn. ySyn con-
centration was higher and ranged from 128-774 pm (1.70-
10.3 ng/ml).

We quantified seven tryptic peptides across the aSyn pro-
tein with and without PTMs covering 70% of the aSyn se-
quence (Fig. 1). A large part of CSF aSyn is N-terminally
acetylated (Fig. 2A) whereas the unmodified N-terminal pep-
tide was below the LOD (1 pm) and thus less than 10% of all
aSyn. The proteotypic aSyn peptides spanning the amyloido-
genic NAC (non-Abeta component) region (aSyn61-80 and
aSyn81-96) have a 38 and 40% lower concentration in CSF
than the more N-terminal, proteotypic peptide aSyn24-32
(Fig. 2A), which carries only few (i.e. Lys®®) potentially PTM
sites. However, the phosphorylated and O-GIcNAcylated form
of aSyn81-96 measured here (Fig. 1) were below the LOD (i.e.
325 pm and 2.5 pm) and do not allow a conclusion whether
these concentration differences originate from PTMs. The
concentration of aSyn46-58 is 13% lower than aSyn24-32
but the phosphorylated and O-GlcNAcylated forms measured
here were below the LOD (320 pm and 38 pwm). The concen-
trations of proteotypic peptides of aSyn splice variants
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calculated using the received equation no. 1: Y = 100" " 199X + & with m = —2.132, X = hydrodynamic radius aSyn (29.9A), b = 3.896. Alb:
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aSyn112 and aSyn126 were also below the LOD (i.e. 13 pm
and 1.5 pwm).

We observed a strong correlation of synuclein concentra-
tions in CSF (Fig. 2B).

Comparison of MRM and ELISA Measurements—In a sub-
set of patients, we compared MRM and ELISA measurements
of aSyn. aSyn values from MRM and ELISA in CSF did not
correlate (Fig. 2C) and aSyn concentrations were on average
550% higher with the ELISA. In contrast, serum values
showed a high correlation between MRM and ELISA mea-
surements (Fig. 2C). We observed no correlation of serum
aSyn and hemoglobin (- = 0.38, p = 0.16) in the investigated
range (135-23,800 ng hemoglobin/ml) and aSyn concentra-
tions in serum and CSF (r = 0.10, p = 0.73).

Investigation of Synuclein Origin and Hemolysis as Con-
founding Factor—The value of a CSF biomarker is given by
its origin in the brain and resistance to low blood contami-
nation/hemolysis during lumbar puncture. We investigated
the correlation of CSF synuclein concentrations with CSF
hemoglobin concentration as a marker of hemolysis. CSF
aSyn showed a correlation with CSF hemoglobin concen-
tration whereas BSyn did not (Fig. 3A). ySyn also slightly
correlated with CSF hemoglobin concentration (Fig. 3B). We
tested how blood contamination (1 wl whole blood to 200 ul
CSF) affects synuclein concentrations in CSF. aSyn pep-

tides increased about 250-5200% (hemoglobin increase:
1409 ng/ml). BSyn was unaffected and ySyn showed a slight
increase (6-30%).

The CSF concentration of aSyn and ySyn also correlates
with the albumin CSF/serum quotient, a measure of the
blood-CSF-barrier integrity (- = 0.23, p = 0.02, n = 105 for
aSyn and r = 0.40, p < 0.0001, n = 116 for ySyn) but BSyn
shows no correlation (r = 0.15, p = 0.10, n = 113), which is
characteristic of solely brain-derived proteins. Because serum
aSyn concentration is higher than CSF concentration, we
calculated an estimate of the blood-derived aSyn portion in
CSF based on the diffusion dynamics of blood-derived pro-
teins at the blood-CSF-barrier (25). We used the mean of
published hydrodynamic radii of aSyn (i.e. 29.9A) for our
calculation (26-29) and the blood-derived aSyn in CSF was
30 = 19.6% (Fig. 3C).

CSF Synuclein Concentration in Neurodegenerative Diseases—
CSF synucleins are potential biomarker candidates for
synucleinopathies, especially PD, and we compared sy-
nuclein concentrations in different synucleinopathies (PD,
PDD, LBD), atypical parkinsonian syndromes (PSP, CBS) and
dementias (AD, CJD). All synucleins are markedly increased in
CJD up to 40x (Fig. 4A-4C). BSyn and ySyn are also in-
creased in AD whereas aSyn did not reach the significance
level in AD. The synucleinopathies including PD and atypical
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parkinsonian syndromes did not differ significantly from the
control patients. Because BSyn tended to be higher in dementia
syndromes, we calculated the ratio of BSyn versus aSyn which
was significantly higher in PDD compared with PD and controls
(Fig. 4D). The concentrations of aSyn peptides (Fig. 4E-4F)
showed the same behavior as total aSyn (i.e. increased in CJD
and AD) but we could not identify a disease-specific pattern of
the peptides. We observed no correlation of the CSF synuclein
concentrations with disease severity (i.e. the Hoehn and Yahr
score) in the group of synucleinopathies (PD, PDD, LBD) («Syn:
r=0.01,p =0.94,n =37; BSyn: r = —0.11,p = 0.52, n = 39;
ySyn: r = 0.08, p = 0.60, n = 42).

CSF tau protein was increased in AD and CJD and showed
a high correlation with BSyn (Fig. 5).

We here describe for the first time a mass spectrometric
method for the quantification of synucleins in CSF and serum.
CSF aSyn shows high N-terminal acetylation and the concen-
tration of unmodified peptides in the NAC region is about 40%
lower compared with the N-terminal region. We could not
confirm reduced aSyn concentrations in PD described in pre-
vious studies with immunoassays. BSyn and ySyn are in-
creased in AD and CJD and because of the strong correlation
of BSyn with tau protein, BSyn might be used as an alternative
biomarker to or in combination with tau.

Because of the inconsistent results of CSF aSyn concen-
trations in studies with immunoassays (30), a mass spectro-
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metric method as an alternative approach with high selectivity
is demanded in the field for several years. However, the low
concentration of aSyn in CSF has hindered the establishment
of such a method so far. Normally, the sensitivity of MRM
assays is in the ng/ml range or requires the use of large
sample volumes (>500 pl) or time-consuming sample prep-
aration methods (31) which is both difficult to implement in the
collection and analysis of a large CSF sample cohort. By
optimizing our sample preparation and digestion protocol in
favor of synucleins e.g. by omitting reduction and alkylation or
small-scale fractionation in STAGE-Tips, we could also re-
nounce depletion of high-abundance proteins further reduc-
ing sample loss and variability. With our MRM method we
could push the limit of detection to the low pg/ml range, i.e.
3-30pg/ml aSyn (depending on the peptide combination used
for quantification), in a CSF volume of 200 ul and thus ena-
bling for the first time the measurement of CSF aSyn by MRM
in a reasonable amount of patients with high analytical accu-
racy and precision as required for clinical bioanalysis (see
“Tier 1”7 in (32)). The sample preparation can be automatized
and performed in 96-well plates and is applicable to the
analysis of large sample amounts.

We could confirm previous observations of increased CSF
aSyn concentrations in CJD (33-36) and observed also a
tendency to elevated concentrations in AD (37-39). aSyn has
been suggested as a biomarker for the differential diagnosis
of AD and CJD (33) which is supported by our data. However,
aSyn determination has some drawbacks including suscep-
tibility to blood contamination. Because it correlates strong
with other synucleins, we suggest to replacing it with BSyn
(see discussion below).

Although most studies about CSF aSyn in PD show re-
duced concentrations, there are also inconsistent results (5)
and there is a debate about the usefulness of CSF aSyn as a
biomarker in PD. Most studies used immunoassays but anti-
bodies (see Fig. 1) and concentration ranges vary consider-
ably which raises questions about the selectivity of the as-
says. High batch-to-batch variability and interlaboratory
variation has been described for ELISAs (40, 41). To over-
come this issue and to validate the previous observations we
established an alternative method using mass spectrometry,
i.e. the highly selective MRM. The use of '°N-labeled, recom-
binant aSyn as internal standard allows accurate and precise
quantification of aSyn in CSF and serum and we validated the
method following in large parts recent recommendations (42).
We could not confirm altered aSyn concentrations in PD and
related disorders (PDD, LBD) with our MRM method. The
MRM values did not correlate with values measured with a
common ELISA and ELISA values in CSF were also substan-
tially higher. Serum concentrations of MRM and ELISA corre-
lated very well. This discrepancy could indicate different aSyn
species in serum and CSF. Our MRM method detects only the
unmodified aSyn peptides and differences in the PTM spec-
trum of aSyn between serum and CSF would be an explana-
tion for the results, assuming the ELISA detects all aSyn
species. In fact, it is not known what aSyn species are indeed
recognized by the ELISA antibodies. On the other hand, the
higher dilution of serum than CSF samples in the ELISA
method could also indicate matrix effects in CSF. A major
advantage of our MRM is the exact knowledge of the mea-
sured aSyn species and a detailed characterization of the
recognized aSyn species by the ELISA antibodies would be
helpful to clarify the difference between the MRM and ELISA
measurements in CSF.

We cannot rule out that the discrepancy of our MRM results
with other studies using immunoassays originates in the dif-
ferent parts of aSyn that are recognized by the methods. Most
immunoassays use antibodies against the C-terminal part of
aSyn (including the ELISA used here) whereas the peptides in
our MRM are from the N-terminal part (see Fig. 1). We did not
include the C-terminal part of aSyn in our MRM because
C-terminal peptides released by proteolytic digestion of aSyn
(with trypsin or other enzymes) carry a high amount of acidic
residues and show poor ionization efficiency during electro-
spray ionization. These properties did not allow a highly
sensitive determination of the C-terminal peptides at that
time which is necessary for their detection in CSF. This
issue should be worked on in future MRM assays because
the C-terminal part of aSyn carries several important PTMs
(see discussion below) and their quantification by mass
spectrometry would be helpful to validate observations with
immunoassays.

CSF is produced by ultrafiltration of the blood in the choroid
plexus (ChP) in the brain’s ventricular system. The ependymal
cells in the ChP form the blood-CSF-barrier. Although pro-
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teins cannot pass the cell membrane of ependymal cells
(except there is a transcellular transport mechanism), the
composition of the tight junctions (different to the blood-
brain-barrier) allows a low diffusion of molecules into the CSF
and the extent of the diffusion directly correlates with the
hydrodynamic radius of the molecules (see Fig. 3C) (25, 43).
Thus, 80% of CSF protein is blood-derived (44). For a possi-
ble clinical application of a CSF biomarker it is important to
know whether it is brain-derived or originates (in part) in the
blood. In addition, aSyn is also expressed in erythrocytes and
hemolysis is a confounding factor that should be investigated
(45). We used the CSF/serum concentration ratio and pub-
lished hydrodynamic radii to estimate the blood-derived aSyn
portion in CSF assuming passive transfer of blood-derived
aSyn into CSF. In contrast to earlier assumptions (46), our
results with mass spectrometry point to a substantial portion
(30%) of blood-derived aSyn in CSF which is supported by
the correlation of CSF aSyn concentration with the albumin
quotient. Albumin is a blood-derived protein and the CSF/
serum concentration ratio (albumin quotient) will increase
when the blood-CSF-barrier is impaired. Thus, it is used as a
measure of the blood-CSF-barrier integrity (44). Correlation of
a proteins CSF concentration with the albumin quotient indi-
cates that at least a part of the protein comes from the blood
as shown for aSyn here. Recent evidence shows that aSyn
can pass the blood-CSF-barrier also via a transcellular trans-
port (47) indicating that the blood-derived portion calculated
in our study might still underestimate the real value. This could
be another reason for the inconsistency of study results be-
cause of differences in the blood-CSF-barrier integrity be-
tween patient cohorts.

In conclusion, the lack of concentration differences in sy-
nucleinopathies, the estimated high blood-derived aSyn por-
tion in CSF in our study and the risk for interference by
hemolysis/blood contamination supports the notion that total
aSyn in CSF is not a useful diagnostic biomarker for synucle-
inopathies. However, this might not be true for monitoring of
aSyn modulating effects in clinical trials and when using the
MRM method presented here it might also be possible to
identify off-target effects on BSyn and ySyn.

In addition to our aim to measure unmodified aSyn, we
included a few PTMs that we thought might be interesting
biomarker candidates. PTMs are normally present in substoi-
chiometric quantities making their detection much more chal-
lenging, In addition, modified peptides frequently show lower
ionization efficiency in the MS, require a special set-up of the
instrument (e.g. removal of metallic surfaces for phosphopep-
tides) and ionization in the MS is suppressed by the much
more abundant, unmodified peptides demanding pre-enrich-
ment of the modified peptides (13). For a complete, quantita-
tive characterization of the CSF PTM status, which would be
of great scientific interest, these issues would require a large
volume of CSF and the performance of different sample prep-
arations in parallel. In addition, the number of possible, mod-

ified peptides will be tremendous because most tryptic aSyn
peptides can carry more than one PTM (2). Regarding these
technical issues (ionization efficiency, sensitivity), large CSF
volume needed and number of possible modified peptides, it
is beyond the practical design of a clinical CSF MRM assay,
as described here, to monitor all possible PTMs why we
focused on a selection of PTMs only.

Several PTMs and truncations have been reported for aSyn
and there is evidence that these modifications represent bet-
ter biomarker candidates than total aSyn (13). For instance,
several studies observed increased Ser'?°P-aSyn concentra-
tions in CSF of PD patients (48, 49). However, the measure-
ment of the C-terminal peptide of aSyn («Syn103-140) was
not possible in the present MRM as discussed above. Ser®” is
part of the NAC region (aa61-95), which is important for
aggregation (50), and Ser®” phosphorylation has been dem-
onstrated in several studies in vitro (51, 52) and in vivo (53). It
is a known modifier of aSyn aggregation (53) and thus a
promising biomarker candidate. There is also evidence for O-
GlcNAcylation at Ser®” from a proteomic screen in human
erythrocytes although not further verified (54). O-GlcNAcyla-
tion has been shown to influence protein aggregation as well
(55) and we selected Ser®” O-GIcNAc as an interesting bio-
marker candidate and to confirm this O-GIcNAcylation site of
aSyn. The selection of the Thr®* PTMs was based on a tech-
nical issue because the unmodified peptide aSyn46-58
showed one of the most intense ionization efficiencies of the
aSyn peptides and we thought it is the best candidate to
reach the sensitivity necessary to detect substoichiometric
PTMs. Only two PTM sites in this peptide have been de-
scribed so far. Lys®® acetylation described by Weinart et al.
(56) and Thr®* O-GlcNAcylation in a proteomic screen of
murine synaptosomes but with no additional verification
(57). Here, we selected the Thr®* O-GlcNAcylation and we
were also interested whether we can measure Thr®* phos-
phorylation (although not yet described). In addition, we
investigated N-terminal acetylation of aSyn.

Here, the unmodified peptides of the NAC region showed a
lower concentration in CSF compared with a more N-terminal
peptide that contains only few potential PTM sites. This ob-
servation could indicate a high portion of aSyn to be post-
translationally modified in the NAC region. We measured the
aforementioned aSyn PTMs in our MRM (see Fig. 1) to test
this hypothesis and to uncover alterations in neurodegenera-
tive diseases. Except N-terminal acetylation, other peptides
carrying PTMs were not detectable in CSF at present without
enrichment. Thus, we could not prove high modification of the
NAC region experimentally. Other factors might also be re-
sponsible for our observation. Conformational changes in the
aggregation prone NAC region that are not reflected by the
internal standard protein or PTMs itself could influence trypsin
digestion efficiency and thus alter the ratio of the aSyn pep-
tides. Different truncated forms of aSyn have been described
including cleavages within the NAC region, e.g. aSyn1-78,
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aSyn1-83, aSyn1-91, or aSyn1-93 (2). Truncation within the
NAC region would also result in a lower concentration of the
intact, unmodified peptides measured here and give an ex-
planation for our observation. We can also not rule out that the
NAC peptides carry more than one PTM simultaneously
which would deprive them from detection with our MRM for
singly modified peptides. Beyond the evidence from our
data, the portion of modified NAC region in aSyn needs
further evaluation.

The N-terminally acetylated aSyn is the major form in brain
tissue (58) and we could show that it is also a main form in
CSF. N-terminal acetylation is important for membrane inter-
action of aSyn which itself influences aSyn conformation (59).
In addition, it also influences aggregate formation (59) and
alterations could be indicative of a different aggregation pro-
pensity in disease. Apart from the increase in CJD, we did,
however, not observe concentration differences in synucle-
inopathies and atypical parkinsonian syndromes. For an indi-
rect measure of PTM alterations we measured seven (unmod-
ified) aSyn peptides covering 70% of the aSyn sequence.
There was no specific pattern of the peptides for synucle-
inopathies and atypical parkinsonian syndromes. However,
the determination of specific PTMs might be more sensitive as
has been shown for Ser'2°P-aSyn (48, 49) and should be the
focus of future mass spectrometric improvements for the
characterizations of aSyn in CSF.

This is the first study presenting quantitative data on BSyn
and ySyn in CSF. Both synucleins are increased in AD and
especially in CJD and are new potential biomarker candidates
for these diseases. The magnitude of the alteration is compa-
rable to tau protein which is already used as a diagnostic
biomarker (60) and we showed a high correlation of BSyn and
tau in CSF. BSyn is a predominantly brain-derived protein
which is indicated in our study by the failure to correlate with
the albumin quotient and it is supported by protein expression
data (61, 62). Furthermore, our data show that it is not af-
fected by blood contamination which makes it an attractive
biomarker candidate that might be used as an alternative to
or in combination with tau. This could be especially inter-
esting for measurements in blood which is currently estab-
lished for several CNS biomarkers such as neurofilaments
(63) because blood collection is more convenient for pa-
tients and clinicians.

In our study, BSyn concentrations tended to be higher in
PDD and LBD patients in comparison with PD and controls.
BSyn is not present in Lewy bodies, the major hallmark of
synucleinopathies, but BSyn accumulation is found in these
diseases in brain regions involved in memory formation such
as the hippocampus (6). Furthermore, BSyn mutations are
linked to certain types of LBD (64) and mutant BSyn leads to
more profound memory deficits compared with impairments
of the motoric system in transgenic animals (65). These ob-
servations link BSyn to dementia symptoms rather than motor
impairment. We calculated a ratio of BSyn versus aSyn con-

centrations in CSF and the ratio was significantly increased in
PDD. These results imply an imbalance of aSyn and BSyn in
dementia and are in line with the observations in transgenic
animals and histopathology mentioned above. However, be-
cause BSyn has been shown to inhibit «Syn aggregation (7),
an increase of the ratio BSyn/aSyn in disease is unexpected
but may indicate a secondary increase of BSyn expression in
response to aSyn aggregation as a protective mechanism of
the cell. Further studies are needed to confirm whether the
BSyn/aSyn ratio is a suitable biomarker to distinguish PDD
from PD patients or identify PD patients at risk for the devel-
opment of a dementia.

In conclusion, our mass spectrometric quantification of
aSyn in CSF provides an important contribution to the long-
lasting discussion about the usefulness of total «Syn concen-
tration as a biomarker in PD and does not support alterations
observed previously with immunoassays. Furthermore, the
common increase in AD and CJD points to synucleins as
general markers of synaptic degeneration instead of being
specific for synucleinopathies. Bsyn is an attractive biomarker
candidate that might be used as an alternative to or in com-
bination with tau in AD and CJD diagnosis and in combination
with aSyn it is a biomarker candidate for PDD.
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