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Background: Robust assays for �-synuclein quantification are essential for Parkinson disease therapeutic development.
Results: TR-FRET immunoassays were validated for total and oligomeric �-synuclein and used to screen small molecules and
kinases that regulate �-synuclein expression.
Conclusion: TR-FRET immunoassays are suitable for biomarker development and high-throughput screening.
Significance: This is the first platform for large-scale drug discovery and for neuronal pathway analysis of �-synuclein expres-
sion regulation.

Familial Parkinson disease (PD) can result from �-synuclein
genemultiplication, implicating the reductionof neuronal�-sy-
nuclein as a therapeutic target. Moreover, �-synuclein content
in human cerebrospinal fluid (CSF) represents a PD biomarker
candidate. However, capture-based assays for �-synuclein
quantification in CSF (such as by ELISA) have shown discrepan-
cies and have limited suitability for high-throughput screening.
Here, we describe two sensitive, in-solution, time-resolved
Förster’s resonance energy transfer (TR-FRET)-based immuno-
assays for total and oligomeric �-synuclein quantification. CSF
analysis showed strong concordance for total �-synuclein con-
tent between twoTR-FRET assays and, in agreement with a pre-
viously characterized 36 h protocol-based ELISA, demonstrated
lower �-synuclein levels in PD donors. Critically, the assay suit-
ability for high-throughput screening of siRNA constructs and
smallmolecules aimed at reducing endogenous�-synuclein lev-
els was established and validated. In a small-scale proof of con-
cept compound screen using 384 well plates, signals ranged
from<30 to>120%of themean of vehicle-treated cells formol-
ecules known to lower and increase cellular�-synuclein, respec-
tively. Furthermore, a reverse genetic screen of a kinase-di-
rected siRNA library identified seven genes that modulated
�-synuclein protein levels (five whose knockdown increased
and two that decreased cellular �-synuclein protein). This pro-
vides critical new biological insight into cellular pathways regu-
lating �-synuclein steady-state expression that may help guide
further drug discovery efforts. Moreover, we describe an inher-
ent limitation in current �-synuclein oligomer detection meth-
odology, a finding that will direct improvement of future assay
design. Our one-step TR-FRET-based platform for �-synuclein
quantification provides a novel platformwith superior perform-
ance parameters for the rapid screening of large biomarker

cohorts and of compound and genetic libraries, both of which
are essential to the development of PD therapies.

Parkinson disease (PD)2 is a progressive neurodegenerative
disorder comprising the loss of dopaminergic neurons, primar-
ily from the substania nigra pars compacta region of the basal
ganglia. A pathological hallmark of PD and related synucle-
inopathy disorders is the formation of intracellular protein
aggregates termed Lewy bodies and Lewy neurites. The princi-
pal protein component of these inclusion entities is�-synuclein
(1). This 14-kDa lipid-binding protein is encoded by the SNCA
gene and is believed to regulate both synaptic and ER-Golgi
vesicle trafficking (2–4). The accumulation and aggregation of
�-synuclein is causally linked to PD progression. Indeed, both
SNCA locus multiplication and Rep1 micro-satellite enhancer
expansion, which augment �-synuclein expression (5–7), and
SNCA missense mutations, which enhance oligomerization
and aggregate formation (8–10), are found in rare forms of
autosomal dominant, familial PD. Moreover, cellular and ani-
mal studies suggest that alterations in hereditary PD-linked
genes, in particular LRRK2 and GBA1, can lead to the deleteri-
ous accumulation of �-synuclein (11–13). Thus, targeted
reduction of �-synuclein protein levels may serve as a potent
disease-modifying therapy for certain forms of familial and spo-
radic PD and other synucleinopathies (14).
Concurrently, there is a need for PDbiomarkers for use in the

primary diagnosis of the disorder, monitoring disease progres-
sion, patient stratification, and for evaluating the efficacy of
clinical therapeutic interventions. Recent work from different
groups suggests that the quantification of �-synuclein in cere-
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brospinal fluid (CSF) may serve as a suitable PD biomarker.
However, among these reports there are inconsistencies in both
the reported absolute concentration of CSF �-synuclein and
the putative nature of its change in the PD condition. Indeed,
although some studies found reduced CSF �-synuclein in PD
relative to controls (15–19), another reported no change (20).
There is further disparity in findings comparing CSF �-sy-
nuclein in PD and synucleinopathies to that of other neurode-
generative disorders (16, 20–24). Such discrepancies are likely
due to the different assays and non-standardized collection
protocols used between institutions. Furthermore, all hitherto
reported �-synuclein quantification methods are based on
immunoassay techniques that rely on sequential, labor-inten-
sive capture and detection steps (“sandwich” assays). Conse-
quently, their application to high-throughput translational
research and biological pathway analysis methods is limited.
To address these shortcomings, we developed robust, repro-

ducible, and sensitive homogeneous time-resolved Förster’s
resonance energy transfer (TR-FRET) immunoassays for �-sy-
nuclein quantification. TR-FRET assays display several key
advantages over conventional capture-based assays. First, by
virtue of an in-solution detection methodology, the assays rely
on a single step for the addition of detection antibodies to sam-
ples. This obviates the need for multiple processing steps that
encumber current techniques. Second, TR-FRET assays are
compatiblewith the use of low sample volumes, thereby accom-
modating multiple technical replicates even with limited sam-
ple material. Third, this method offers an alternative to cap-
ture-based methods for the quantification of �-synuclein in
human CSF as a potential biomarker for PD diagnosis or its
progression. As demonstrated, for example, in theAlzheimer dis-
ease field, biomarker validation by multiple quantification tech-
nologiesmay be considered an important criterion for acceptance
into clinical practice (25). Finally, the simple assay design is readily
adaptable to high-throughput screening (HTS) applications for
both reverse genetics and small molecule drug discovery efforts.

EXPERIMENTAL PROCEDURES

Study Participants—Forty subjects were enrolled into a new
patient cohort at two sites (Paracelsus-Elena Klinik, Kassel,
Germany; The Ottawa Hospital, Ottawa, Ontario, Canada)
using a previously validated, single protocol (16) and standard-
ized operating procedures (26). The study was approved by the
respective institutional review boards. The working diagnoses
of all patients were established according to internationally
accepted classification criteria (16). Samples from donors seri-
ally enrolled were processed, aliquoted, and frozen as described
(16) before loading onto assay plates.
Antibody Production—Polyclonal antibody hSA5.1 was

raised at Open Biosystems, Inc. in goat to full-length, recombi-
nant human�-synuclein, andpurified and characterized as pre-
viously described (11). The HuCAL GOLD� phagemid library
concept was used for the selection of antibodies, SynBa2 and
SynBa3, recognizing human �-synuclein. Several panning
strategies were applied that included solid phase, semi-solu-
tion, and solution panning. The screening of Fabs was per-
formed by ELISA with directly coated �-synuclein or via
capture screening with biotinylated �-synuclein. Affinity mat-

urationwas applied to increase affinity and biological activity of
selected antibody fragments. Finally, anti-�-synuclein Fabs
were converted into human/mouse IgG2a format.
Statement on Animal Health and Transgenic Mice—All

experiments were carried out in accordance with the authori-
zation guidelines of the Swiss federal and cantonal veterinary
offices for the care and use of laboratory animals. Studies
described in this report were approved by the Swiss cantonal
veterinary office and performed according to Novartis animal
license numbers 2063, 2415, 2382, and 1858. The animals were
housed in a temperature-controlled room that was maintained
on a 12-h light/dark cycle. Food and water were available ad
libitum. Thy1-human �-synuclein (A53T) transgenic mice (27,
28) were genotyped using primers HP45 (5�-ACA CCC CTA
AAG CAT ACA GTC AGA CC-3�) and HP42 (5�-TGG GCA
CAT TGG AAC TGA GCA CTT-3�). Transgenic mice were
kept in C57BL/6 background. For analyses, males and females
were used, and wild type littermates were used as controls.
�-Synuclein knock-out mice were obtained form Harlan
(C57BL/6JolaHSD) and kept as a homozygous line.
Assay Development—Antibodies were chemically coupled to

either a Lumi4-Tb� (terbium cryptate, Cisbio) donor fluoro-
phore or d2� acceptor fluorophore (Cisbio). Antibodies labeled
with donor or acceptor fluorophores are denoted throughout
this report by the suffixes -Tb or -d2, respectively. For assays,
384-well low volume polystyrene (Greiner Bio-One) or non-
low volume polypropylene (Thermo Scientific) microtiter
plates were loaded with 5 or 12 �l/well, respectively, of analyte
sample thatwas subsequentlymixedwith 1 or 2.4�l of antibody
solution (50 mM NaH2PO4, 400 mM NaF, 0.1% BSA, and 0.05%
Tween 20) that contained 0.3 ng/�l of -Tb antibody and 3 ng/�l
of -d2 antibody. Plates were incubated at 4 °C for 5 h (hSA5.1-
Tb/SynBa2-d2) or 20 h (SynBa2-Tb/SynBa3-d2 or SynBa3-Tb/
SynBa3-d2) beforemeasurement of time-resolved fluorescence
at 620 and 665 nm on an Envision Multilabel reader (Perkin-
Elmer Life Sciences). For spiking experiments, recombinant
�-synuclein or BSAwas added as 20� concentrated solution to
the final assay volume of lysate or CSF that had been previously
plated in 384-well plates. For competition of endogenous lysate
monomers with oligomeric detection antibodies, equal vol-
umes of 2� concentrated oligomeric standard and 2� lysate
were mixed before the addition of detection antibodies.
Sample Preparation—Brain lysates were prepared by

homogenizing whole adult mouse brains in 10 volumes (v/w) of
lysis buffer (PBS, 1% TritonX-100, and 1� protease inhibitor
mixture (Roche Applied Science)) by sonication. Protein con-
centration was determined by BCA assay (Pierce). Human CSF
was collected by routine lumbar puncture into serial polypro-
pylene tubes, as previously described (15), followed by the addi-
tion of protease inhibitors and 0.2% Nonidet P-40 before stor-
age. For TR-FRET analysis, 1% TritonX-100 was added to CSF.
To prepare immunodepleted human CSF to serve as a calibra-
tion matrix, 0.5 ml of commercially available CSF from a
healthy donor (PrecisionMed; supplemented with 1% Triton
X-100, 0.2% Nonidet P-40, and protease inhibitors) was mixed
with 350 ng of hSA5.1 antibody for 1 h at 4 °C. Immuncom-
plexes were then precipitated with 15 �l of protein G Dyna-
beads� (Invitrogen), and the immunodepleted CSF was stored
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at�80 °C until use. The efficiency of�-synuclein depletionwas
determined by TR-FRET with two antibody pairs (SynBa2-Tb/
SynBa3-d2 and hSA5.1-Tb/SynBa2-d2).
SDS-PAGE and Western Blotting—SDS-PAGE was per-

formedwithNuPAGE�Bis-Tris 4–12% gels (Invitrogen). After
electrophoresis, proteins were visualized by staining with Coo-
massie-based SimplyBlue Safestain (Invitrogen) or were elec-
troblotted onto PVDF membranes. Before washing with deter-
gent, membranes were fixed by incubation with 0.4%
paraformaldehyde in PBS for 30 min at room temperature. For
Western blotting, membranes were blocked with Odyssey block-
ing reagent (LI-CORBiosciences) for 1 h before overnight incuba-
tionwith primary antibodies (�-synuclein, BDTransduction Lab-
oratories #610787; diacylglycerol kinase isoform � (DGKQ), BD
Transduction Laboratories #610931; BRAF, Santa Cruz C-19 #sc-
166). Membranes were then washed, incubated with HRP-cou-
pled secondary antibodies for 1 h, and washed again, and proteins
were detected by enhanced chemiluminescence.
Limit of Detection—To determine the �-synuclein TR-FRET

limits of detection (LoD) for each antibody pair, pilot experi-
ments consisting of serial dilutions were performed to gauge
the lowest concentrations of �-synuclein at which signals were
discernable from those of blanks. Provisional LoDs were calcu-
lated according to the definition of the Clinical and Laboratory
Standards Institute (29), where LoD � LoB � 1.645 �
S.D.sample, and limit of blank (LoB) � meanblank � 1.645 �
S.D.blank. LoB was calculated from a minimum of 40 replicate
blank samples (lysis buffer) and, assuming a gaussian distribu-
tion, thereby represents 95% of the observed values. LoDs for
each antibody pair were then confirmed by TR-FRETmeasure-
ments of 20 replicates of 2 or more samples at concentrations
corresponding to provisional LoDs. LoDs were accepted for a
given condition (antibody pair, plate type) at �-synuclein con-
centrations at which 95% (19/20) of observed signals were
higher than the respective LoB.
Data Analysis—TR-FRET signals are presented here as �F

values. This value effectively normalizes the emission
TR-FRET-dependent signal of the acceptor fluorophore (665
nm) to that of the FRET-independent donor fluorophore (620
nm).Moreover, the background fluorescence is subtracted, and
the percent TR-FRET signal increase over background is calcu-
lated. �F is thus given by the equation

�F �
Ratio665/620 sample � Ratio665/620 blank

Ratio665/620 blank
�100 (Eq. 1)

This value benefits from the internal reference of the donor
fluorescence, thereby providing a signal corrected for potential
assay-interfering artifacts and day-to-day assay fluctuation. An
important feature of the TR-FRET assay is the long-lived fluo-
rescence of the Tb donor fluorophore. This allows potential
interference of short-lived background fluorescence from the
analyte matrix to be removed by a time delay between the exci-
tation pulse and fluorescence readout.

�-Synuclein Oligomerization and Purification—Recombi-
nant�-synuclein (0.5mg) purchased from rPeptide was diluted
in 10 mM sodium phosphate buffer to 50 �M and mixed with 2
mM dopamine for the indicated times at 37 °C with shaking at

1000 rpm. Insoluble material was removed by centrifugation at
100,000 rpm for 15 min before separation by size-exclusion
chromatography using a Superdex200 column. Samples were
eluted in PBS at a flow rate of 0.5 ml/min and collected in
0.25-ml fractions. Peak fractions for oligomeric and mono-
meric �-synuclein were pooled.
TR-FRET Assay for High-throughput Screening—Pilot exper-

iments were conducted to select efficacious control siRNAs
and to optimize the time-course of �-synuclein knockdown
(not shown). Positive control siRNA was from Qiagen
(Hs_SNCA_1), and negative control was from Ambion
(#AM4611). To assess knockdown of �-synuclein by Western
blotting, HEK293T cells (100,000 cells/well) were reverse-
transfected in 24-well plate format with a final concentration of
12.7 nM siRNA using Lipofectamine2000� reagent (1:1300 final
dilution). Cells were harvested 72 h post-transfection in MPER�
lysis buffer (Pierce), and Western blotting was performed. To
assess HTS suitability, the siRNA reverse transfection procedure
was scaled to a 384-well format. Final siRNA and Lipo-
fectamine2000� concentrations were as above, with 2090 cells
plated per well in white polystyrene plates (ThermoScientific).
Positive and negative control siRNAs were manually plated in
alternating columns followed by automated addition of diluted
Lipofectamine2000� and then cells using a MultiDrop Combi
microplate dispenser (ThermoScientific). After 72 h, PBS-rinsed
cells were lysed in-well with 20 �l of MPER followed by direct
addition of detection antibodies to lysates. FRET readings were
recorded after 20 h of incubation at 4 °C. For �-synuclein overex-
pression, 850,000 cells/well were reverse-transfected in 6-well
plates with the indicated amount of �-synuclein cDNA and Lipo-
fectamine2000� (1:1300). The following day the cells were
re-plated at 3750 cells/well of 384-well plates in alternating col-
umns (duplicate columns per condition) using theMultiDrop dis-
penser. 24 h later cells were lysed, and TR-FRET readings were
performed as for siRNA-treated cells above. Calculation of the Z�
factor (30) for control data, follows

Z� � 1�
�3S.D.pos � 3S.D.neg�

��pos � �neg� (Eq. 2)

where S.D. is the standard deviation of positive and negative
controls, and� is themean of said controls. For HTS, 965 com-
pounds were randomly selected from a previously established
in-house, low toxicity natural compound library. 125 nl of each
compound (2 mM in DMSO) was automatically preplated in
384-well plates with DMSO as a negative control plated in an
entire column of each plate. Benzalkonium chloride and rapa-
mycin were plated by hand on each plate in a separate column.
4000 cells/well were delivered by MultiDrop dispenser in 50 �l
of growth medium such that the final compound and DMSO
concentrationswere 5�Mand 0.25%, respectively. Cell lysis and
TR-FRET detection 48 h later was performed as above. The Z
factor for sample data evaluation was calculated by replacing
negative control S.D. and � from the Z� factor equation with
those of the combined test samples. siRNA screening of a pre-
plated human kinase library was performed exactly as indicated
above for HTS suitability assessment, including manual addi-
tion of positive and negative control siRNAs to each screening

Applications for TR-FRET Quantification of �-Synuclein

SEPTEMBER 28, 2012 • VOLUME 287 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 33693



plate (8 wells/control/plate). To validate siRNA screen hits,
HEK293T were reverse-transfected in 24-well plates (100,000
cells/well) using Lipofectamine2000� as above, with negative
control siRNA or two selected siRNAs per gene from the sec-
ondary siRNA screen that were efficacious in hit identification.
Cells were harvested 72 h post-transfection, and lysates were
subjected to SDS-PAGE and Western blotting.

RESULTS

Development and Validation of �-Synuclein TR-FRET
Immunoassays—The TR-FRET immunoassay relies on the dis-
tance-dependent energy transfer between fluorophores cou-
pled to two high affinity antibodies. We used commercially

available Terbium cryptate (Tb) donor and d2 acceptor fluoro-
phores conjugated to antibodies that were generated de novo
in-house or previously characterized (11). The Tb fluorescence
occurring upon excitation is constant; however, the d2 fluores-
cence (FRET-dependent) is contingent upon a bound analyte in
solution such that the necessary proximity for its excitation by
the donor fluorophore is achieved (Fig. 1A).
To identify efficacious antibody pairs, several antibodies

were screened in varied donor or acceptor combinations. Of
note, microtiter plates accommodated sample volumes as low
as 5 �l without signal attenuation, thereby minimizing sample
consumption. TR-FRET signals are herein reported as the per-
cent increase of test samples above the matrix (buffer) back-

FIGURE 1. Design of TR-FRET immunoassay and dynamic range for recombinant �-synuclein. A, shown is representation of the TR-FRET assay principle. Coinci-
dent, in-solution binding of two fluorophore-labeled antibodies to unique epitopes on �-synuclein generates the TR-FRET signal. Excitation of the Tb donor fluoro-
phore causes both analyte-independent fluorescence (620 nm) and non-radiative energy transfer to the d2 acceptor fluorophore. The latter TR-FRET signal (665 nm)
is dependent on the presence of �-synuclein. B, shown is broad range dilution of �-synuclein and detection by the antibody pairs SynBa2-Tb/SynBa3-d2 and
hSA5.1-Tb/SynBa2-d2. Recombinant �-synuclein was serially diluted in lysis buffer (PBS containing 1% Triton X-100) starting from 150 ng/ml in polystyrene 384-well
microtiter plates followed by TR-FRET detection (average of duplicates). C, TR-FRET detection at low �-synuclein concentrations is shown. Recombinant �-synuclein
was fractionally diluted in polystyrene plates to concentrations between 2 and 0.02 ng/ml followed by detection with SynBa2-Tb/SynBa3-d2.
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ground (�F; see “Experimental Procedures”). Two pairs,
referred to as SynBa2-Tb/SynBa3-d2 and hSA5.1-Tb/SynBa2-
d2, were selected based on robust TR-FRET signals. Assay con-
ditions were then optimized using recombinant �-synuclein
analyte for the parameters of donor:acceptor antibody concen-
trations, incubation kinetics, temperature, and buffer compo-
nents (data not shown). The assay is compatible with buffers
containing various detergents or other supplements; however,
radioimmune precipitation assay buffer abolished TR-FRET
signals. This suggests that an upper limit of detergent strin-
gency for efficacious antibody-analyte interaction is surpassed
with radioimmune precipitation assay buffer.
Both antibody combinations exhibited large dynamic ranges

(50 pg/ml to 50 ng/ml) for recombinant �-synuclein (Fig. 1B).
SynBa2-Tb/SynBa3-d2 produced considerably higher �F val-
ues than hSA5.1-Tb/SynBa2-d2 inweakly diluted samples. This
pair also exhibited a profound signal reduction at �-synuclein
concentrations greater than 50 ng/ml. This characteristic fea-
ture of homogeneous immunoassays, known as the “high-dose
hook effect,” is attributed to occlusion of coincident antibody
binding at greater than limiting analyte concentrations. As
SynBa-2-Tb/SynBa3-d2 produced stronger TR-FRET activity,
we continue with its characterization for the purpose of this
report. hSA5.1-Tb/SynBa2-d2 was characterized in a similar
manner (data not shown).
Recent reportshaveconsistentlydescribed�-synucleinconcen-

tration in human CSF to be lower than 2 ng/ml (16, 17, 20). We
thus tested the more sensitive SynBa2-Tb/SynBa3-d2 TR-FRET
assay for dose-response signal intensity at �-synuclein concentra-
tions in this range. Excellent signal linearity between 0.1 and 2
ng/ml�-synuclein was observed, thereby validating the suitability
of our assay for the analysis of human CSF specimens (Fig. 1C).
Plate-to-plate signal variability was examined on four non-con-

secutive days in both polystyrene (PS) and polypropylene (PP)
plates.Microtiter plates are commonly supplied in either PS or PP
formats; thus, itwasnecessary toempirically establish thecompat-
ibility of our assay with either.Moreover, previous immunoassays
exhibited disparate performance between PS and PP.3 Here in all
cases theTR-FRETassaydisplayedahighdegreeof reproducibility
(	15% signal variability) (Fig. 2A) in either PS or PP plates. Assay
LoDwere also calculated. Replicate low concentration samples of
recombinant �-synuclein were measured, and the LoD was
accepted for a concentration at which 95% of replicates gave sig-
nals above a determined LoB (see “Experimental Procedures”).
The LoDwas 0.05 ng/ml for both PS and PP plates (Fig. 2B).

Analyte specificity is an additional important criterion for
establishing a reliable immunoassay. �-Synuclein was detected
in wild type murine brain lysates across a wide concentration
range, whereas there was no signal observed in �-synuclein
knock-out (KO) lysates (Fig. 3A). Similar results were obtained
with murine CSF (data not shown). Next, recovery rates were
determined by spiking recombinant �-synuclein into brain
lysates. Average recovery rates were 99 and 103% at two lysate
concentrations, indicating excellent assay accuracy and speci-
ficity for �-synuclein (Fig. 3B). Spiking murine CSF yielded a

107% recovery rate (data not shown). Thus, the assay is robust
and suitable for the quantification of �-synuclein in biological
and clinical samples.
Several groups have reported discrepant �-synuclein con-

centrations in clinical CSF samples by as much as 2 orders of3 M. Schlossmacher, personal communication.

FIGURE 2. Characterization of �-synuclein TR-FRET assay robustness and
LoD. A, interassay variability assessment in PS and PP plates is shown. Recom-
binant �-synuclein was serially diluted (quadruplicates) freshly on each of
four independent days in 384-well microtiter plates, as indicated, followed by
TR-FRET detection. Fluorescence measurements were taken 20 h after anti-
body addition. B, the �-synuclein limits of detection in polystyrene and poly-
propylene plates were determined according to the procedure outlined by
the Clinical Laboratory and Standards Institute (29). Recombinant �-sy-
nuclein was prepared at low concentrations corresponding to putative limits
of detection as calculated from pilot experiments. Twenty replicates of each
sample were then measured, and the LoD was accepted for concentrations at
which at least 95% of the samples yielded TR-FRET signals above the LoB
cut-off (determined from 40 blank replicates).

Applications for TR-FRET Quantification of �-Synuclein

SEPTEMBER 28, 2012 • VOLUME 287 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 33695



magnitude (15–18, 20–24). The source of this variability may
be the inherent properties of each assay or inconsistencies in
CSF collection. It is also possible that the use of different cali-
bration standards between studies contributes to this issue (for
review, see Ref. 26). We, therefore, tested six recombinant pro-
teins at two concentrations roughly approximating the
expected CSF �-synuclein concentrations. As much as a 3-fold
difference in TR-FRET signals was observed between standards
(Fig. 4A). However, analysis by Coomassie staining and West-
ern blotting under reducing and denaturing conditions also
revealedmodest but significant differences in the relative abun-
dance of each standard (Fig. 4B). Standards 2 and 3, which were
least abundant by visual detection, were also the most weakly
detected by TR-FRET. This suggests that the difference in TR-
FRET signals between standards was simply due to dissimilar
sample concentration determination. The source of the recom-
binant standards is shown in the table (Fig. 4C).
Development of an Oligomer-specific �-Synuclein TR-FRET

Assay—Aggregated �-synuclein is a pathological hallmark of
PD. However, the nature of toxicity within the spectrum of
soluble prefibrillar �-synuclein oligomers to fibrillar inclusions
remains obscure. To determine whether our assay distin-
guishes monomeric from oligomeric �-synuclein, a recombi-
nant oligomeric standard was generated by treatment with
dopamine and purification by size-exclusion chromatography
(SEC) (Fig. 5A). Note that the elution of monomeric �-sy-
nuclein with an apparent molecular mass 
40 kDa in SEC has
been previously reported (31). No difference inTR-FRET signal

using SynBa2-Tb/SynBa3-d2 (to quantify total �-synuclein)
was observed over identical dilution ranges of monomeric and
oligomeric �-synuclein (Fig. 5B). This is explained by the fact
that the detection antibodies recognize C-terminal epitopes.
This region is excluded from the core of �-synuclein fibrils, as
indicated by its sensitivity to proteolytic digestion (32). Thus
monomers and oligomers likely present similar epitope stoichi-
ometry for this assay. To increase our capacity to uniquely
quantify different �-synuclein forms, we then developed an
oligomer-specific TR-FRET assay. Similar to earlier ELISA-
basedmethods (33), the assay utilizes a single monoclonal anti-
body inbothdonorandacceptorconfigurations (Fig.5C).Oligo-
mer specificity is achieved as donor-acceptor FRET pairs form
only when multiple copies of a single epitope, solely presented
by oligomers, are bound.A suitable antibody, SynBa3,was iden-
tified from pilot experiments (not shown), and a dynamic range
of 2 orders of magnitude between 0.01 and 1 �g/ml was
observed with the oligomeric standard. Critically, no signal was
observedwith the SEC-elutedmonomer, thus confirming spec-
ificity for �-synuclein oligomers (Fig. 5D).

The assay specificity in vivo was demonstrated using trans-
genic mice expressing human �-synuclein (27), which were
recently found to accumulate soluble oligomers in the brains-
tem.4 As anticipated, oligomeric �-synuclein was detected
solely in brainstem lysates, in comparison to forebrain (Fig. 5E,

4 D. Shimshek, personal communication.

FIGURE 3. Determination of �-synuclein TR-FRET assay specificity and recovery rate. A, shown is antibody specificity determination using murine brain
lysates. Wild type (Wt) or �-synuclein knock-out (KO) brains were homogenized in PBS, 1% Triton X-100-containing protease inhibitors, and lysates were serially
diluted (triplicates) starting at 5000 ng/well in polystyrene 384-well microtiter plates followed by TR-FRET detection. B, assessment of �-synuclein recovery rate
in brain lysates is shown. Wild type brain lysates at two concentrations were spiked with recombinant �-synuclein at the indicated concentrations followed by
TR-FRET detection. Recovery rates were calculated from measured �-synuclein concentrations relative to spiked amounts. The calibration curve (below) was
built by spiking recombinant �-synuclein into KO brains lysates.
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left panel). Similar lysate input was confirmed by SynBa2-Tb/
SynBa3-d2 TR-FRET (Fig. 5E, right panel).

Elevated �-synuclein oligomers in human CSF, which are
considered a portion of the total pool of �-synuclein species
present in vivo, may be linked to the pathogenesis of PD and
related synucleinopathies (19, 34). Unexpectedly, our initial
attempts to quantify oligomeric �-synuclein in human CSF
using SynBa3-Tb/SynBa3-d2 were unsuccessful (data not
shown). We, therefore, considered that a larger pool of mono-
meric�-synucleinmay have interferedwith oligomer detection
through competition for detection antibodies. To examine this
possibility in a competitive binding experiment, we spiked
increasing amounts of recombinant monomeric �-synuclein
(Fig. 5F, left panel) or brain lysates from wild type and �-sy-
nuclein transgenic mice (Fig. 5F, right panel) into samples of
recombinant oligomeric �-synuclein preparations that were
held at a constant concentration. In either case the oligomer-
specific TR-FRET signal was reduced in proportion to the
amount of spiked monomer. No signal attenuation occurred
with �-synuclein KO lysate.
Detection of �-Synuclein in Human Cerebrospinal Fluid—

Reduced total �-synuclein concentration in human CSF is
increasingly considered to be a strong PD biomarker candidate
(for review, see Ref. 26). We examined this with our TR-FRET
assays. To this end, a suitable calibrationmatrixwas established
by immunodepleting �-synuclein from a commercially avail-
able CSF sample. Effective immunodepletion (
90% �-sy-
nuclein reduction) was confirmed by SynBa2-Tb/SynBa3-d2
analysis (Fig. 6A). SynBa2-Tb/SynBa3-d2 and hSA5.1-Tb/
SynBa3-d2 TR-FRET immunoassays were used to examine a
new set of CSF specimens from PD and neurological control
donors collected at two sites employing a previously validated

protocol. Calibration curves for the analyses were built by spik-
ing recombinant�-synuclein into the immunodepleted calibra-
tion matrix. Intriguingly, both TR-FRET antibody combina-
tions showed a strong congruence in CSF �-synuclein
quantification efforts (Fig. 6B). Total CSF �-synuclein concen-
trations were compared between PD and controls from within
our collection. As anticipated, reduced CSF �-synuclein levels
were recorded amongPDdonors in this small cohort of patients
when group means were compared (Fig. 6C; PD 0.42 � 0.16;
control 0.53 � 0.13). Thus, the TR-FRET assay platform was
highly suitable for quantification of �-synuclein in human CSF
while at the same time replicating the trend of reduced �-sy-
nuclein content in patients with typical PD (15–18, 21).
Application of TR-FRET Assays to High-throughput Screen-

ing—Due to the TR-FRET assay simplicity, we applied the
SynBa2-Tb/SynBa3-d2 total�-synuclein assay toHTS,with the
aim of evaluating the potential for discovery of genetic or small
molecule effectors of cellular �-synuclein reduction. Criteria
for assay evaluation are both the variation and dynamic range of
control data. These parameters may be combined into a single
coefficient, the Z� factor, to assess the degree of separation
between positive and negative controls (i.e. the “screening win-
dow”). There, Z� � 0.5 indicates an assay with excellent suit-
ability for screening (30) (see “Experimental Procedures”). We
established positive controls for �-synuclein reduction by
RNAi or increased expression by cDNA transfection. Knock-
down yielded 
80% reduction in �-synuclein protein when
transfected at a low concentration. Little variability was found
across a 384-well plate containing alternating columns of con-
trol or �-synuclein siRNA transfection (Fig. 7A, left panel).
There were no evident patterns of positional bias, such as “edge
effects.” Z� calculation from this data set indicated excellent

FIGURE 4. Characterization of several recombinant �-synuclein proteins as standards in the TR-FRET assay. A, six �-synuclein proteins from independent
sources were plated in triplicate at the indicated concentrations on 384-well microtiter plates. TR-FRET analysis was with SynBa2-Tb/SynBa3-d2. Protein
concentrations provided by the supplier were used to normalize protein input. B, Coomassie staining and Western blotting (WB) were used to evaluate the
relative abundance of �-synuclein standards. C, shown is a table of identification and suppliers of recombinant standards.
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performance (Z� � 0.69; Fig. 7A, right panel). Similarly, over-
expression of increasing amounts of SNCA cDNA plasmid
yielded datawith little variability and strongZ� factors (Fig. 7B).
As the assay performed exceedingly well with the genomic con-
trols, we proceeded to screen �1000 small molecules, ran-

domly selected from a natural compound library, for modula-
tion of cellular �-synuclein content. As expected, greater than
95% of compounds exhibited less than 20% deviation from the
mean of negative controls (Fig. 7C, upper panel). The assay was
highly reproducible when performed in duplicate, and the Z
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factor (for test sample evaluation, as opposed to Z� for control
data only) again indicated excellent performance when com-
bined test sample data were calculated against that of toxic
positive controls treated with benzalkonium chloride (Fig. 7C,
lower panel). As anticipated from earlier work (11, 35), treat-
ment with rapamycin as an on-plate control effected �-sy-

nuclein reduction. An histone deacetylase inhibitor (suberohy-
droxamic acid, indicated by an arrow) reproducibly increased
�-synuclein content. This was expected based on a prior study
with valproic acid (36).
The suitability of the TR-FRET immunoassay for high-

throughput applicationswas then exploited to gain an unbiased
biological understanding of cellular pathways that regulate
�-synuclein steady-state protein concentration. To this end, a
siRNA library targeting 535 cellular kinases was screened in
HEK293T cells for geneswhose knockdown cause up- or down-
regulation of endogenous �-synuclein. Replicate primary
screens exhibited excellent reproducibility (Fig. 8A), and hits
were selected for focused re-screening where knockdown
yielded greater than a �25% change in �-synuclein protein rel-
ative to the mean of negative controls (non-targeting control
siRNA). Eighty primary hits were separately re-screened,
employing a minimum of three unique siRNAs per gene using
both of the TR-FRET antibody pairs, SynBa2-Tb/SynBa3-d2
and hSA5.1-Tb/SynBa2-d2 (Fig. 8B). In parallel, siRNAs from
this same focused library were assessed for toxicity in three
independent cell-number quantification assays. Eight siRNAs
(targeting 8 unique genes) were considered toxic above a
threshold set at 
50% cell-number reduction relative to nega-
tive controls in at least two assays and were removed from can-
didate consideration (not shown). Positive hits (Fig. 8C) were
declared for geneswhere, atminimum, knockdownby half of all
same-gene targeting siRNAs yielded a non-toxicity-associated
�25% change in �-synuclein concentration in both the re-test
(SynBa2-Tb/SynBa3-d2) and orthogonal (hSA5.1-Tb/SynBa2-
d2) focused screens. It is noteworthy that of these kinases, the
DGKQ locus has repeatedly been identified as a PD risk factor
(37–40). Western blotting was used to validate two of the hits.
Indeed, consistent with the screening results, knockdown of
DGKQ and BRAF led to increased �-synuclein protein expres-
sion (Fig. 8D).

DISCUSSION

The findings of our work provide, among others, three criti-
cal developments. One, our method is the first reported cap-
ture-independent immunoassay to assessCSF�-synuclein con-
centration in clinical samples and other biological milieus. In
agreement with several published reports (15–17), decreased
total�-synuclein concentrations in CSFwere recorded in PD in
comparison with a matched cohort. Two, the simplified and
markedly accelerated protocol of our TR-FRET assay (com-
pared with previously reported methods) begat the first valida-
tion of an �-synuclein immunoassay for the purpose of HTS.
Thus, future unbiased large-scale efforts to identify small-mol-

FIGURE 5. Development of TR-FRET assay for detection of oligomeric �-synuclein. A, generation and purification of an oligomeric �-synuclein standard by
SEC is shown. Left panel, shown is SDS-PAGE/Coomassie analysis of recombinant �-synuclein after treatment with 2 mM dopamine (DA) for the indicated times
to induce oligomerization. Right panel, shown are SEC profiles of mock and dopamine-treated �-synuclein (24 h). Arrows indicate oligomeric (O) and mono-
meric (M) �-synuclein elution peaks. B, TR-FRET analysis of purified monomeric and oligomeric �-synuclein from SEC is shown. Oligomeric and monomeric
�-synuclein from A were serially diluted in 384-well plates followed by TR-FRET with SynBa2-Tb/SynBa3-d2. C, representation of oligomer-specific �-synuclein
TR-FRET assay is shown. D, shown is a specificity assessment of oligomer-directed TR-FRET assay. Purified oligomeric and monomeric �-synuclein from A were
serially diluted in 384-well plates followed by TR-FRET. E, TR-FRET detection of �-synuclein oligomers in vivo is shown. The indicated brain regions of transgenic
mice expressing human �-synuclein (A53T) were homogenized in PBS, 1% Triton X-100 and serially diluted in 384-well plates before SynBa3-Tb/SynBa3-d2
oligomer analysis (left panel) or SynBa2-Tb/SynBa3-d2 for total �-synuclein detection (right panel). F, competition analysis using spiked monomeric �-synuclein
in oligomer-specific TR-FRET assay is shown. Oligomeric recombinant �-synuclein (1 �g/ml) was mixed with the indicated amounts of recombinant �-sy-
nuclein monomers (left panel) or with murine brain lysates of increasing concentration from transgenic, wild type, or �-synuclein KO animals (right panel).

FIGURE 6. TR-FRET quantification of �-synuclein in human CSF. A, estab-
lishment of immunodepleted CSF for use as a calibration matrix is shown.
Human CSF was subjected to immunoprecipitation of �-synuclein by incuba-
tion for 1.5 h with hSA5.1 antibody followed by two rounds of capture with
protein G beads. Subsequent TR-FRET analysis was with SynBa2-TB/SynBa3-
d2. B, shown is quantification of �-synuclein content in the CSF of donors
from various collections by two TR-FRET antibody pairs. C, shown is compar-
ison of �-synuclein concentrations in PD and healthy control patient CSF.
Data are presented as individual sample values (means of replicates) with
group means (�S.E.) indicated.
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ecule modulators of the transcription, translation, and protein
turnover rates that regulate cellular �-synuclein may identify
already approved compounds that selectively reduce �-sy-

nuclein levels. These could conceivably be developed into ther-
apeutics for future proof-of-principle studies in those PD cases
that are linked to �-synuclein overexpression, particularly her-
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itable forms caused by a monogenic event at the SNCA locus.
Three, we utilized the HTS compatibility of the TR-FRET assay
in a siRNA screen to identify eight kinases that regulate cellular
�-synuclein steady-state protein expression. This finding as
well as expansion of this screen to an entire human genome
siRNA library represents an advance that now enables the unbi-
ased delineation of key cellular pathways controlling �-sy-
nuclein cellular concentration that will compliment drug dis-
covery programs.
The performance characteristics of the TR-FRET assays for

total �-synuclein compare exceptionally well with other previ-
ously well characterized sandwich methods. The assays exhibit
broad dynamic ranges and comparable interplate variability to
other methods. The limits of detection (0.05 ng/ml) were inter-
mediate to the two most sensitive assays characterized to date
(15, 17). Furthermore, the assays were shown to be highly tar-
get-specific by several methods, including specificity validation
for human CSF �-synuclein by immunodepletion. Our immu-
noassays are also highly robust as recovery rates from spiking
experiments (99–107%) were similar to or improved upon
those previously reported (15, 17).
The discordant CSF absolute �-synuclein levels among ear-

lier reports may have been at least partially due to the use of
different reference standards and antibodies that target differ-
ent �-synuclein epitopes. We addressed both possibilities by
comparing different recombinant �-synuclein standards and
antibody combinations. Analysis of several unique recombi-
nant �-synuclein standards, several of which were previously
used, indicated signal disparity by no more than 3-fold. This
variation is small compared with that for previously reported
�-synuclein concentrations in human CSF between studies
(
50-fold for control patients). Therefore, the use of different
standards is unlikely to be themajor source of this discrepancy.
The excellent agreement of absolute �-synuclein concentra-
tions in patient CSF between the two TR-FRET assays reported
here suggests that dissimilar collection protocols or, possibly,
cellular or blood contamination in other cross-sectional CSF
cohortsmight be the key element for reported�-synuclein con-
centration disparities.
Earlier studies utilizing capture-based immunoassays dem-

onstrated reduced �-synuclein in the CSF of PD patients, rela-
tive to those of control cohorts (15–18, 21). We present here
similar findings in a small cohort of PD and control patients,
thereby potentially increasing the utility of CSF �-synuclein
content as a PD biomarker. Indeed, the use of our sandwich-
independent assay to replicate these findingsmay bemore suit-
able than earlier reports to promote CSF �-synuclein quantifi-

cation to a new tier in the hierarchy of PD biomarker
development levels, as proposed by Montine (25). Future anal-
yses of larger cohorts from multiple disease categories will be
needed to warrant this conclusion. The CSF �-synuclein con-
centrations determined by TR-FRET are in excellent agree-
mentwith those recently reported by two groups (17, 20). How-
ever, although one of those studies found no change in CSF
�-synuclein in PD patients (20), the other demonstrated
reduced �-synuclein in PD CSF when samples were corrected
for erythrocyte contamination. Moreover, reduced CSF �-sy-
nuclein in PD patients has also been reported in studies that
interpolated slightly higher (2–4-fold) (15, 16) or dramatically
higher (
30-fold) (18, 21) absolute concentrations of CSF�-sy-
nuclein in comparison to our study. More work is necessary to
understand the nature of changes of CSF �-synuclein abun-
dance and species in PDprogression (e.g. post-translationmod-
ifications, the state of oligomerization, possible incorporation
into quaternary complexes). It is noteworthy then that recent
work detected alterations in �-synuclein phosphorylation (Ser-
129) in the CSF of PD patients (41).
We also developed aTR-FRET immunoassay for detection of

oligomeric �-synuclein. This assay exhibited excellent specific-
ity for recombinant in vitro oligomerized �-synuclein and for
oligomers in brainstem lysates of human �-synuclein trans-
genic mice. However, an important limitation was also identi-
fied. As in earlier reports (33, 34), our assay comprises a single
�-synuclein monoclonal detection antibody in both donor and
acceptor configurations. Although this arrangement begets
specificity, it inherently disposes the interaction of oligomers
with detection antibodies to competition with monomeric
�-synuclein. Consequently, the oligomer signal is attenuated or
abolished as themonomeric proportion of the total�-synuclein
pool increases. This limitation also applies to ELISA assays
based on the same design principle. Although we were unable
to detect oligomeric �-synuclein in CSF, two groups reported
an increase in oligomers in PD patients (19, 34). This is poten-
tially surprising in light of our finding, as robust oligomer detec-
tion in itself would suggest that �-synuclein oligomers repre-
sent a sizeable portion of the total CSF�-synuclein pool in vivo.
Considering the inconsistency between these studies and ours,
it would be worthwhile to determine under what conditions a
sandwich ELISA assay can facilitate the formation of �-sy-
nuclein oligomer artifacts in vitro. The production of a �-sy-
nuclein oligomer-specific antibody would present the opportu-
nity for the development of a more conformation-dependent
immunoassay. Of note, such an antibody has been recently
described for fibrillar �-synuclein (42, 43). However, it indis-

FIGURE 7. Assessment of TR-FRET assay suitability for HTS and screening of a small natural compound library. A, establishment of siRNA screening
controls is shown. Positive and negative control siRNAs for �-synuclein knockdown were transfected in HEK293T cells in alternating columns of a 384-well
microplate, and 72 h post-transfection cells were lysed followed by in-well TR-FRET detection. Individual well values are plotted column-wise in the left panel,
and combined means of controls from the entire plate are plotted on the right. The Z� factor (see “Experimental Procedures”) was calculated from the entire
plate’s data. B, shown was screening window determination for increased �-synuclein. HEK293T cells were transfected with increasing concentrations of
�-synuclein cDNA and replated in 384-well plates 24 h later (duplicate columns per condition). Cells were lysed after a further 24 h, and TR-FRET detection and
Z� factor calculation were performed as in A. C, screening of a natural compound library is shown. 965 randomly selected natural compounds were preplated
in 384-well microplates followed by the addition of HEK293T cells in growth medium to yield final compound concentrations of 5 �M (0.25% DMSO). After 48 h
of treatment, cell lysis and TR-FRET detection were performed as in A. Sample �F values were normalized to same-plate DMSO controls. Z factor calculation
compares the mean of test compound values and variation against that of a toxic positive control, benzalkonium chloride (Pos control). Rapamycin (Rap) was
included as an additional positive control. Wells containing the histone deacetylase inhibitor (suberohydroxamic acid) are indicated by arrows. Correlation of
duplicate screens is shown in the lower panel.
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FIGURE 8. siRNA-based screening of human kinases for modulation of total cellular �-synuclein concentration. A, shown is a primary screen of a kinase
siRNA library targeting 535 genes (total of 912 unique siRNAs) in duplicate on non-consecutive days. HEK293T cells were reverse-transfected by plating onto
preformed siRNA-Lipofectamine 2000 complexes in 384-well plates. Cell lysis and TR-FRET detection 72 h later was as in Fig. 6A. B, for retesting with the same
(SynBa2-Tb/SynBa3-d2) and orthogonal (hSA5.1-Tb/SynBa2-d2) TR-FRET readouts, 351 unique siRNAs targeting 80 kinases (minimum 3 siRNAs/gene) were
screened as in A. The selected kinases exhibited greater than �25% change in total �-synuclein in the primary screen (Fig. 6A). DGKQ siRNAs are colored in
yellow. C, shown is a table of screening hits. Kinases whose knockdown resulted in an increase or decrease in total �-synuclein protein of more than 25% with
at least half of all same-gene siRNAs in both the focused re-test and orthogonal screens were declared as positive hits. D, Western blotting of lysates from
HEK293T cells transfected with control or selected siRNAs targeting the kinome screen hits DGKQ or BRAF is shown. Lysates were prepared from cells harvested
72 h after transfection. Nonspecific proteins bands are marked with asterisks.
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criminately binds both soluble oligomers and insoluble aggre-
gates, thereby requiring labor-intensive processing steps to
fractionate these species before sample loading. It is notewor-
thy that neither theTR-FREToligomer assay nor the previously
reported ELISA distinguishes soluble oligomers from fibrillar
aggregates. Nevertheless, we have developed an effective
immunoassay for detection of oligomeric �-synuclein species
but have also identified a critical design limitation, which
should be considered in the development and application of
future assays.
In addition to its usefulness for diagnostic purposes, the TR-

FRET assay is also highly suitable for HTS applications. The
large screening windows assessed from control data by the
dimensionless Z� factor allowed us to perform a small pilot
screen on natural compounds. Technical replication of the
screen indicated good reproducibility, and several compounds,
including rapamycin, yielded substantial �-synuclein reduc-
tion. In contrast, a histone deacetylase inhibitor reproducibly
increased cellular �-synuclein, presumably by de-repression of
its mRNA transcription (36). Critically, the �-synuclein TR-
FRET immunoassays may now be scaled-up to directly accom-
modate both large-scale compound and full-genome siRNA
screens, which are essential to drug development programs.
From an operational perspective and to address the potential
issues of compound cytotoxicity and effects on cell prolifera-
tion at the chosen screening concentration, we envision to fur-
ther combine the TR-FRET assay platform with established
assays of cell number quantification. Same-well cell number
correction after TR-FRET readings would provide an elegant
early filter mechanism for compound selection that seeks to
automatically adjust for cell number alterations, thereby mini-
mizing false positive hits.
In a screen of a human siRNA library, several kinases were

confirmed by way of focused re-testing and orthogonal read-
outs to modulate �-synuclein protein level in either a positive
or negativemanner. Perhapsmost intriguing of these is DGKQ,
due to its identification in genome-wide association studies as a
PD risk factor. The lipid kinase family of DGKs catalyzes the
conversion of diacylglycerol to phosphatidic acid and thereby
regulate events downstream of these two lipid signals in part by
antagonizing PKC activation by diacylglycerol (44, 45). DGKQ
activity in turn is inhibited byGTP-boundRhoA (46). Although
the connection between the knockdown of DGKQ and �-sy-
nuclein expression is presently unclear, it is tempting to spec-
ulate that DGKQ activity might repress RhoA-mediated
transcriptional up-regulation of SNCAmRNA by GATA tran-
scription factors (47, 48), possibly through PKC inhibition.
Thus, putative DGKQ loss-of-function in PD might lead to
enhanced basal transcription of SNCA. However, as both phos-
phatidic acid and diacylglycerol regulate numerous down-
stream targets, other possibilities must also be considered in
future work. It is noteworthy that our screen identified another
lipid kinase, PI4K2A, that lies upstream of DGKQ in inositol
phosphate second messenger metabolism.
In summary, our TR-FRET immunoassays for �-synuclein

quantification represent an important new tool to PD research
in terms of both biomarker development and therapeutic dis-
covery, as well as for the understanding of mechanisms that

regulate �-synuclein homeostasis. This is the direct result of its
simplified design, which also facilitates significant scale-up.
Due to its homogeneous nature, the assay is designed to detect
“native” �-synuclein species in-solution, which represents a
critical advance for the study of �-synuclein biochemistry. Our
one-step method in its technical design avoids the potential
formation of artifacts that may occur in conventional sandwich
assays due to analyte transition between liquid and solid inter-
faces.We anticipate that this technologywill greatly facilitate 1)
the understanding of �-synuclein metabolism in vivo, 2) the
study of �-synuclein processing in biological fluid specimens
collected from patients at risk for or affected by synucleinopa-
thy disorders, and 3) the discovery of first therapeutics that are
cause-directed for a disorder that remains frustratingly incura-
ble. In addition, 4) our demonstration of both the utility of
TR-FRET for HTS and the interfering effects of monomeric
�-synuclein on oligomer detection provide new insights that
will help advance assay development for proteostatic disorders
as a whole. In conclusion, we have developed and validated a
new technology that is applicable to the full spectrum of the
drug discovery process, e.g. from initial screening efforts to pre-
clinical validation, and from the initial diagnosis to the moni-
toring of patient responses in �-synuclein-directed clinical
trials.
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