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a-Synuclein purification significantly impacts ==
seed amplification assay performance
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Abstract

a-Synuclein seed amplification assays are a promising diagnostic tool for synucleinopathies such as Parkinson's
disease and multiple system atrophy. Standardized conditions are required to ensure a high degree of inter-

and intra-laboratory reproducibility when performing these assays. A significant issue that hinders the utility of
seed amplification assays is the de novo aggregation propensity of the a-synuclein substrate as well as inter-

batch heterogeneity. While much work has focused on determining appropriate seed amplification assay buffer
compositions as well as the type and amount of seed used, a robust comparison of a-synuclein substrate
purification methods has not been reported. We therefore compared the utility of recombinant a-synuclein purified
using four different methods as seed amplification assay substrates across two laboratories. Osmotic shock-purified
a-synuclein monomer substrate showed the lowest propensity for de novo aggregation, which translated into
being the best substrate for seed amplification assay reactions seeded with a-synuclein preformed fibrils or patient
brain homogenates. Furthermore, osmotic shock a-synuclein monomer showed the best inter-batch reproducibility
compared to all other substrates tested. As a-synuclein seed amplification assays continue to evolve and move
towards adoption in the clinical realm, this work showcases the vital importance of standardizing the production
and characterization of recombinant a-synuclein substrate. We encourage the widespread adoption of osmotic
shock a-synuclein monomer as the universal substrate for seed amplification assays to maximize intra- and inter-
laboratory reproducibility.
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Introduction

a-Synuclein (aSyn), encoded by the SNCA gene, is a pre-
synaptic 140 amino-acid neuronal protein. While aSyn’s
native function remains unclear, its aggregation is a path-
ological hallmark of several neurodegenerative diseases
known collectively as synucleinopathies, which include
Parkinson’s disease (PD), multiple system atrophy (MSA),
and dementia with Lewy bodies (DLB) [71]. Seed ampli-
fication assays (SAAs) have drawn considerable attention
recently as a promising diagnostic tool for synucleinopa-
thies [7, 70]. SAAs are relatively easy and cost-efficient
to perform, requiring only basic laboratory technology
such as a fluorescence plate reader and inexpensive, non-
hazardous chemicals that are readily accessible [20]. In
their most basic form, SAAs consist of recombinant aSyn
incubated under specific temperature and buffer condi-
tions with a small amount of a seed-containing biospeci-
men. Due to the prion-like nature of aSyn aggregates
[74], if the biospecimen contains an aSyn aggregate seed,
natively-folded recombinant aSyn monomers will be
recruited by the aggregate to undergo template-directed
misfolding, resulting in propagation of the aggregate
structure. The kinetics of the accumulation of aggregated
aSyn can be tracked in real time using the fluorescent
amyloid-binding dye Thioflavin T (ThT), which selec-
tively fluoresces when it binds to B-sheet-rich regions in
protein aggregates [80].

The first publications on the use of aSyn SAA in patient
cohorts compared cerebrospinal fluid (CSF) samples
from PD and DLB patients to Alzheimer’s disease patients
and healthy controls [25, 65]. In these initial reports, it
was demonstrated that SAAs can be useful in the diag-
nosis of synucleinopathy patients. Indeed, the presence of
aSyn seeding activity in CSF is now considered to be part
of the biological definition of PD [33, 66]. With further
developments it has been possible to reduce the dura-
tion required to run SAAs, from durations greater than
a week to only a day [52]. The specificity and sensitivity
of SAAs for synucleinopathies have also been improved,
with some studies reaching up to 100% and 97%, respec-
tively [4, 11, 12, 14, 15, 22, 31, 35, 43, 48, 54, 57-59, 69].
Furthermore, it has recently been shown that SAAs may
have prognostic and not solely diagnostic value, and can
be used to quantify aSyn seeds in patient biospecimens
[9, 12, 14, 21, 49, 51, 72]. In addition to CSF, SAAs have
also been used to detect aSyn seeding activity in serum,
skin, olfactory mucosa, and urine samples from synucle-
inopathy patients [16, 22, 50, 78].

Individual laboratories have published their own SAA
protocols, with slight variations in the buffer and incu-
bation parameters required for enabling the efficient
detection and amplification of aSyn aggregates from
specific biospecimens [4, 11, 12, 14, 15, 18, 22, 31, 35,
43, 46-48, 54, 57-59, 69]. Some studies have found high
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concordance in SAA results obtained across multiple
laboratories [13, 36, 60]. However, as the field has pro-
gressed, the importance of standardizing assay condi-
tions has become evident if SAAs are to be adopted for
wider clinical use [8, 17, 37, 44, 73].

While the binary (yes/no) detection of aSyn aggregates
can be comparable between protocols, the aggregation
kinetics can be highly dependent on the conditions of
the assay and the disease context [37, 60]. Whereas aSyn
aggregation is a shared phenomenon across synucleinop-
athies, their clinical manifestation, neuropathological fea-
tures, and progression are distinct. The conformational
strain hypothesis postulates that each unique synucle-
inopathy can be attributed to a unique structural confor-
mation of aSyn aggregate, which is supported by current
neuropathological, biochemical and structural studies
[42, 68]. Distinguishing between aSyn structural confor-
mations using SAA aggregation kinetics could facilitate
the diagnosis of specific synucleinopathies. Some studies
have been able to distinguish PD from MSA using patient
CSF and brain samples via the maximal ThT fluorescence
value and/or the lag time required for the fluorescent sig-
nal to increase [41, 64]. Subsequent structural and bio-
chemical characterization confirmed these aggregated
SAA end-products to be different structural polymorphs
[64]. Other studies have been able to find differences in
aggregation kinetics between aSyn strains, however, they
often find opposite effects, which may be due to use of
different SAA conditions and parameters, highlighting
the lack of standardization [18, 48, 79].

Some studies have investigated the effects of different
buffer conditions and incubation parameters on SAA
aggregation kinetics [1, 48]. In addition, it has been noted
that variability exists between different batches of recom-
binant aSyn [12, 14, 37]. However, no studies have con-
sidered the effects the recombinant aSyn purification
protocol could have on the SAA kinetics, despite purifi-
cation methods being a known factor that affects aSyn
aggregation propensity [1, 75].

Currently, multiple different recombinant aSyn puri-
fication protocols are used when generating the mono-
meric aSyn substrate for SAA [3, 11, 15, 54, 56, 64, 69].
The implicit assumption is that the properties of recom-
binant aSyn produced do not vary significantly between
protocols or that any effects of the purification method
chosen would be overridden by the buffer conditions
used. To test these assumptions, we compared recombi-
nant aSyn purified by three different methods as well as
a commercially sourced recombinant aSyn as substrates
for SAA. The de novo and seeded aggregation kinetics of
the four substrates were tested using SAA under stan-
dardized conditions at two different laboratory sites. We
found that recombinant aSyn purified using an osmotic
shock protocol serves as the most robust SAA substrate,
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with low rates of de novo protein aggregation and high
inter-lab reproducibility.

Materials and methods

Purification of GST-tagged aSyn monomer

Glutathione  S-transferase = (GST)-tagged  aSyn
was purified as previously published [45]. A plas-
mid encoding GST-tagged full-length recombinant
human oSyn (NM_000345) was transformed into
BL21(DE3) Escherichia coli (New England Biolabs).
When bacterial cultures reached an ODgy,>0.6, aSyn
expression was induced using 1 M isopropyl B-D-1-
thiogalactopyranoside (IPTG). Induction was per-
formed overnight, after which cultures were centrifuged
at 5000x g at 4 °C for 30 min. Pellets were resuspended
in cold resuspension buffer (25 mM Tris—HCl pH 8,
400 mM NaCl, 5% glycerol, 0.5% Triton X-100, 5 mM
PMSE, 0.5 mg/mL benzamidine, 0.5 pg/mL leupeptin,
0.5 pg/mL aprotinin, and 1 mM DTT). Resuspended pel-
lets were then sonicated in an ice bath (5 cycles of 30 s
ON/30 s OFF, 60% power). Next, the lysed pellets were
centrifuged for 30 min at 18,000 rpm and 4 °C. Cleared
lysates were filtered using a 0.2 pm syringe filter (VWR)
and then incubated with 5 mL of glutathione Sepharose
beads (GE Healthcare Life Sciences) for at least 24 h.

GST-tagged oSyn was purified using 10 mL dispos-
able chromatography columns (Thermo Scientific) and
eluted using 20 mL of freshly prepared cold elution buf-
fer (50 mM Tris—HCI pH 8, 400 mM NaCl, 5% glycerol,
1 mM DTT, and 20 mM glutathione). Eluents were com-
bined into an Amicon Ultra-15 centrifugal filter unit and
centrifuged at 4,000x g at 4 °C for 30 min. Filtrate con-
taining purified GST-tagged synuclein was re-suspended
using 10 mL of 1X PBS and re-concentrated until the
final volume of eluent was <4 mL.

GST-tagged recombinant 3C enzyme, which cleaves the
GST tag from GST-tagged proteins, was expressed and
purified similarly. To cleave the GST tag, GST-3C prote-
ase was added to GST-aSyn at a 1:50 mass-to-mass ratio
and mixed at 4 °C overnight. Removal of the GST tag
leaves 5 N-terminal linker residues on the GST-cleaved
aSyn. The mixture was injected into a GSTrap 4B column
(GE Healthcare Life Sciences) and the flow-through was
collected into a 50 mL tube. The flow-through contain-
ing GST-cleaved aSyn was then concentrated again by
centrifuging at 4,000 x g at 4 °C for 30 min using an Ami-
con Ultra-15 centrifugal filter unit to a volume of<4 mL.
Finally, concentrated eluent was purified using a Super-
dex 200 16/600 column (GE Healthcare Life Sciences)
on the AKTA pure L system (GE Healthcare Life Sci-
ences). The desired sample fractions were collected into
an Amicon Ultra-15 Centrifugal Filter Unit, centrifuged
at 3,000 rpm and 4 °C for 10 to 15 min, and adjusted to
a concentration of 5 mg/mL using sterile 1X PBS. Before
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aliquoting into sterile tubes and freezing at — 80 °C, puri-
fied aSyn was sterilized using a 0.2 pm syringe filter.

Purification of aSyn monomer using osmotic shock
Full-length, untagged human aSyn was cloned into a
pET-28a vector, expressed and purified from E. coli
Rosetta 2 (DE3) bacteria (Novagen) using a modi-
fied osmotic shock and anion exchange protocol as fol-
lows [34, 38, 53]. When bacterial cultures reached an
ODygy, > 0.6, aSyn expression was induced using IPTG for
a minimum of 3 h. Next, the cells were pelleted by cen-
trifugation at 5,000x g for 15 min at 4 °C. The cell pellet
was then washed in 1X PBS and spun down using the
same centrifugation parameters.

The pellet was resuspended in osmotic shock buf-
fer (30 mM Tris—HCI pH 7.2, 40% sucrose, and 2 mM
ethylenediaminetetraacetic acid (EDTA)) at 100 mL
of osmotic shock buffer per 1000 mL of bacteria cul-
ture used. Following a 10 min incubation at room tem-
perature, the suspension was centrifuged at 9,000x g for
20 min at 20 °C. The supernatant was discarded, and the
pellet was quickly resuspended in ice-cold dH,O (40 mL
per 1000 mL of bacteria culture used) after which satu-
rated MgCl, (2.35 g/L) was added (40 pL per 100 mL of
bacterial cell suspension) and allowed to incubate on
ice for 3 min. The suspension was then centrifuged at
9,000x g for 30 min at 4 °C and the supernatant was care-
fully collected.

Supernatant was filtered through a 0.22 um PES filter
(FroggaBio) and dialyzed into 50 mM Tris—HCI pH 8.3
using 10 K MWCO SnakeSkin Dialysis Tubing (Thermo
Scientific, #68100) overnight at 4 °C. aSyn was first
purified via fast protein liquid chromatography using
a HiPrep Q HP 16/10 (Cytiva) anion exchange column
and eluted using a linear gradient of 0 to 500 mM NaCl
in 50 mM Tris—HCI pH 8.3. Fractions were assessed for
purity using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie blue stain-
ing, with fractions showing sufficiently pure aSyn being
pooled and re-dialyzed into 50 mM Tris—HCIl pH 8.3
overnight at 4 °C. Coomassie blue stain was produced
using Brilliant Blue Dye (BioRad) ethanol, glacial acetic
acid (BioRad) and dH,0. Dialyzed pooled fractions were
further purified using a MonoQ anion exchange col-
umn (GE Healthcare) and eluted using the same linear
gradient. Fractions were once again assessed for purity
using 10% SDS-PAGE gels (Invitrogen, #NP0301BOX)
and Coomassie blue staining. Fractions containing pure
aSyn were dialyzed into dH,O. Concentrations of aSyn
were determined by measuring absorbance at 280 nm
using a NanoDrop spectrophotometer (extinction coef-
ficient=5,960). The protein was aliquoted into 200 pL
aliquots, flash frozen in liquid nitrogen, and stored at
-80°C.
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Purification of aSyn monomer using sonication and boiling
The same bacteria, induction and harvesting procedure
used in the osmotic shock protocol was replicated for the
sonication and boiling protocol. Following the initial pel-
leting of the bacterial culture, the bacteria cell pellet was
first resuspended in 10 mL of Dulbecco’s Phosphate Buft-
ered Saline (ThermoFisher) with 50 pL of 200 mM PMSE.
The cell suspension was lysed using a tip sonicator (18%
amplitude, 6 pulses of 25 s each with 2 min rest on ice
in between pulses) and subsequently immersed in boil-
ing water for 15 min. The bacterial lysate was centrifuged
at 10,000x g for 10 min at 4 °C and the supernatant was
carefully collected. The supernatant was filtered through
a 0.22 um PES filter (FroggaBio) and purified with the
same two-step anion exchange procedure used in the
osmotic shock protocol.

To generate nucleic acid-free preparations, following
the centrifugation step, 10% streptomycin sulfate dis-
solved in dH,O (136 uL/mL of supernatant) and glacial
acetic acid (228 puL/mL of supernatant) were added to
the supernatant and incubated on ice for 5 min [67]. The
solution was then centrifuged at 10,000x g for 10 min
at 4 °C and the supernatant was carefully collected. The
collected supernatant was then filtered and purified as
described above. Successful removal of nucleic acids
was assessed by measuring the ratio of absorbance at
260:280 nm using a NanoDrop spectrophotometer and
by performing agarose gel electrophoresis. For this pur-
pose, 18 pL of 1 mg/mL aSyn was mixed with 6 x DNA
Gel Loading Dye (ThermoFisher Scientific) and run on a
1.5% agarose gel containing ethidium bromide for 30 min
at 100 V in 0.5% TAE buffer. The gel was visualized under
UV light.

Commercial His-tagged aSyn monomer

Recombinant full-length human aSyn monomers con-
taining an N-terminal poly-histidine tag were purchased
from Impact Biologicals (catalog #301-01).

Pre-SAA processing of aSyn substrates

For dialysis experiments, substrates were loaded into a
10 kDa MWCO Slide-A-Lyzer™ MINI Dialysis device
(ThermoFisher Scientific #69574) and placed into a bea-
ker containing 1 L of dH,O with stirring. The dH,O was
replaced every 30 min for a total of 3 changes. Follow-
ing dialysis, the substrate concentrations were verified
by NanoDrop before use in SAA. For centrifugation
experiments, substrates were loaded into a 1.5 mL tube
and centrifuged at 12,000 x g for 30 min at 4 °C. For endo-
toxin removal, 0.5 mL of 1 mg/mL substrate was loaded
into Pierce High Capacity Endotoxin Removal Spin Col-
umns (ThermoFisher Scientific #88276) and processed
according to the manufacturer’s instructions. Following
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all processing steps, aSyn substrate concentrations were
verified using a NanoDrop spectrophotometer before use
in SAA.

Analysis of aSyn substrates by SDS-PAGE and Native PAGE
electrophoresis

The relative purity of the different aSyn substrates was
assessed by performing standard SDS-PAGE using 10%
Bolt Bis—Tris Plus gels. To assess the assembly state of the
recombinant aSyn substrates 18 pL of 1 mg/mL aSyn was
mixed with 4X Native Sample Buffer and run on a 4-16%
NativePAGE Bis-Glycine Mini Protein Gel for 1.5 h at
4 °C with a running buffer containing Bis-Tricine at pH
6.4. In both cases, gels were visualized using a Pierce Sil-
ver Stain Kit (Thermo Scientific #24612).

Circular dichroism spectroscopy

The four different preparations of recombinant aSyn
were normalized to 0.1 mg/mL and dialyzed into 10 mM
phosphate buffer pH 7.4 containing 100 mM (NH,),SO,.
Following dialysis, samples were filtered through a
0.22 pum PES filter (FroggaBio). Circular dichroism mea-
surements were conducted at 22 °C using a JASCO J-715
spectropolarimeter. Spectra were normalized to a blank
and smoothed when visualized.

Generation of aSyn preformed fibrils

Preformed fibrils (PFFs) of aSyn were generated as pre-
viously described [23, 27, 45]. Two separate batches of
PFFs were generated by incubating 500 pL of 5 mg/mL
purified aSyn monomer (obtained using the GST-tagged
approach) at 37 °C in a digital heated shaking dry bath
or a thermomixer set at 1000 rpm for 5 d. At the end of
the 5 days, PFFs were sonicated using the Bioruptor Pico
sonicator (Diagenode) for at least 40 cycles of 30 s ON/30
s OFF program to achieve < 100 nm sizes. . The prepa-
rations were then aliquoted to the required volumes
(5—100 pL) and stored at — 80 °C. PFFs were further char-
acterized for quality control using transmission electron
microscopy (EM) and dynamic light scattering (DLS).

For EM analysis, PFFs were diluted in dH,O to a final
concentration of 20 pM, with 5 uL of the PFF mixture
loaded onto a carbon-coated copper grid and left to
sit for 2 min. Next, samples were fixed with 5 pL of 4%
paraformaldehyde for 1 min, and then the grids were
washed with dH,O for 1 min. Three additional washes
with dH,O were performed. Finally, the PFFs on the grid
were stained with 2% uranyl acetate for 1 min. The uranyl
acetate was removed and then the grids were air dried for
30 min. Images were acquired using a Tecnai Spirit trans-
mission electron microscope as described previously
[6]. For DLS analysis, 0.5-1 mg/mL a-syn PFFs solu-
tion was prepared by dilution in 0.1 pm-filtered PBS and
centrifugation at 13,000 rpm for 5 min. The supernatant
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was transferred to a DLS cuvette and analyzed using the
Zetasizer Nano S system (Malvern Panalytical).

aSyn seed amplification assays: unseeded and PFF-seeded
Recombinant aSyn (0.1 mg/mL) was incubated at 37 °C
in 100 pL of reaction buffer (250 mM sodium citrate
tribasic dihydrate pH 8.5, 80 uM SDS, 10 uM ThT in
ddH,0). All components in the reaction mix including
the recombinant aSyn were filtered using 0.2 pm syringe
filters (Basix). Reactions were performed in quadrupli-
cates in black/clear bottom 96-well plates (Corning), and
underwent cycles of 29 min rest, 1 min of double orbital
shaking at 400 rpm for a total of 100 h. Fluorescence
readings were performed every 30 min using an excita-
tion of 440+10 nm and an emission of 480+10 nm in
a Fluostar Omega or a CLARIOstar microplate reader
(BMG Labtech). Gain was manually set at 1,500 and
orbital scanning mode was used at 3 mm. In the seeded
reactions, 2.22 pL of 0.05 mg/mL PFFs were added to
each 100 pL of overall reaction mixture. Sodium citrate
buffer was compared to multiple other buffers that are
commonly used and tested in unseeded vs seeded condi-
tions including: citrate buffer at higher and lower concen-
trations (500 mM, 250 mM, and 125 mM), PIPES buffer
(100 mM PIPES pH 6.5, 300 mM sodium chloride, 80 pM
SDS, 10 uM ThT in dH,0), PBS buffer (80 uM SDS,
10 pM ThT in PBS pH 7.4), and NaCl at different concen-
trations (300/150/75 mM NacCl, 80 pM SDS, and 10 uM
ThT in dH,0). A minimum of four technical replicates
were analyzed per sample.

Preparation and analysis of brain homogenates

Brain homogenates (BHs) from non-transgenic C57BL/6
mice or frozen samples from neuropathologically-con-
firmed human MSA, DLB, or control cases [10% (w/v)
prepared in calcium- and magnesium-free PBS] were
generated using a Minilys homogenizer and CK14 soft
tissue homogenizing tubes (Bertin Corp.). The MSA
samples were obtained from the temporal cortex of a
66-year-old female and a 60-year-old female. The DLB
samples were from the temporal cortex of a 79-year-old
female and a 62-year-old male with Braak Lewy Body
Stage 6 and 5 pathology, respectively. The control sam-
ple was from the temporal cortex of a 63-year-old male.
Homogenates were aliquoted and stored at —80 °C.

For detergent insolubility assays, 10% BH was added to
10X detergent buffer [5% (v/v) Nonidet P-40, 5% (w/v)
sodium deoxycholate in DPBS] containing Halt Phos-
phatase Inhibitor (ThermoFisher Scientific #78420)
and Pierce Universal Nuclease (ThermoFisher Scien-
tific #88701), and chilled on ice for 20 min with vortex-
ing every 5 min. The mixture was centrifuged at 5000x g
for 5 min at 4 °C to remove debris, and the protein con-
centration in the supernatant was determined by the
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bicinchoninic acid (BCA) assay (ThermoFisher Scientific
#23227). Samples were diluted to 1 mg/mL total protein
concentration with 1X detergent buffer and ultracen-
trifuged in a TLA-55 rotor at 100,000x g for 1 h at 4 °C.
Pellets were resuspended in loading buffer and heated to
95 °C for 10 min.

For thermolysin digestions, detergent-extracted brain
homogenates were generated as described above. Sam-
ples were digested with 50 pg/mL thermolysin (Milli-
poreSigma #17902) for a protease/protein (w/w) ratio of
1:100. After shaking at 600 rpm. at 37 °C for 1 h, diges-
tions were stopped by adding EDTA to a final concen-
tration of 5 mM. The insoluble fraction was collected by
ultracentrifugation and resuspended as described above.

Immunoblotting

Samples were run on 10% Bolt Bis—Tris Plus gels (Thermo
Scientific) at 165 V for 42 min. Proteins were transferred
onto a 0.45 pm-pore polyvinylidene fluoride membrane
in transfer buffer [25 mM Tris—HCI pH 8.3, 0.192 M gly-
cine, 20% (v/v) methanol] at 35 V for 1 h. Proteins were
crosslinked to the membrane in 0.4% (v/v) paraformal-
dehyde (Electron Microscopy Services #15711) in PBS
by gentle rocking at 22 °C for 30 min, then rinsed twice
with TBST [1X TBS containing 0.05% (v/v) Tween-20].
Membranes were then incubated in blocking buffer [5%
(w/v) skim milk in TBST] at 22 °C for 1.5 h, then incu-
bated with anti-total aSyn mouse monoclonal Syn-1 anti-
body (1:10,000 dilution; BD Biosciences, #610786) or an
anti-Serinel29-phosphorylated aSyn rabbit monoclonal
EP1536Y (1:10,000 dilution in blocking buffer; Abcam
#ab51253) at 4 °C overnight. Membranes were washed
three times with TBST at 22 °C for 10 min each, then
incubated at 22 °C for 1 h with horseradish peroxidase-
conjugated secondary antibodies (1:10,000 dilution in
blocking buffer; Bio-Rad, #172-1011 or #172-1019). After
another three TBST washes, membranes were developed
using Western Lightning enhanced chemiluminescence
Pro (Revvity #NEL122001EA) then exposed to HyBlot
CL X-ray film (Thomas Scientific #1141]52).

aSyn seed amplification assays: brain homogenate-seeded
To generate brain-derived seeds, 10% (w/v) BH (in PBS)
was centrifuged at 10,000xg for 10 min at 4 °C. The
supernatant was collected, and the protein concentration
in the PBS-soluble fraction was determined using the
BCA assay. Reactions were performed in black 96-well
plates with a clear bottom (Corning). For the reaction
mixture, each well contained 10 pL of the seed (5 pg of
total protein from the PBS-soluble fraction, diluted in
PBS), 20 pL of 50 uM ThT (final concentration of 10 uM),
20 pL of 0.5 mg/mL monomeric recombinant aSyn (final
concentration of 0.1 mg/mL), and 50 pL of the reac-
tion buffer consisting of 80 mM phosphate buffer pH 8,
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350 mM sodium citrate tribasic dihydrate (final concen-
tration of 40 mM phosphate buffer pH 8, 175 mM sodium
citrate tribasic dihydrate), and three 0.5 mm silica beads.
Plates were sealed and incubated at 42 °C in a CLARI-
Ostar microplate reader (BMG Labtech) with cycles of
1 min shaking (400 rpm double orbital) and 1 min rest
for a period of 48 h. ThT fluorescence measurements
(450+10 nm excitation and 480+ 10 nm emission, bot-
tom read) were taken every 2 min. Four technical repli-
cates were analyzed per sample.

Intact protein mass spectrometry (LC-MS)

As previously described [61], protein samples were
diluted to 0.1 mg/mL in 0.1% (v/v) formic acid before
1 pg of each was injected onto a Dionex Ultimate 3000
UHPLC system at 200 pL/min using a Waters Bio-
Resolve RP mAb Polyphenyl column (450 A, 2.7 uM,
2.1x100 mm). The resulting eluate (5 min wash with
4% (v/v) acetonitrile in 0.1% (v/v) formic acid, followed
by 20 min gradient to 90% (v/v) acetonitrile in 0.1%
(v/v) formic acid) was analyzed on an Impact II QTOF
mass spectrometer (Bruker Daltonics) equipped with
an Apollo II ion funnel electrospray ionization source
and Bruker OtofControl v4.0 / DataAnalysis v4.3 soft-
ware. Following calibration (ESI-L Low Concentration
Tuning Mix; Agilent Technologies #G1969-85000), data
were acquired in positive-ion profile mode using a capil-
lary voltage of 4,500 V and dry nitrogen heated at 200 °C.
Total ion chromatograms were used to determine where
the protein eluted, and spectra were summed over the
entire elution peak. Multiply charged ion species were
deconvoluted at 10,000 resolution using the maximum
entropy method.

Analytical ultracentrifugation

The polymeric state of aSyn generated by multiple prepa-
ration protocols was analyzed by sedimentation veloc-
ity analysis. Samples were diluted to a concentration of
1 mg/mL in water (PBS for GST-tagged aSyn mono-
mer) and then loaded into standard 12 mm 2-sector
Epon-charcoal centrifuge cells. Analysis was performed
at 10 °C in a Beckman Optima AUC analytical ultracen-
trifuge. Sedimentation behavior resulting from a rotor
speed of 50,000 rpm (An-60 Ti rotor) was observed using
the optical absorbance of each sample (Ayg,,,)- For each
sample, two hundred radial scans were obtained at 3-min
intervals. Following calculation of temperature-corrected
sample and fluid parameters using the SEDNTERP soft-
ware package [55], datasets were fitted according to the
continuous ¢(S) Lamm equation model in the SEDFIT
software package (version 9.4) [62] to obtain the concen-
tration distribution by sedimentation rate.
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Analysis of seed amplification assay data

The unseeded and seeded kinetic curves were fit to a sig-
moidal dose-response (variable slope) model in Graph-
Pad Prism to obtain values for the Hill slope (k) and
the time at which fluorescence is halfway between the
baseline and plateau values (T50). Lag phases were then
calculated using the equation T50-[1/(2*k)] [2]. For
samples that did not aggregate within the 100 h time-
frame, they were assigned a lag time of 100 h. For samples
that aggregated immediately, they were given a lag phase
of 0 h. The ThT,,, values are the highest single value
reported for each individual well. Coefficient of variation
(CV) was calculated by the formula C'V = Z, where o is
the standard deviation of the lag time for independent
quadruplicate replicates and p is the mean of the lag time
for the same replicates.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (v.9.3) with a significance threshold of P=0.05.
Data comparisons were made using either one-way
ANOVA with Tukey’s multiple comparisons test, Welch’s
ANOVA with Dunnett T3 multiple comparisons test,
two-way ANOVA test with Sidak multiple comparisons
test, a Kruskal-Wallis test followed by Dunn’s mul-
tiple comparisons test, or two-tailed unpaired t-tests.
In experiments where the values were restricted to an
upper limit (lag time), non-parametric tests were used.
A semilog non-linear regression was used to analyze the
relationship between lag time and PFF seeding amount.
Values are reported as mean+ SEM.

Results

We compared four different preparations of recombinant
full-length human aSyn for their viability as SAA sub-
strates. Three of the aSyn preparations were produced
“in house”, which permits greater flexibility and scalabil-
ity. Recombinant aSyn monomers were purified either by
fusion to a GST tag followed by purification using gluta-
thione beads and removal of the GST tag (“GST-tagged
aSyn monomer”: GTM); by bacterial lysis via sonication
and boiling followed by anion exchange chromatogra-
phy (“sonication and boiling aSyn monomer”: SBM); or
by bacterial lysis via osmotic shock followed by anion
exchange chromatography (“osmotic shock aSyn mono-
mer”: OSM). A schematic of the three recombinant aSyn
preparation methods is shown in Additional File 1: Fig.
S1. The fourth preparation was obtained from a commer-
cial source and contained an N-terminal poly-histidine
tag (“commercial His-tagged aSyn monomer”: CHM).
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Osmotic shock-purified aSyn monomer exhibits limited de
novo aggregation

The spontaneous aggregation propensity of the four dif-
ferent preparations of aSyn was tested via unseeded SAA
reactions. Separate batches of the four substrates were
tested at two different laboratories to ensure inter-labora-
tory reliability of the findings and assess the variability of
the substrates (Fig. 1a, b). The GTM substrate showed the
fastest de novo aggregation rate, as determined by having
the shortest lag time (Fig. 1c). Notably, the lag time for
OSM substrate was longer than for the other three sub-
strates, indicating that it exhibits the lowest propensity
for spontaneous aggregation. ThT,,,, values may corre-
late with either the structure of the aggregates formed at
the end of the reaction or the extent of aggregation. The
ThT ), values for OSM were significantly lower than for
the other three substrates, congruent with the lack of de
novo aggregation seen with this substrate (Fig. 1d). Only
two of the 16 OSM replicates showed any aggregation,
whereas 11/16 SBM, 12/16 CHM and all 16 GTM wells
showed aggregation (defined as a lag time of less than
100 h). All five of the SBM wells which did not aggre-
gate were reported at a single lab, suggesting interlab
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variability. For the two OSM wells in which aSyn aggre-
gation was apparent, the aggregation occurred near the
end of the 100 h incubation period (83.8 h and 95.0 h). To
further probe the utility of the OSM substrate, we tested
multiple additional batches purified at different times in
unseeded reactions and saw similar resistance to de novo
aggregation across all batches (Fig. le). This indicates
that low de novo aggregation potential is a robust, consis-
tent property of OSM.

One potential explanation for the differences in de novo
aggregation potential displayed by the four substrates
is that the buffer the substrates are stored in is not the
same. To address this possibility, all substrates were dia-
lyzed into dH,O prior to SAA. In unseeded SAA reac-
tions, OSM still performed the best, and the dialysis
step did not improve the performance of the other three
substrates (Additional File 1: Fig. S2a—d). Similarly, the
presence of trace levels of pre-existing aSyn oligomers/
aggregates in the substrate could potentially act as a seed
in the unseeded SAA reactions. To investigate this poten-
tial explanation, the four substrates were centrifuged
prior to use in unseeded SAA reactions. Following this
centrifugation step, OSM once again exhibited the lowest
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Fig. 1 Spontaneous aggregation kinetics of different monomeric aSyn SAA substrates. a ThT aggregation curves for unseeded SAA reactions using either
Osmotic Shock Monomer (OSM), Sonicated and Boiled Monomer (SBM), GST-Tagged Monomer (GTM), or Commercially available His-tagged Monomer
(CHM). Samples were run in quadruplicates twice in two different labs to ensure inter-laboratory replicability of the results (n=8 replicates per lab). b ThT
aggregation curves for unseeded SAA reactions using the four aSyn substrates, averaged to generate inter-laboratory results (n= 16 total replicates). ¢, d
Comparison of the lag times (c) and ThT,,,, values (d) for all unseeded reactions (n=16). Lag times were compared using a Kruskal-Wallis test followed
by Dunn’s multiple comparisons test whereas ThT,,,, values were compared using Welch's ANOVA test with Dunnett’s T3 multiple comparisons test. e
ThT aggregation curves for unseeded SAA reactions utilizing four independent preparations of OSM (n=4 replicates per batch). All data are mean + SEM
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spontaneous aggregation potential, and the spontaneous
aggregation propensity of the other three substrates was
not significantly improved (Additional File 1: Fig. S2e-h).
As an additional quality control step, the in-house pro-
duced substrates were tested for endotoxin. The SBM
substrate tested positive for endotoxins, whereas the
other substrates did not. To eliminate this potential
confound, we subjected the substrates to an endotoxin
removal protocol before using them in unseeded SAA
reactions. Following endotoxin removal, OSM was still
the best substrate, and none of the other three substrates
ehxibited a reduced propensity for spontaneous aggre-
gation (Additional File 1: Fig. S2i-1). Thus, the OSM
substrate is intrinsically less prone to spontaneous aggre-
gation than the SBM, GTM, and CHM substrates.

Seeding of aSyn monomer preparations with aSyn
preformed fibrils

Following analysis of the de novo aggregation potential of
the four preparations, we examined whether they could
be used for the sensitive and specific detection of aSyn
preformed fibril (PFF) seeds in SAA. The PFFs were gen-
erated using GTM aSyn monomer and the successful for-
mation of fibrils was verified using transmission electron
microscopy and dynamic light scattering (Additional File
1: Fig. S3). To compare the performance for each of the
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four recombinant aSyn substrates in PFF-seeded SAA
reactions, 1072 dilutions of PFFs (from the same batch)
were chosen to seed the reactions and tested at both
laboratories. As with the unseeded reactions, the same
kinetic parameters were assessed. Seeding was apparent
with all four aSyn substrates when tested at both labora-
tories (Fig. 2a, b). In PFF-seeded SAA reactions, the OSM
substrate yielded significantly longer lag times than the
SBM and GTM substrates (Fig. 2c). ThT,,,, values were
not significantly different between any of the four sub-
strates (Fig. 2d).

When comparing the lag times for the unseeded reac-
tions to the PFF-seeded reactions, the GTM substrate
had the smallest difference between unseeded and seeded
reactions of 29.8 h, while the OSM (57.5 h), SBM (50.8 h)
and CHM (55.6 h) all had larger differences between
unseeded and seeded reactions (Fig. 3a, b). These differ-
ences were all significant (Fig. 3b). Therefore, while all
four types of recombinant aSyn preparations are poten-
tially viable substrates for PFF-seeded SAA reactions,
OSM and CHM may be better suited for discriminat-
ing between spontaneous aggregation and PFF-induced
seeding. We note that PFF-seeded SAA reactions using
OSM substrate produced a biphasic aggregation curve
(Fig. 3a). This may potentially indicate the occurrence of
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Fig. 2 aSyn substrate performance in PFF-seeded SAA reactions. a ThT aggregation curves for SAA reactions seeded with a 107> dilution of aSyn PFFs
using either Osmotic Shock Monomer (OSM), Sonicated and Boiled Monomer (SBM), GST-Tagged Monomer (GTM), or Commercially available His-tagged
Monomer (CHM). Samples were run in quadruplicates twice in two different labs to ensure inter-laboratory replicability of the results (n=8 replicates per
lab). b ThT aggregation curves for PFF-seeded SAA reactions using the four aSyn substrates, averaged to generate inter-laboratory results (n=16 total
replicates). ¢, d Comparison of the lag times (c) and ThT,,, values (d) for all PFF-seeded reactions (n=16). Lag times and ThT},,, values were compared
using Welch's ANOVA test with Dunnett’s T3 multiple comparisons test. All data are mean + SEM
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both fibril elongation and surface-mediated (secondary)
nucleation [28].

To determine the recombinant aSyn substrate that
would be the best for SAA, we examined the inter-exper-
iment variability for both unseeded and PFF-seeded
reactions. For the SBM and GTM substrates, both the
unseeded and PFF-seeded reactions showed substantial
differences in the mean lag times indicating inter-plate
variability (Fig. 4a). In comparison, the OSM substrate
showed only minor differences between the average lag
times of the unseeded reactions, and no substantial dif-
ferences between individual plates in the PFF-seeded
reactions. In both PFF-seeded and unseeded reactions,
the CHM substrate exhibited less plate-to-plate vari-
ability than the SBM and GTM substrates but greater
variability than the OSM substrate. To provide a more
quantitative comparison of intra-plate variability between
the four substrates, the coefficient of variation (CV) was
compared between the unseeded and PFF-seeded reac-
tions. The CV measures the amount of variation in the
lag times for each of the independent experiments. The
greater the CV the greater the variation within an indi-
vidual experiment (i.e., greater intra-plate variability in
lag time time). In both unseeded and PFF-seeded SAA
reactions, the OSM substrate had the lowest average CV
across experimental replicates (Fig. 4b). In summary, lim-
ited inter- and intra-plate variability was observed with
the OSM substrate while maintaining a significant differ-
ence between the lag times for PFF-seeded and unseeded

reactions, a combination of properties not observed for
the other substrates.

Next, we examined the relative sensitivities of the vari-
ous aSyn substrates in SAA by seeding with a tenfold
dilution series of aSyn PFFs. For OSM and CHM, there
was a strong direct correlation between the dose of PFFs
added and the resultant lag time, with higher PFF dilu-
tions resulting in significantly longer lag times in SAA
(Fig. 5a, b, Additional File 1: Fig. S4). In contrast, only
a moderate relationship was observed for the SBM
and GTM substrates. It should be noted that for lower
amounts of PFF seed (10~° and 107° dilutions), only OSM
enabled unambiguous differentiation between seeded
aggregation in PFF-seeded reactions and spontaneous
aggregation in unseeded reactions (Fig. 5a). Thus, OSM
is the most sensitive and specific recombinant aSyn sub-
strate for SAAs.

It has been widely reported that buffer conditions can
affect the seeding response in aSyn SAAs [48]. There-
fore, we sought to investigate whether OSM’s low de
novo aggregation potential was a consistent property of
the purified protein or due to the buffer conditions and
experimental setup. If OSM is inherently resistant to de
novo seeding, then unseeded reactions should follow
similar trends regardless of buffer choice. To investi-
gate this issue, we performed unseeded and PFF-seeded
SAA reactions with a variety of different buffer condi-
tions using OSM as the substrate. OSM exhibited limited
changes in unseeded reactions across the eight buffer
conditions tested, suggesting low de novo aggregation
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propensity is a consistent property of the OSM substrate
(Additional File 1: Fig. S5). However, PFF-seeded reac-
tions showed significant variation between buffers, sug-
gesting seeded reactions are highly susceptible to changes
in buffer conditions. Nonetheless, several buffers permit-
ted PFF-seeded SAA reactions to be distinguished from
unseeded reactions when using OSM substrate.

Specificity of seeding in brain homogenate SAA is
dependent on aSyn substrate

As SAAs have been increasingly used for diagnosing
synucleinopathies, we next tested the four recombinant
aSyn substrates in reactions seeded with brain homog-
enate (BH), a biologically relevant seed source. BH from
the temporal cortex of two MSA cases and two DLB
cases were assessed, with BH from a control case with-
out neuropathological changes serving as a negative
control. As expected, detergent-insoluble and thermoly-
sin-resistant aSyn species that are phosphorylated at Ser-
ine-129 (PSyn), which are indicators of a-syn aggregates
[38], were only present in MSA and DLB BH (Fig. 6a).

PBS-soluble fractions were generated for each BH and
then tested by SAA using each of the four aSyn sub-
strates. For SAA reactions seeded with MSA or DLB BH,
only OSM substrate yielded lag times that were signifi-
cantly shortened compared to those for reactions seeded
with control BH (Fig. 6b—f). For reactions utilizing SBM,
GTM, and CHM substrates, the lag times for MSA and
DLB BH overlapped substantially with those for reactions
seeded with control BH, possibly suggesting that some-
thing in human BH non-specifically stimulates the aggre-
gation of these aSyn substrates. Differences in the ThT,,
value in SAAs seeded with biospecimens from different
human synucleinopathies have been inferred to indicate
the presence of structurally distinct aSyn aggregates in
the original samples [64]. Therefore, we compared the
ThT),, values attained for SAA reactions seeded with
MSA or DLB BH for each of the four aSyn substrates. For
OSM, GTM, and CHM substrates, SAA reactions seeded
with MSA BH produced significantly higher ThT fluo-
rescence than reactions seeded with DLB BH (Fig. 6b, d,
e, g). These results are consistent with other studies that
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also utilized a sodium citrate-based buffer that enhances
amplification of MSA biospecimens by SAA [39, 48].
Thus, OSM provides the most suitable substrate for synu-
cleinopathy BH SAA as it both distinguishes MSA and
DLB cases from a control as well as MSA from DLB.

Characterization of aSyn substrate preparations

To explore potential explanations for their variable per-
formance in the SAA experiments, the recombinant aSyn
substrates were analyzed by SDS-PAGE followed by silver
staining. The OSM, GTM and SBM substrates all showed
a single band at~16 kDa corresponding to full-length
aSyn (Fig. 7a). The GTM substrate showed a single band
at~17 kDa, with the additional molecular weight likely
corresponding to the remnants of the N-terminal linker
residues to the GST-tag. A Native PAGE gel was also run
to assess the assembly state of each substrate. Like the
SDS-PAGE gel, the substrates each showed a single band
upon silver staining, with the SBM and OSM migrating
at an apparent molecular weight of ~21 kDa (Fig. 7b).
The higher apparent weight of the CHM substrate is
likely due to the N-terminal His-tag which increases
both the molecular weight and charge of the protein in
Native PAGE. To attempt to assess if different native
structures of the substrates could be impacting perfor-
mance in SAA, we next measured the circular dichro-
ism (CD) spectra of the proteins to look for differences in
secondary structure. The CD spectra of the GTM, SBM,
and CHM substrates were consistent with random coil
structure, with local minima around 200 nm (Fig. 7c).

However, the OSM substrate showed a distinct right shift
and broadening of the peak which may suggest some
level of a-helical structure. OSM substrate had a signifi-
cantly higher wavelength of the minima compared to all
other substrates (CHM: 196.4; GTM: 199.5; SBM: 200.0;
OSM: 204.9) (Fig. 7d).

We also analyzed OSM, SBM, GTM and CHM sub-
strates using intact protein mass spectrometry and ana-
lytical ultracentrifugation to further understand potential
differences that may explain differences in SAA perfor-
mance. Mass spectrometry analysis showed high con-
sistency in expected mass values for different batches
across the different purification methods (Fig. 8a). For
each sample set, purity was consistent across both
batches and the deconvoluted masses correlated well the
expected amino acid sequences (<1 Dalton tolerance):
OSM (theoretical: 14,460.2; observed: 14,459.4); SBM
(theoretical: 14,460.2; observed: 14,459.4); CHM, (theo-
retical: 15,584.4 — Metl =15,453.2; observed: 15,452.4);
GTM, (theoretical: 14,871.6; observed: 14,870.9). Nota-
bly, the sonicated ‘SBM’ batches contained an extra peak
at 14,704.7 (+245.3 mass shift) which was not present
in the OSM batches. Common to bacterial expression,
loss of the initiator methionine (-131.2 mass shift) and
a minor secondary peak at 15,630.6 (expected +178.2
gluconoylation of His-tag) were detected for the CHM
batches.

In analytical ultracentrifugation experiments, all
monomers showed a main sedimentation peak at
the approximate molecular weight expected for each
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Fig. 6 aSyn substrate performance in SAA reactions seeded with synucleinopathy brain homogenate. a Immunoblots of total aSyn, detergent-insoluble
Serine-129 phosphorylated aSyn (PSyn) species, and detergent-insoluble thermolysin (TL)-resistant PSyn species in brain homogenates from MSA, DLB,
and control human cases. Total a-syn was detected with the antibody Syn-1 and PSyn was detected using the antibody EP1536Y. b—e ThT aggregation
curves for SAA reactions utilizing each of the four aSyn substrates seeded with the PBS-soluble fraction from MSA (n=2), DLB (n=2), or control (n=1) BH.
Each MSA and DLB sample was analyzed in quadruplicate whereas 8 replicates were performed for the control sample. Data for the 2 MSA cases and the 2
DLB were pooled to generate a single curve for each disease. f, g Comparison of the lag times (f) and ThT,, values (g) for the BH-seeded reactions (n=8).
Statistical significance was assessed using two-way ANOVA followed by a Sidék multiple comparisons test. All data are mean + SEM

protein sequence (OSM: 14.4 kDa; GTM: 14.7 kDa;
SBM: 14.6 kDa; CHM: 16.4 kDa) (Fig. 8b). However, on
three separate runs using two separate batches of OSM,
a minor peak (~15% of sample) corresponding to a
higher molecular weight (~45 kDa) species was noted.
This species was not observed in any of the other mono-
mer preparations. This may reflect a tendency for OSM
to form multimeric structures that are more resistant to
aggregation in SAA leading to a lower de novo seeding
propensity. However, deeper and more systemic analyses

are required to understand the relevance and structural
composition of these conformations.

It was noted based on 260:280 nm absorbance ratios
and verified by agarose gel electrophoresis that SBM sub-
strate contains nucleic acid contamination that is absent
in the OSM substrate (Additional File 1: Fig. S6a, b).
Modification of the SBM purification protocol to remove
nucleic acid (SBM-NA) reduced the propensity for de
novo aggregation in unseeded reactions (Additional
File 1: Fig. S6¢c). However, in BH-seeded SAA reactions,
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are shown

SBM-NA did not show the same level of discrimination
as OSM (Additional File 1: Fig. S6d, e). This suggests that
some, but not all, of the higher de novo aggregation pro-
pensity of SBM can be attributed to nucleic acid contami-
nation and that other factors must also contribute to the

superior performance of OSM substrate in SAA.

Discussion
As the use of aSyn SAAs continues to increase, so too
does the need to standardize conditions between labs
and to understand the potential impact different pro-
tocols can have on the results. In fact, researchers have

recently been emphasizing the need for standardiza-
tion of protocols since SAAs notoriously suffer from
high variability [1, 8, 10, 37, 44]. This variability can
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have significant implications on the validity of the assay
results for different biospecimens, especially as SAAs
begin to move towards adoption in the clinical realm.
To this end, we tested four recombinant aSyn substrate
preparation methods for their viability to be used in SAA
and compared the results obtained across two laborato-
ries. The OSM substrate always displayed the most con-
sistent results across all ThT kinetic parameters tested
in unseeded and seeded reactions. Interestingly, limited
batch-to-batch variability in OSM substrate has been
reported by other groups when using cerebrospinal fluid
as the seed for SAA [44]. These properties make OSM
the ideal substrate for SAA as it reduces the rates of false
positive reactions, while still allowing high sensitivity in
seeded reactions and a high degree of intra- and inter-
laboratory reliability.

As a substrate, GTM was not suited for SAA as it had
the fastest de novo aggregation rate of all substrates
tested, leading to false positive reactions that would make
seeded reactions difficult to interpret. Moreover, GTM
was found to be the fastest aggregating substrate in both
laboratories, showing a high degree of intra- and inter-
laboratory replicability. Interestingly, the CHM and SBM
substrates both showed significant inter-laboratory vari-
ability. In one laboratory, the CHM substrate aggregated
extremely quickly making it unsuitable for SAA, whereas
the SBM substrate showed a low aggregation propen-
sity comparable to OSM. However, the other laboratory
found the exact opposite, with the SBM being a fast-
aggregating substrate compared to the slow-aggregat-
ing CHM. It has been noted in the literature that some
preparations of His-tagged aSyn monomer can produce
“slow” or “fast” kinetic batches of substrate [12]. This
further supports the idea that batch-to-batch variability
in certain preparations of substrate can be a significant
concern in SAA [37, 44]. Variability is particularly impor-
tant to consider when testing biological samples, as this
may increase the rates of false positives or negatives if an
assay was optimized using a “fast” kinetic batch but later
run with a “slow” kinetic batch, or vice versa. Similarly,
the choice of buffer conditions and cycle settings are piv-
otal in the final seeding kinetics achieved. Changing the
buffer while using OSM had a significant impact on lag
time and well-to-well variability in PFF-seeded reactions.
Therefore, it may be prudent to characterize the kinetics
of each batch of substrate prior to further use.

Our in-house prepared OSM substrate was able to
reveal differences in ThT kinetics between BH from MSA
and DLB cases. This suggests that OSM as a substrate
can be used in biologically relevant applications and
replicate results that were generated with other prepa-
rations of substrate (typically CHM). While the differ-
ences in ThT,;, support the hypothesis that MSA and
DLB are caused by distinct aSyn strains, it is important
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to note that the structures of a-syn aggregates generated
in vitro by seeded reactions using MSA and PD/DLB bio-
specimens as a template are distinct from those obtained
directly from synucleinopathy patient brains [24, 40, 63,
81]. Whether OSM substrate may permit better confor-
mational fidelity when amplifying patient-derived aSyn
aggregates remains to be determined.

In an attempt to understand why the various recombi-
nant aSyn substrates behaved differently in the SAA, we
explored multiple possibilities. As the behavior of SBM
and OSM substrates, which both consist of full-length
untagged wild-type human oSyn, were different, we
think it is unlikely that simple sequence difference could
explain seeding differences observed. Furthermore, as
the four substrates each displayed a single band follow-
ing SDS-PAGE and single peaks following LC-MS, we do
not believe that protein contamination is a likely explana-
tion. Therefore, it is likely that there are other contribut-
ing factors. Dialysis and centrifugation of substrates prior
to SAA did not appreciably modify SAA performance,
nor did removal of endotoxin. Thus, pre-existing trace
amounts of aSyn aggregates are unlikely to explain the
divergent performance of the substrates in SAA, although
we cannot rule out the existence of low amounts of solu-
ble oligomeric aSyn species in the SBM, CHM, and GTM
(but not OSM) preparations that could act as seeds.
Potential nucleic acid contamination was noted in the
SBM preparations and given that it has been reported
that DNA can enhance fibrillization of aSyn via direct
interactions [19, 32], this provided a plausible explana-
tion for the de novo aggregation propensity of SBM.
However, nucleic acid contamination was only noted in
SBM and would not explain the spontaneous aggregation
propensities of CHM and GTM. Moreover, while nucleic
acid-free SBM substrate did exhibit a reduced propen-
sity for spontaneous aggregation, it still did not perform
as well in BH-seeded SAA reactions as OSM. Given the
variability between SBM batches, it is possible that the
nucleic acid-free SBM simply represents one extreme of
this batch-to-batch variability, and that the nucleic acid
removal was inconsequential. Nonetheless, it is conceiv-
able that an as-yet-undetected minor contaminant, such
as a lipid species, in one or more of the aSyn substrates
could provide an explanation for variable performance in
SAA.

A unique biophysical property of the OSM substrate
was that the peak of the CD spectra was right shifted
compared to the other substrates. We speculate that this
could indicate some proportion of a-helical content in
the OSM not present in the other substrates. This shift
in the CD spectra of OSM compared to the other sub-
strates mirrors the CD spectra changes noted in tetra-
meric compared to monomeric aSyn by other groups
[5, 77]. Additionally, using analytical ultracentrifugation,
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we noted that OSM preparations contain a minor spe-
cies with a higher molecular weight, raising the possibil-
ity that OSM aSyn monomers may exist in equilibrium
with higher-order structures. Most groups have found
that aSyn exists as an unstructured monomer when not
bound to membranes [26]. However, others have docu-
mented the existence of tetrameric a-helical aSyn species
that, unlike monomeric unstructured aSyn, are aggrega-
tion-resistant [5, 77]. However, this resistance to aggre-
gation only applied to de novo aggregation, as tetrameric
aSyn could still be seeded as effectively as monomeric
aSyn. Tetrameric aSyn can undergo a temperature-
dependent irreversible-dissociation, which may explain
why SBM is a poor substrate for SAA, as the boiling step
in the purification would likely destroy tetrameric aSyn
species [5, 77]. The presence of either an N-terminal
poly-histidine tag or the residual N-terminal sequence
‘GPLGS’ following cleavage of the GST-tag in CHM and
GTM, respectively, could alter either the ability of aSyn
to form aggregation-resistant tetramers or their equilib-
rium with monomeric aSyn, which could hinder their use
in SAA. Finally, previous work involving purification of
tetrameric aSyn used non-denaturing conditions, similar
to the OSM protocol, which could imply that tetrameric
aSyn species are preserved in OSM. While this is an
attractive theory, the Native PAGE gel does not support
it, as the apparent molecular weight of the OSM, which
we speculate could contain tetramers, and the SBM,
which we speculate does not contain tetramers, was the
same. However, given the fragile nature of tetramers, it is
possible that the tetramers dissociate during the sample
preparation for Native PAGE.

Another potential explanation for the differential sub-
strate behaviors may be the oxidation state of aSyn. It
has previously been reported that aSyn can become oxi-
dized on its four methionine residues, resulting in the
formation of methionine sulfoxides [30, 76]. Oxidized
aSyn has a lower de novo aggregation propensity com-
pared to unoxidized aSyn [76]. Osmotic shock is often
called periplasmic lysis, as it selectively harvests proteins
from the periplasmic space as opposed to the cytosol
[29, 75]. However, the reported changes in CD spectra
of oxidized aSyn are not identical to what we found for
the OSM substrate [76]. In addition, mass spectrometry
analysis did not indicate the presence of oxidation in two
separate purifications of OSM. A further challenge to this
hypothesis is that previous papers reporting “fast” and
“slow” kinetic recombinant aSyn batches use a modified
osmotic shock procedure. However, that study used His-
tagged aSyn, which may be a confounding factor given
that we observed variable results with our CHM sub-
strate [12]. This is further supported as the CHM used
in this study was also produced via a modified osmotic
shock procedure and similarly showed two very different
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kinetic profiles between the batches tested in each lab.
It is also possible the explanation for why each different
substrate did not perform as well may not be a common
factor and instead could be due to unique factors specific
to each purification method.

Conclusion

As the field continues towards the use of aSyn SAA for
the diagnosis and prognosis of synucleinopathies, care
must be taken in the optimization and design of these
assays to ensure intra- and inter-laboratory reproduc-
ibility. This is especially important as these technologies
begin their transition into the commercial and clinical
realms. In this work, we demonstrate that the method
used to purify the aSyn substrate can dramatically impact
its SAA performance. We therefore strongly encourage
the use of OSM as the universal substrate for aSyn SAA.
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