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Abstract

Protein misfolding results in the accumulation of aggregated p-sheet-rich structures in Parkinson’s
disease (PD) and Alzheimer’s disease (AD). The toxic oligomer hypothesis stipulates that
prefibrillar assemblies, such as soluble oligomers or protofibrils, are responsible for the poor
prognosis of these diseases. Previous studies demonstrated that a small molecule related to the
natural compound orcein, O4, directly binds to amyloid-p fibrils and stabilizes them accelerating
the formation of end-stage mature fibrils. Here we demonstrate a similar phenomenon during O4
treatment of a-synuclein (asyn) aggregates, the protein responsible for PD symptoms. While the
drug did not change the kinetics of aggregate formation as measured by the amyloidophilic dye
Thioflavin T, O4 depleted asyn oligomers and promoted the formation of SDS and proteinase K
resistant aggregates consisting of large fibril clusters. These fibril clusters exhibited reduced
toxicity to human neuronal model cells and reduced seeding activity in vitro. The effectiveness of
04 decreased when it was added to later points in the asyn aggregation pathway, which suggests
that the incorporation of O4 into fibril assemblies stabilizes them against chemical, enzymatic, and
mechanic degradation. These findings suggest that small molecules, which stabilize amyloid
fibrils, prevent fibril fragmentation and seeding and consequently prevent prion-like replication of
misfolded asyn. Inhibiting prion replication by fibril stabilization could thus be a therapeutic
strategy for PD.
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INRODUCTION

Parkinson’s disease (PD) pathology is characterized by the accumulation of Lewy bodies or
fibrillar cellular inclusions in the axons of dopaminergic neurons. (1, 2) a-Synuclein (asyn)
is the most abundant protein in these inclusions; its misfolding and deposition in
dopaminergic neurons is closely associated with PD pathology. (2) In its native state, asyn is
a 140 residue unfolded protein that can adopt an a-helical structure when bound to
membranes. (3, 4) It has been discussed that the protein can form helix-bundles as part of the
SNARE complex or, possibly, through self-association. (5, 6) Deposits of asyn can
propagate into tissue grafts in PD patients, and endogenous asyn is recruited into fibrillar
aggregates though a seeding mechanism in transgenic mice. (7, 8) Both findings strongly
suggest that asyn pathology can propagate by a prion mechanism. (9)

In vitro, asyn produces fibrillar structures via a nucleation-dependent aggregation pathway
(10, 11). Simple oligomers progress to become soluble protofibrils which further mature to
become insoluble fibrils. (1, 12) In this process, post-nucleation species, such as p-sheet
asyn oligomers, protofibrils, and fibril fragments act as seeds for monomers, accelerating
fibril formation. (13) Any process that generates seeds will cause asyn to autocatalytically
replicate via secondary nucleation. (14) This mechanism is a general feature of
amyloidogenesis via nucleated polymerization and can be observed in other misfolded
protein diseases such as Alzheimer’s disease (AD). (15)

Numerous studies have suggested that the aggregation intermediates in amyloidogenesis, i.e.
oligomers and soluble protofibrils, are largely responsible for the poor prognosis of
misfolded protein diseases such as AD and PD. (16-19) These findings suggest that
depleting oligomeric intermediates should yield effective treatments for these diseases. An
extensive number of small molecules have been identified to inhibit amyloidogenesis in AD
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and PD (reviewed in: (20)). Recently, studies on Lacmoid, Orcein and its derivatives, Congo
Red, and ECGC have explored alternative therapeutic strategies, such as derailing amyloid
formation and stabilizing mature fibrils and to deplete oligomeric aggregation intermediates.
(1, 21-25)

This study tests whether stabilization of mature fibrils could also be a therapeutic strategy to
prevent prion replication through secondary nucleation mechanisms. We used the orcein-
related small molecule, O4, which stabilizes mature amyloid-beta (Ap), and tested whether
the molecule stabilized asyn fibrils in a similar manner. We also tested whether stabilization
of asyn fibrils could prevent their seeding capability, limiting asyn toxicity. (20, 26) Our
data demonstrate that O4 accelerated the asyn fibrillation by stabilizing a.syn protofibrils,
which consequently reduced the accumulation of asynoligomers, decreased seeding
capacity, and cellular toxicity /in vitro.

EXPERIMENTAL PROCEDURES

a-Synuclein Expression

a-Synuclein was expressed in E. coli as described previously.(21, 27) Bacteria were grown
at 37° C in LB and ampicillin (100ug/mL). asyn expression was induced with IPTG once
the OD 600 reached 0.5. The bacteria was then grown overnight at 30° C. The bacterial
suspension was spun for 30 minutes at 3166 x g at 4°C. The resulting pellet was frozen at
-80°C for an hour and then resuspended in lysis buffer (10mM Tris HCI, ImM EDTA, pH 8)
containing Roche complete protease inhibitor. The solution was then sonicated for 30
minutes, boiled for 20 minutes, and spun down at 4000 x g for 30 minutes at 4°C. The
resulting asyn pellet was collected and dissolved in 25 mM Tris, pH 7.7. The asyn was
purified using a FPLC Resource Q anion exchange column with a salt gradient from 0-1M
NaCl. The protein was dialyzed overnight in ammonium bicarbonate buffer (10 mM, pH
7.5), frozen and then lyophilized for storage.

Thioflavin T (ThT) aggregation assays

aSyn (Img/mL) was dissolved in 10 mM NaOH and sonicated (VWR® Symphony™
Ultrasonic Cleaner) for 20 minutes. The asyn was then spun through a 50 kDa filter
(Millipore) at 17,000 x g for 15 minutes. The concentration of monomerized asyn was then
determined by ODygq using an extinction coefficient of 5960/M/cm. The asyn was then
aggregated in a non-binding 96 well plate (Corning, #3651) at a concentration of 30uM with
intermittent shaking in aggregation buffer (100mM NaP, pH 7.4, 10mM NaCl, 0.1% NaN3,
and 20uM ThT). A 2 mm diameter glass bead was added to each well to accelerate the
aggregation through stirring. The plate was kept at 37° C and agitated by orbital shaking
once every minute for 15 seconds. The ThT fluorescence was recorded with an excitation
wavelenth of 436 nm and an emission wavelenth of 485 nm in a fluorescence plate reader
(Infinite F200, Tecan). O4 stock solutions (20 mM) were prepared in DMSO and diluted into
the aggregation buffer at the final concentration. Equal amounts of DMSO were added to
asyn buffer control samples.
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Light scattering aggregation assays

Monomeric asyn (1mg/mL) was prepared as described above. The asyn was then
aggregated in a non-binding 96 well plate (Corning, #3651) at a concentration of 45uM with
constant shaking in aggregation buffer (100mM NaP, pH 7.4, 10mM NacCl, 0.1% NaNg3, and
20uM ThT). A 2 mm diameter glass bead was added to each well to accelerate the
aggregation through stirring. At each time point, 10 ul sample was diluted 1:9 in water in a
disposable cuvette for light scattering measurements in a Malvern Zetasizer Nano ZS. The
count rate was recorded at a scattering angle of 173 degrees, attenuation 8. All solutions
were cleared by microfiltration (0.2 um) prior to use.

Circular dichroism spectroscopy

The asyn samples (45uM) incubated under constant shaking at 37°C were diluted 1:1 in
aggregation buffer (100mM NaP, pH 7.4, 10mM NaCl, 0.1% NaNs, and 20uM ThT) and
sonicated for 10 minutes in a water bath sonicator (VWR® Symphony™ Ultrasonic
Cleaner). A 1 mm path length cuvette was used for circular dichroism (CD) spectroscopy
(Jasco Analytical Instruments).

Ultracentrifugation Assays

The asyn samples (45uM) incubated under constant shaking at 37°C were centrifuged
(TL-100, Beckman) at 70k RPM (205,000 x g) for 30 minutes. The supernatant was then
analyzed by SDS-PAGE (Bio-Rad) at 160V for 30 minutes. The gel was then washed with
water, fixed for 20 min (50% EtOH, 20% Acetic Acid), washed again with water and stained
with EZBlue staining reagent (Sigma-Aldrich) overnight. Additional water washes were
performed to de-stain the gel. The gel was imaged on a color scanner, and densitometric
analysis was performed in ImageJ using the ImageJ measure function to measure the average
pixel intensity of gel bands.

Quantification of SDS Resistant Aggregates

For filter retardation assays (FRA), 10uL of the 30 UM asyn aggregated sample was diluted
with 40uL of 2X NaP (200 mM Na-phosphate, pH 7.4, 20 mM NaCl) buffer and 50uL of
denaturation buffer (4% SDS, 100mM DTT) and boiled for 5 minutes. A 0.2um pore size
cellulose acetate membrane was soaked in PBS + 0.1% SDS. A vacuum filter device was
assembled and the membrane was wetted with PBS + 0.1% SDS. The asyn samples (100ul)
were added onto the cellulose acetate membrane, and PBS + 0.1% SDS was added in
locations not containing the samples and a vacuum was applied. The membrane was then
washed twice with PBS + 0.1% SDS. After disassembly, membranes were blocked with 5%
milk powder in PBS. The SDS resistant asyn aggregates on the membrane were stained with
(1:500) anti-a.syn antibody 211 (Santa Cruz Biotech) in PBS + 5% milk and subsequently
stained with goat-anti-mouse fluorescent antibody (Li-cor® IRDye 800CW; 1:15000) in
PBS + 5% milk. The membrane was then washed with PBS + 0.05% Tween20 and imaged
using a Li-cor® Odyssey system at 800 nm excitation.
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PK Digestion and Western blotting

10 pL of 30 uM aggregated a.syn sample was incubated for 30 minutes at 37°C with varying
concentrations of proteinase K (PK). After incubation, each sample was analyzed by SDS-
PAGE and Western blotting on a nitrocellulose membrane (Biorad). The membrane was
blocked with 5% milk powder in PBS and was then stained with 1:200 anti-asyn antibody
211 in 5% milk and subsequently stained with goat-anti-mouse (Li-cor® IRDye 800CW;
1:15000) fluorescent antibody in 5% milk.

MTT Cell Toxicity Assays

SH-EP neuroblastoma cells (28) were plated on a 96 well plate with 20,000 cells per well
and incubated overnight in DMEM media with 10% FBS. a.Syn samples (originally 30 uM)
were diluted in culture media to 2.5 — 0.3 uM monomer equivalent concentration. The
diluted asyn samples were then incubated with the SH-EP neuroblastoma cells for three
days in 96 well plates with a volume of 100 L. O4-treated and control samples contained
the same amounts of DMSO (< 0.1%). After three days, 10 pL of 5Smg/ml MTT (Thiazolyl
Blue Tetrazolium Bromide) in PBS was added to all cells. 10pl Triton X-100 (Sigma) was
added to designated “dead cells” as a negative control. The cells were then incubated for
three hours at 37°C. 100ul denaturation buffer (10% Triton X-100, 0.1M HCl in
isopropanol) was then added to the cells. The cells were incubated overnight and cell
viability was calculated from ODg79 measurements using the

ODsample -0D dead cells

* 100%
0D control_OD dead cells

% MTT=

Formation of a-Synuclein Seeds for Seeded Aggregation Assays

aSyn seeds were generated by sonication of asyn aggregates at different aggregation time
points for 10 minutes in a water bath sonicator (VWR® Symphony™ Ultrasonic Cleaner).
10% m/m asyn seeds were then added to fresh asyn monomers and aggregated with ThT
for one week as described above.

TEM Imaging of a-synuclein

RESULTS

10uL of asyn sample was placed on the copper mesh grid for 1 minute and then washed
with water twice. 10uL of 4% uranyl acetate was then added to the copper mesh grid for 90
seconds and then removed. The copper mesh grid was then imaged using TEM (JEOL
2000FX).

O4 Induces SDS and Protease Resistant a-Synuclein Aggregates

To test how O4 affected asyn amyloid formation, we used several assays to monitor
different aspects of asyn fibril formation. We first tested whether O4 affected the kinetics of
the formation of B-sheet rich asyn structures by monitoring the fluorescence of the
amyloidophilic dye Thioflavin T (ThT). ThT increases in fluorescence upon binding to p-
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rich amyloid-like structures during the elongation phase.(29) When incubated in the
presence of equimolar (1x) O4, endpoint ThT fluorescence was reduced (Fig. 1A). However,
the presence of O4 did not influence the length of the lag phase of aggregation kinetics as
can be easily seen when aggregation curves are normalized to the same amplitudes (Fig.
1B). These data suggest that O4 acted during the later stages of a.syn aggregation affecting
protofibrils and fibrils formation rather than interfering with nucleation. It also suggest that
04 binds to the same binding site as ThT, as had been observed in the case of Ap42, which
would lead to competitive inhibition of ThT fluorescence. (26) Our interpretation also
suggests that the asyn aggregates retain their p-sheet structures in the presence of the drug.
We measured the secondary structure of asyn in the presence and absence of O4 by circular
dichroism (CD; Fig. 1C, D). CD spectra of asyn at t = 0 h are typical of an unstructured
polypeptide, while spectra had minima at ~225 nm after incubation for 48 h. It should be
noted that these minima are red-shifted from the minimum at 218 nm, which would be
typical for B-sheet structures. Similar red-shifted minima have previously been observed in
AP42 in the presence of O4(26) and in asyn aggregates formed in the presence of other
amyloid modulators, such as baicalein. (30, 31) The red shift may reflect an altered structure
of asyn in its aggregated state.

Transmission electron microscopy (TEM) was used to visualize the structure of asyn
aggregates in the presence of O4. We sampled a.syn aggregates at time points corresponding
to the different stages of aggregation: 6 h, 20 h, 48 h, 80 h, and 168 h (Fig. 2A). Time points
were chosen corresponding to the different stages of asyn aggregation. The 6 h time point
was part of the lag phase. Time points of 20 hours and 48 hours were a part of the elongation
phase. Time points after 48 hours were part of the end -stage fibrillar phase (Fig. 1B).

TEM images confirmed the formation of asyn fibrils that were about 200 nm in length and
~10 nm wide in the absence of O4 (Fig. 2A). Their formation coincided with the increase in
ThT fluorescence (Fig. 1A, B) When comparing the later time points (48 h, 80 h and 168 h)
of asyn incubated with O4 to control conditions, we observed that O4 promotes the
formation of fibril clusters characterized by a pronounced network of laterally linked asyn
fibrils (Fig. 2A). In contrast, these clusters formed later and were not as pronounced in a.syn
samples aggregated in the absence of O4.

We then quantified the effect of O4 on the stability of asyn aggregates to SDS denaturation
in a membrane-filter retardation assay (FRA).(32) Aggregates that were resistant to SDS
denaturation remained on the porous cellulose acetate membrane while denatured aggregates
were washed through the membrane. SDS resistant aggregates were quantified by
immunofluorescence staining using anti-asyn antibody 211 (Fig. 2B). Compared to a
DMSO vehicle control sample, O4 accelerated the formation of SDS resistant asyn
aggregates and significantly increased their amount at the endpoint of aggregation (Fig. 2B,
C). These results demonstrate that O4 incubation with asyn, promotes the formation of SDS
resistant aggregates, as was the case for Ap. The presence of fibril clusters in TEM
coincided with SDS resistance, suggesting that these structures were responsible for the
increased SDS resistance observed in the FRA.
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Mature amyloid fibrils have increased resistance to protease digestion. (26, 33) We therefore
assessed the effect of O4 on asyn resistance to proteinase K (PK). All samples were
aggregated for one week; equimolar O4 was added either at the beginning of incubation or at
the end, 30 min before analysis (Fig. 2D). aSyn samples were then digested with PK at
increasing concentrations (0, 0.2, 1 pg/mL). A Western blot was used to compare PK-
resistance of samples incubated with O4 under the two conditions and a.syn control samples.
Analysis of the Western blot suggested that O4 increases the resistance of asyn aggregates
to PK digestion. aSyn samples incubated with O4 for the full duration of aggregation
showed pronounced high molecular weight bands (HMW) at 150 kDa, trimer bands (T) at
75 kDa, dimer bands (D) at 50 kDa, and monomer bands (M) at 25 kDa. The HMW asyn
resisted PK digestion at 1ug/mL in the O4 treated sample. Interestingly, a.syn fibrils that
were incubated with O4 for 30 minutes at the end of the aggregation induced the formation
of increased SDS-resistant dimers, trimers and HMW aggregates, but these aggregates had
little resistance against PK digestion. This suggests that O4 stabilizes asyn aggregates
through a mechanism not related to fibril elongation, but likely by laterally linking asyn
fibrils and thus increasing stability to digestion or denaturation. The data also provide further
support that O4 is responsible for the formation of the fibrillar clusters observed in the TEM
(Fig. 2D) and that these fibril clusters correlate with the SDS resistant HMW asyn band. It
would be plausible that denser and thus more resistant fibril clusters form if O4 is present
during aggregation as opposed to being added to preexisting fibrils.

Our results suggest that O4 may stabilize asyn fibrils through the formation of fibril
clusters. Consequently, O4 should deplete toxic oligomers and accelerate the formation of
large aggregates. Therefore, we tested what effect O4 had on the presence of asyn oligomers
and large aggregates, respectively, and whether these species were correlated with cellular
toxicity.

Induction of Large Fibril Clusters Rescues the Formation of Toxic a-Synuclein Oligomers

We probed the asyn aggregation course for oligomer formation and toxicity. Oligomers
were shown to rapidly form under constant agitation (34). To test whether O4 specifically
depletes asyn oligomers and increases the formation of large aggregates, we incubated a.syn
under constant agitation, which accelerated aggregation compared to the previous
experiment (Fig. 3A-D). We monitored the formation of B-sheet structures by ThT
fluorescence (Fig. 3A, B) while quantifying the formation of large asyn aggregates by light
scattering (Fig. 3C) and by ultracentrifugation (Fig. 3D), respectively. As observed before,
04 had little influence on the kinetics of B-sheet formation as measured by ThT
fluorescence. When monitoring aggregation by light scattering, O4 accelerated aggregation
kinetics, especially when present at 5 x molar excess. Since light scattering is a function of
particle size, these results suggest that large asyn aggregates form faster in the presence of
O4 than in its absence. To confirm this interpretation we separated aggregated a.syn from
soluble protein by ultracentrifugation at 200,000 x g and quantified soluble asyn by SDS-
PAGE and Coomassie staining (Fig. 3D and Suppl. Fig. 1). The asyn in the supernatant did
not form SDS resistant aggregates (Suppl. Fig 1). This allowed us to directly quantify
aggregation without any detection bias, which may result from aggregate size dependence of
light scattering or of antibody affinity in FRA. Ultracentrifugation confirmed that O4
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accelerated the formation of insoluble aggregates (Fig. 3D). However, the effect was only
moderate, which is in accordance with our model of O4 binding to and stabilizing asyn
fibrils, which are insoluble even in the absence of the drug.

We then performed dot blot assays using the antibody A11 that specifically detects
oligomeric amyloid intermediates (35) at different time points (Fig. 3E-H) to probe if fibril
stabilization depletes asyn oligomers. A1l binding was then juxtaposed with MTT
reduction data in human neuroblastoma (SH-EP) cells generated form the same sample set
(Fig. 3G and Fig. 3H). MTT reduction is a frequently used marker for mitochondrial activity
(36). Toxic asyn species inhibit mitochondrial activity and increase the formation of reactive
oxygen species (36). Untreated samples showed a rise in oligomers between 2—6 h, which
was suppressed by 04 (Fig. 2B). After 9 h incubation, the A11 signal in both O4 treated and
untreated a.syn control samples was no longer detected, which suggested that the oligomers
had matured into -sheet rich fibrils (Fig. 3E, F). Correspondingly, maximal ThT
fluorescence was observed at this time (Fig. 3A) and insoluble asyn aggregates were formed
(Fig. 3D). When the Al11 data was juxtaposed to the MTT data of the same time points (Fig.
3G, H), the increase in asyn oligomers corresponded to a decrease in cellular viability and
vice versa. O4 suppressed oligomer formation and was able to significantly rescue cellular
viability. This strongly suggests that O4 depleted toxic oligomers and other aggregation
intermediates detected by the A11 antibody and promoted the formation of mature fibrils
and fibril clusters.

04 Reduces Seeding Activity

Recently, it was also observed that misfolded asyn can replicate by an autocatalytic
mechanism akin to prion replication (37). This autocatalytic replication is a crucial step both
in the aggregation process in vitro (14) and in the spread of toxic asyn species in cellular
tissue (9). These observations link autocatalytic replication and toxicity. Secondary
nucleation is the key process in prion replication. It can be achieved either by fibril
fragmentation, which generates new seeds, or by secondary seeding on the surface of
existing fibrils. (14) Since O4 promotes the formation of large fibril clusters, which would
inhibit both forms of secondary nucleation, one would expect that it also inhibits seeding
activity and the prion-like replication of asyn fibrils.

To test this hypothesis, the seeding activities of O4 treated asyn samples were investigated.
Different a.syn seeds were created by taking asyn samples at time points from 6 — 72 h
during the aggregation, which was performed in the presence of O4 at molar ratios of 0x, 1x,
or 5x (Fig. 4A). The samples were then sonicated for 10 minutes, added as seeds (10% m/m)
to fresh monomerized asyn, and incubated for three days (Fig. 4B-E). ThT fluorescence
was used to map the aggregation kinetics.

Potent seeds annulled the lag phase of asyn aggregation, while impotent seeds had a lesser
effect on the lag phase. Seeds that were generated from the early plateau phase of
aggregation (48 h) had the most seeding activity, while the seeds generated from the growth
phase (20 h) and late plateau phase (72 h), respectively, were slightly less active (Fig. 4C, E)
and asyn from the lag phase (6 h) had no seeding activity (Fig. 4B). Addition of O4 during
seed generation completely removed seeding activity of asyn at all phases of the
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aggregation process at 5x molar excess and inhibited seeding at equimolar concentration
(Fig. 4A-E). These data indicate that the stabilization of asyn fibrils by O4can remove
seeding activity in vitro.

Seeding Activity Correlates to Toxicity

We then tested if the reduction in seeding activity by O4 correlated to reduced toxicity in
cell culture. In a first experiment, we incubated the same time point samples used in the EM
and FRA experiments (Fig. 2) with human neuroblastoma (SH-EP) cells for 72 h and
measured cell metabolic rate by MTT reduction.

The results showed significant reduction in cell metabolic activities of asyn control samples
taken after 20 h, 48 h, and 80 h, (Fig. 5A). A minimum in cellular viability was observed at
the 48 h time point, which corresponded to the a.syn species with highest seeding potency.
According to the ThT fluorescence data (Fig. 1A, B) and the TEM data (Fig. 2A), these time
points correspond to the formation of B-sheet rich aggregates and early fibrils. The
incubation of asyn with O4 significantly reduced the cellular toxicity compared to the a.syn
control samples, and cellular viability was rescued during the most toxic stages of asyn
aggregation (between 20 h to 80 h).

It should be noted that, while toxic asyn species were mostly lost after 18 h under constant
agitation, the protein partially retained the capacity to inhibit metabolic activity for a full
week under the slower aggregation regime using intermittent agitation (Fig. 1, Fig. 2). It
should also be noted that metabolic inhibition in cells tracked the seeding competency of the
asyn. Thus, seeding competent asyn species may play a large role in toxicity to the
neuronal model cells.

The results also suggest that by destroying asyn seeding activity, a compound might rescue
toxicity. To test this hypothesis, we probed at which stage of aggregation O4 treatment was
effective in rescuing metabolic inhibition by asyn and whether treatment of preexisting
asyn aggregates prevented seeding and rescue d toxicity.

Time Dependency of O4 induced SDS Resistance, Seeding Potency, and Cellular Toxicity

We tested whether a brief treatment with O4 could inactivate existing seeds or whether the
presence of O4 during the seeding process itself inhibited seeded aggregation. Seeds
generated from asyn samples at 6 h, 20 h, 48 h, and 72 h were treated with O4 at a 5x molar
ratio (equivalent asyn monomer concentration) for 30 minutes. These seeds were then
diluted into fresh monomeric asyn (10% m/m), so that the final O4 concentration was the
same as in the reactions containing asyn seed that had been generated in 5x O4 from the
beginning (Fig. 4A and Fig. 5B-D). O4 was able to partially inhibit seeding activities under
these conditions. Notably, its effect was greatest on the most active seeds (48 h) when
compared to seeds generated later in the aggregation process (72 h) (Fig. 5B-D). These data
support the model that O4 accelerates the formation of stable seeding-incompetent fibril
clusters from oligomers and early fibrils and thereby inactivates early seeding competent
species.
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To test the effect of O4 treatment of preformed seeds on toxicity and fibril stability, asyn
was aggregated for one week under the intermittent agitation regime. O4 was added at
different stages of aggregation (0 h, 6 h, 20 h, 48 h, 3 d, and 7d) (Fig. 5E). The time points
corresponded to the asyn species characterized in Figs. 1 and 2. They covered the lag phase,
early and late growth phase, and early and late plateau phase of ThT aggregation Kinetics.
Addition of O4 caused an immediate drop in ThT fluorescence likely due to fluorescence
quenching and/or competitive binding at the ThT binding site.(26) These samples were then
further incubated until the end of one full week (Fig. 5E) and tested for the formation of
SDS resistant aggregates as a proxy for fibril cluster formation (Fig. 5F). FRA data of these
samples showed that O4 significantly increased the formation of SDS resistant aggregates
when compared to the untreated asyn. Notably, even treatment of the final 7 d aggregation
sample with O4 for 30 min, induced partial resistance to SDS denaturation (168*; Fig. 5F)
confirming the previous observation from SDS-PAGE (Fig. 2D).

To determine how this O4 activity translated to cellular toxicity, an MTT assay was
performed on the same samples (Fig. 5G). 04 completely rescued metabolic inhibition when
added during the first 20 h of the aggregation process and conferred partial rescue at 48 h
and 3 d. However, no rescue in MTT reduction was achieved in the 7 d sample that was only
treated for 30 minutes(168 h*; Fig. 5G).

These three data sets taken together demonstrate three points: 1) metabolic inhibition by
asyn aggregate species correlated with their seeding capacity in vitro; 2) Treatment with O4
prior to fibril formation or in the early stages of fibrillization, induced SDS stable fibril
clusters, destroyed seeding activity, and rescued toxicity; 3) The effectiveness of O4
treatment decreased during fibril formation the later it was added. However, the formation of
these clusters did not necessarily correlate to increased cellular viability and a partial
transformation of fibrils into SDS-stable clusters was not sufficient to rescue toxicity.

DISCUSSION

Previous studies demonstrated that O4 stabilization of Ap accelerated the formation of
mature amyloid fibrils with increased resistance against SDS denaturation and PK digestion.
This in turn decreased cellular toxicity by depleting Ap oligomers. (26) We demonstrate a
similar effect of O4 in asyn fibril formation. The ability of O4 to increase asyn stability
against SDS denaturation and PK digestion suggests that O4 increases the stability of asyn
fibrils. Interestingly, large bundles and tangles of fibrils were observed in the presence of
04, which are the likely cause for increased stability. We observed a decrease in ThT
fluorescence with time that was absent in when monitoring aggregation by light scattering or
by protein solubility. This may reflect the formation of large fibril clusters that either bind
ThT less efficiently or scatter the ThT fluorescence (Fig. 1B; Fig. 3C, D). These structures
would not only be more stable against fragmentation but also provide fewer points of
secondary nucleation by lateral association of monomers to the fibrils (14), which is
reflected in their decreased seeding activity (Fig. 6). This observation corresponds to our
observation that addition of O4 at the endpoint of aggregation while conferring some
resistance to SDS denaturation (Fig. 2D, Fig. 5F), does not produce asyn that is resistant to
PK digestion (Fig. 2D) and does little to rescue metabolic toxicity (Fig. 5G), while presence
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of O4 during the aggregation process induces formation does both. One may speculate that
both properties emerge as a result of the formation of large, tightly packed fibril bundles.
Preformed asyn fibrils may be sterically hindered from forming these bundles after the
addition of O4.

In this study, we test an alternative therapeutic strategy using O4 which disrupts asyn
amyloidogenesis by promoting the formation of mature fibrillar aggregates. Previous small
molecule studies that target asyn amyloidogenesis include the use of Lacmoid, PcTS-Cu?*,
Chlorazole black E, Congo Red, EGCG and Rosmarinic Acid. These molecules have been
found to prevent the formation of amyloid fibrils by derailing amyloidogenesis or by
disaggregation of aggregation intermediates. Studies on Lacmoid suggested that it disrupted
the formation of fibrillar aggregates by stabilizing random coil formation through its binding
to exposed hydrophobic surfaces in asyn and AB. (23, 25) This would decrease the attractive
forces between aggregates disrupt aggregation. Similarly, ECGC was suggested to remodel
fibrillar oligomers to stunt monomer addition. Congo Red has also been suggested to
redirect amyloidogenesis to produce amorphous aggregates. (1, 21-23).

Similar to the small molecules listed above, O4 preferentially binds to amyloid aggregates.
However, our data, as well as previous findings on Ap, suggest that O4 does not directly
disrupt amyloidogenesis. As such, it doesn’t interfere with the formation of ThT binding
aggregates as was observed in the case of Lacmoid, Congo Red, and ECGC. In analogy to
AP, we hypothesize that the increase in fibril stability reduces the accumulation of toxic
oligomers (26), which was confirmed by the decrease in structures detected by the anti-
oligomer antibody A11. The increase in SDS-resistant fibrils and depletion of oligomers
corresponded to decrease in a.syn’s ability to inhibit mitochondrial activity, supporting the
amyloid oligomer hypothesis (35). However, it should be noted that toxic asyn species
persist longer than the signal from the A11 antibody (Fig. 3H) and that O4can still rescue
toxicity at these later time points. This observation raises several possible interpretations: 1)
toxic oligomers persist at low levels even in the presence of fibrils in the absence of O4 but
not in its presence; 2) Other aS species, such as small fibrils or protofibrils are also toxic to
the cell and O4 sequesters these species into large fibrils; or 3) O4 interacts with the cells to
protect them from toxic species. A more detailed analysis of the interaction of amyloid
aggregation intermediates with neuronal cells will be needed to address this question.

Our data strongly support the hypothesis that O4 inhibits asyn toxicity by a similar
mechanism to the one we previously found in Ap, where O4 decreased oligomers and
increased mature fibrillar aggregates, which corresponded to decreased cellular toxicity.
(26). However, despite the similarities between the effects of O4 on asyn and A, studies
using O4 treatment on the islet amyloid polypeptide (IAPP) found in type 2 diabetes
mellitus-related amyloid have yielded slightly different results. Here, similar to the effect of
EGCG, 04 was shown to redirect the IAPP aggregation pathway towards off-pathway
globular aggregates that were shown to be less cytotoxic, instead of promoting the formation
of mature fibrillar aggregates and fibril bundles. (24)

Prion-like propagation of misfolded asyn through seeding is central to the spread of PD
pathology.(9) We therefore tested if O4, in addition to depleting oligomers, could inhibit
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propagation of misfolded asyn through seeding (Fig. 4). When comparing seeding ability of
asyn seeds generated in the presence or absence of O4, seeds generated by sonication from
O4 treated fibrils had lost a large degree of their seeding activity compared to untreated
asyn fibrils. This suggests that O4 reduces asyn’s susceptibility to fragmentation, which
corresponded to the increased resistance to SDS denaturation and proteinase K digestion.
Interestingly, short-term treatment of asyn fibrils with O4 also resulted in increased fibril
SDS resistance, decreased seeding potency, and decreased cellular toxicity. However, O4’s
effect on these parameters in the short-term was not as pronounced compared to O4’s effect
if the compound was present during fibril formation (Fig. 5B-C).

A possible explanation may be that a heterogeneous population of asyn fibrils exists in
solution, only some of which are seeding competent. Binding of O4 to fibrils or fibril
bundles that already have limited seeding activity would then reduce the compound’s
effective concentration towards the seeding competent species. We observed that the effect
of short O4 (30 minute) treatment is less effective for seeds generated from the later (72 h)
plateau phase of aggregation than for seeds from the growth phase (20 h) or early plateau
phase (48 h) of aggregation, which would support this hypothesis.

Experimental evidence indicates that accelerated A fibrillization reduces oligomer levels
and functional deficits in mouse models of Alzheimer’s disease. (38) O4 is chemically and
functionally similar to Orcein and Lacmoid, which historically have been used as a
histological dyes, and food coloring (20, 26). Its pharmacological properties remain to be
explored; its molecular weight and propensity to form colloid may be less than desirable for
drug development. (23) However, our in vitro data suggest that stabilization of amyloid
fibrils by small molecules may be a viable strategy to prevent seeding and prion replication.
Future studies involving O4’s effect on other amyloid plaques will elucidate the therapeutic
potential of preventing prion replication of misfolded protein pathology in PD and other
amyloid diseases. O4 may serve as a model compound to further test this therapeutic
strategy /n vivo.
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Figurel.
O4 does not alter the formation of B-sheet aggregates. (A) ThT fluorescence of asyn (30uM)

aggregation in the presence and absence of 1:1 O4 to a.syn under intermittent shaking
conditions. The results represented mean ThT fluorescence intensities (n=3). (B)
Normalized ThT fluorescence signals of asyn samples in (A). Time points for further
analysis: 6 h, 20 h, 48 h, 80 h, and 168 h were denoted. (C, D) CD spectra of asyn incubated
with O4 for 0 h and 48 h, respectively.
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TEM

FRA quantification

*
. asyn
£ «syn+1X04
@8 Blank

HMW

04 induces SDS and protease resistant a.syn aggregates. (A) Transmission electron
microscopy (TEM) of asyn time points denoted in Fig. 1 in the presence or absence of O4;
scale bar 500 nm. (B and C) Effect of O4 on SDS resistant aggregate formation quantified
by FRA. The fluorescent signal was generated by immunostaining using anti-a.syn
antibodies on a cellulose acetate membrane. (D) Effect of O4 on asyn resistance to
proteinase K digestion on 1 week time point samples. An additional sample was formed by
incubating the asyn control sample with equimolar O4 for 30 minutes to observe short-term
effects of O4 treatment. HMW= High molecular weight, T=trimer, D= dimer, and
M=monomer.
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04 Reduces seeding activity. (A) asyn aggregation (30uM) monitored by Thioflavin T
(ThT) fluorescence in the presence of 1:1 O4 to asyn and 5:1 O4 to asyn. Samples were
taken at 6 h, 20 h, 48 h, and 72 h and sonicated to create seeds. (B - E); asyn aggregation
(30uM) in the presence of untreated seeds and O4 treated seeds created from the 6h, 20 h, 48

h, and 72 h samples, respectively (10% m/m). The results represented mean ThT
fluorescence intensities (n=3).
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three days. The time points selected correspond to the same time points in Figure 1.
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week. The results represented mean ThT fluorescence (n=3). (F) Effect of adding O4 at
different time points during the aggregation period on SDS resistant aggregates quantified by
FRA. The * on the 168 h time point indicates O4 treatment for 30 minutes. (G) Assessment
of asyn cytotoxicity using the MTT metabolic assay using the same samples (0.3 M) used
in the FRA (F). *P<0.05, **P<0.01, ***P<0.001 (Student’s T-Test, n = 3).
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Figure 6.

Model of autocatalytic amyloid formation through fibril fragmentation and secondary
nucleation. O4 promotes the formation of fibril bundles and inhibits fragmentation and

seeding.
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