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Here, we show that large-sized aS oligomers, which are normally
difficult to form, are readily generated by Ap,-seeding and that
these oligomers efficiently hamper neuronal SNARE-mediated
vesicle fusion. The direct binding of the Af-seeded aS oligomers to the N-terminal domain of synaptobrevin-2, a vesicular
SNARE protein, is responsible for the inhibition of fusion. In contrast, large-sized Af,, oligomers (or aggregates) or the products
of aS incubated without Af,, have no effect on vesicle fusion. These results are confirmed by examining PC12 cell exocytosis.
Our results suggest that A and aS cooperate to escalate the production of toxic oligomers, whose main toxicity is the inhibition
of vesicle fusion and consequently prompts synaptic dysfunction.
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he hallmark of Alzheimer’s disease (AD) is the formation

of plaques and neuroﬁbrillary tangles, mostly composed of
p-amyloid (Af) and tau proteins.' In Parkinson’s disease (PD)
and dementia with Lewy bodies (DLB), a-synuclein (aS), a
peripheral membrane-binding protein,” is the maJor component
of the amyloid fibril form of Lewy bodies (LB).? Although the
aggregations of A and aS are used as the major pathological
markers of AD and PD, respectively, there is ample evidence
that these two pathogenlc proteins are closely linked in
neurodegenerative disorders.* For example, A deposition has
been found in patients W1th DLB,> and nearly half of AD
patients have LB pathology Importantly, AD patients with LB
pathology presented with a more rapid cognitive decline and
shortened survival times compared with pure AD patients.
Familial AD mutations, such as presenilin and amyloid
precursor protein, also showed increased levels of LB
pathology.”® These observations suggested a substantial
connection between AD and PD pathologies. In line with
these observations, it has been demonstrated that A promoted
the accumulation of aS and accelerated motor and memory
deficits and cognitive dysfunction in transgenic mouse
models.'>"!

Although many studies have suggested that Af and aS have
synergistic effects on symptoms of the Lewy body variant of AD
and DLB, the nature of the detailed toxicity due to the
coexistence of Af and aS is still unknown.'* One of the
suggested models of the synergistic effects is the direct

-4 ACS Publications  © 2015 American Chemical Society

1831

interaction between Af and aS,'> which enhances the
aggregation and accumulation of cross-seeded or possibly
hybrid complexes.'”'* Ap,,, the most aggregate-prone form
among the Ap isoforms,” enhanced the formation of a$S
oligomers in vitro and in cell culture,’® and the direct
interaction between Af and aS induced a conformational
change in Aﬂ42.16 Consistent with these in vitro studies,
complex forms and coimmunoprecipitation of A and aS were
observed in patients’ brains in the Lewy body variant of AD."”
Thus, evidence of the synergistic effects of Af and aS
coexistence to stimulate coaggregation and accumulation and
accelerate cognitive decline is growing. However, the detailed
nature of the synaptic dysfunction that the cross-seeded or
hybrid complexes of Aff and aS causes remains elusive.

While the accumulation of the fibril forms of A and aS in
plaques and LB are common hallmarks of AD and PD, soluble
oligomeric or protofibril forms of Af and aS are generally
regarded as the toxic species.'® >’ Because aS is abundant at
presynaptic terminals, its physiological roles have been often
connected to synaptic vesicle fusion and exocytosis.**”>
Recently, Siidhof and co-workers reported that aS directly
binds to synaptobrevin-2, a soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein receptor (SNARE) protein
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Figure 1. Generation of Af},,-seeded aS oligomers and their inhibitory effects on SNARE-mediated lipid mixing. (a) Western blot of the Af,,-seeded
a$S oligomers. Lane 1, purified Af,,-seeded aS oligomers obtained by incubating 10 uM aS with 20 yuM Ap,, monomers in 20 mM sodium
phosphate buffer at 37 °C for 7 days. As a control, 20 yuM Af,, or 10 uM aS was incubated under the same conditions as the Af-seeded aS
oligomers. Lane 2, Af,-only control. Lane 3, aS-only control. The left panel was detected using an anti-aS antibody, and the right panel used an
anti-Af,, antibody. (b) Co-immunoprecipitation (Co-IP) assay of Af}-seeded aS oligomers and Af,, aggregates. 170 nM of purified Af-seeded aS
oligomers (by @S monomer concentration) was incubated with an @S primary antibody for 16 h at 4 °C followed by an incubation with protein A/G
plus agarose beads for 2 h at 4 °C. Eluted sample were detected with anti-aS and anti-Af,, antibodies, respectively. As a control, no aS antibody was
treated. (c) Western blot of Af-seeded S oligomers using antibodies for various aS epitopes. Four types of aS antibodies that bind to the full-
length, N-terminal, internal, or C-terminal epitopes were used to determine which motifs of aS are responsible for aggregation. Purified large Af-
seeded a8$ oligomers were used for the Western blot. Af-seeded aS oligomers were efficiently detected when aS antibodies targeting the full-length
and C-terminal epitope were used. (d—f) The effects of Af-seeded aS oligomers on SNARE-mediated lipid-mixing. (d) Schematics of lipid mixing
assay. (e) T-V: T and V (20 uM in lipid concentration) were mixed together at 35 °C without any additives (black line). A negative lipid mixing
control was performed by adding a soluble motif of synaptobrevin-2 (purple line). (f) Relative percentages of lipid mixing at 1800 s from d. Error
bars were generated from three independent experiments.

embedded in synaptic vesicles, and promotes SNARE complex sized aS oligomers and they formed complexes in brains,' it is
formation without alterations in neurotransmitter release.>’ highly possible that cross-seeding or aS oligomers, induced by
This observation was explained by single-vesicle assays, which AP aggregation, might interact with SNARE proteins and
demonstrated that aS induces clustering of vesicles without hamper synaptic transmission.
affecting neurotransmitter release.®’ In line with these studies, In this work, we showed that Ap,, induced large-sized aS
the interactions between aS and synaptobrevin-2 were oligomers and that the resultant oligomers inhibited neuronal
preserved in dopamine-induced large-sized aS oligomers, and SNARE-mediated vesicle fusion. The direct binding of the Ap-
the a$ oligomers efficiently inhibited SNARE-mediated vesicle seeded aS oligomers to the N-terminal domain of synapto-
docking.** Considering the observation that A induced large- brevin-2 inhibited both the lipid and content mixing of vesicle
1832 DOI: 10.1021/acs.biochem.5b00087
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fusion. In contrast, @S incubated without Af seeding or large-
sized Af,, oligomers (or aggregates) generated without aS
mixing had no inhibitory effects on vesicle fusion. A single-
vesicle assay demonstrated that the Af-seeded aS oligomers
blocked the docking step between vesicles. Furthermore, the
inhibitory effects of the Af-seeded a$S oligomers on exocytosis
were confirmed using PC12 cells. These results suggest that Af
and aS cooperate to accelerate the production of toxic
oligomers, whose main toxicity is the inhibition of vesicle
fusion and consequently the disruption of synaptic trans-
mission, which provides a clue to the connection between AD
and PD through the coexistence of A and aS.

B MATERIALS AND METHODS

Preparation of Ap-Seeded aS Oligomers. Recombinant
glutathione S-transferase (GST)-tagged aS was inserted into
the pGEX-KG vector and was transformed into Escherichia coli
Rosetta (DE3) pLysS (Novagene). The purification procedure
of @S has been previously described.>* Briefly, the cells were
grown at 37 °C in LB medium and induced by adding 0.5 mM
IPTG overnight at 16 °C. Pelleted cells were lysed with lysis
buffer (1% sarcosine and 2 mM AEBSF in 1x PBS) and
sonication. Glutathione-agarose beads were used for affinity
chromatography. To prepare Af,, monomers, lyophilized
synthetic Af,, peptides (American peptide) were dissolved in
1,1,1,3,3,3-hexafluoroisopropanol (Sigma-Aldrich) for 72 h at
room temperature. Aliquoted Af,, peptides were evaporated
using a speed vacuum concentrator, redissolved in dimethyl
sulfoxide (DMSO), and then diluted in 1X PBS (pH 7.4). To
obtain Af-seeded aS oligomers, 10 M aS was incubated with
20 yM Ap,, monomers in 20 mM sodium phosphate buffer
(pH 7) for 7 days at 37 °C. After this incubation, the mixture
was concentrated using an Ultracel 10k-membrane (Millipore).
Ap-seeded aS oligomers were purified by FPLC using a
superdexTM200 10/300GL (GE healthcare) and concentrated
again using an Ultracel 10k-membrane. For Western blotting,
purified proteins were loaded onto 15% SDS-PAGE gels and
transferred to PVDF membranes (Bio-Rad). An aS primary
antibody (sc-52979 [Santa Cruz Bio technology], 1:750) and
an A primary antibody (beta amyloid 6E10 [Covance],
1:1000) were used to detect aS and Af proteins, respectively.
An antimouse IgG peroxidase secondary antibody (Sigma;
1:2500) was used for the detection of chemiluminescence. A
detailed Western blotting procedure has been described
elsewhere.*>

Preparation of Cross-Linked aS Oligomers, SNARE
Proteins, and Reconstituted Proteoliposomes. The de-
tailed procedures of preparation of cross-linked aS oligomers,
SNARE proteins, and reconstituted proteoliposomes are
described in detail in the Supporting Information (SI).

In Vitro Ensemble Vesicle Fusion Assay (Lipid Mixing
and Content Mixing). For the lipid mixing assay, two
populations of proteoliposomes of t-vesicles labeled with Dil
and v-vesicles labeled with DiD were mixed together to form a
20 #M lipid mixture in the presence or absence of Af-seeded
aS oligomers or Ap,, aggregates. A 532 nm excitation
wavelength was used for the excitation, and an emission
wavelength of 690 nm was used to detect FRET. For the
content mixing assay, two populations of proteoliposomes,
unlabeled t-vesicles and v-vesicles (SV) containing sulforhod-
amine B (SRB), were mixed together to form a 20 yM lipid in
the presence or absence of Af-seeded aS oligomers or Af,,
aggregates. A 532 nm excitation wavelength was used for the
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excitation, and a wavelength emission of 580 nm was used to
detect SRB dequenching. Triton X-100 (0.1%) was added to
reaction mixture to obtain the fluorescence signal at 100%
dequenching of SRB. A temperature-controlled fluorescence
spectrophotometer (Cary Eclipse, Varian) was used for both
lipid mixing and content mixing assays.

Co-Immunoprecipitation of Af-Seeded aS Oligomers.
170 nM of purified Af-seeded aS oligomers (@S monomer
concentration) was incubated with 2 ug aS primary antibody
for 1 h at 4 °C and then incubated with 20 yL of protein A/G
plus-agarose beads (Santa-cruz) for 2 h at 4 °C. Afi-seeded aS
oligomers bound to protein A/G plus-agarose beads were
pelleted down by centrifugation at 2500 rpm for 5 min at 4 °C.
To wash the unbound oligomers, pelleted beads were
resuspended with PBS, which were centrifuged again. This
washing process was repeated 4—5 times. After washing,
pelleted beads were resuspended with 20 uL of 2X protein
sample buffer, loaded to SDS-PAGE, and analyzed by Western
blot.

B RESULTS

Generation and Characterization of Ap-Seeded aS
Oligomers. Af-seeded aS oligomers were generated by
incubating aS with Af,, monomers in 20 mM sodium
phosphate buffer at 37 °C. Tsigelny et al. reported that AS-
seeded aS oligomers were effectively generated by incubating
10 uM aS with 20 uM Ap,, monomers.'” We tested various
concentration of Af,, monomer with 10 M aS$ for oligomer
generation (Supplementary Figure 1, SI), which showed that
the amount of Af-seeded aS oligomers increased as the
concentration of Aff,, monomer increased, in line with the
results of Tsigelny et al."” We also varied the incubation time
for the oligomer formation (Supplementary Figure 2a, SI). The
larger oligomers of approximately 250 kDa were not generated
at § days of incubation but appeared at 7 days of incubation.
Thus, we produced Af-seeded aS oligomers by incubating 10
UM aS with 20 uM Ap,, monomers at 37 °C for 7 days,'>"”
which were purified by size-exclusion chromatography for large-
sized oligomers or protofibrils (Figure la). Under these
incubation conditions, Af,, incubated without aS generated
various sizes of oligomeric and protofibril forms, typically larger
than 15 kDa (Figure la). The incubation of aS without Af,,
did not produce oligomeric aggregates (Figure 1a). These
results are consistent with previous studies showing that Af,,
promotes the aggregation of @S and functions as the
intermediate for the aggregation of aS, possibly by directly
interacting with aS and coaggregation."”'®'” Purified Ap-
seeded aS oligomers mainly have a rod-like structure
(Supplementary Figure 3, SI). To assess the coexistence of
two proteins in large-sized oligomeric forms, we performed a
coimmunoprecipitation assay. We precipitated the oligomeric
forms with an anti-aS antibody and then performed Western
blot analysis using an anti-Af antibody (Figure 1b). The
obtained results suggest that the large-sized oligomers
generated by the coincubation of A, and aS contained
both Af,, and aS. Alternatively, because toxic small AfS
oligomers have been formed under low temperature con-
ditions, we also attempted to produce @S oligomers in the
presence of Af,, at 4 °C. However, at this low temperature, no
complexes or large-sized aS oligomers formed (Supplementary
Figure 2b, SI).

Then, we determined which region of aS participates in the
aggregation of Af-seeded aS oligomers. For this purpose, we
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Figure 2. Inhibition of content mixing by Af-seeded aS oligomers. (a) Content mixing measured by the fusion reaction between unlabeled t-vesicles
(T) (reconstituted with t-SNARE, a preformed binary complex of syntaxin-1A and SNAP-25) and v-vesicles (SV) (reconstituted with synaptobervin-
2 and full-length synaptotagmin-1) encapsulating 20 mM SRB were detected by the dequenching of SRB. Full content release was measured by
adding 0.1% Triton X-100 at the end of fusion reaction. (b) The effects of Af}-seeded aS oligomers on the content mixing assay. T-SV: T and SV (20
#M in lipid concentration) were mixed together at 35 °C without any additives (black line). Af-seeded aS oligomers produced inhibitory effects on
content mixing in a dose-dependent manner (85 nM, red line; 170 nM, light blue line; and 340 nM, yellow line [#S monomer concentration]). For
Ap,, aggregates, insignificant inhibitory effects on content mixing were observed. The leakage of SRB was tested by using t-vesicles encapsulating 20
mM SRB, T (SRB). The fusion of T (SRB) with SV (SRB) presented no dequenching of SRB [T (SRB) — SV (SRB)], which proved no leakage of
SRB (brown line). (c) Relative percentages of SRB dequenching at 1800 s from b.

used four types of aS antibodies that bind to the full-length, N-
terminal, internal, or C-terminal epitopes to identify which
motifs are responsible for aggregation (Figure 1c). Afi-seeded
aS oligomers were efficiently detected when aS antibodies
targeting the full-length and C-terminal epitopes were used. In
contrast, the N-terminal and internal regions of aS were not
targeted by any of these antibodies, indicating that the C-
terminal regions of aS in Af-seeded aS oligomers are exposed,
allowing access to the aS antibodies. Thus, the N-terminal and
internal regions of aS appear to be used for the coaggregation
with AS.

Ap-Seeded aS Oligomers Efficiently Inhibit Neuronal
SNARE-Mediated Lipid Mixing. Next, we tested if the Af-
seeded aS oligomers inhibited neuronal SNARE-mediated
vesicle fusion.>**> We prepared reconstituted proteoliposomes
for an in vitro fusion assay; t-SNAREs, the heterodimer of
syntaxin HT and SNAP-25, and v-SNARE synaptobrevin-2
were incorporated into t- and v-vesicles, respectively.*® Here, t-
vesicles (T) were doped with Dil (green dye) and v-vesicles
(V) with DiD (red dye). When the two types of vesicles were
fused together through the interactions between SNARE
proteins, the mixing of the lipids from the two types of vesicles
occurred (Figure 1d). This lipid mixing was monitored by the
fluorescence resonance energy transfer (FRET) signal between
Dil (FRET donor) and DiD (FRET acceptor) (Figure 1d).
Without the addition of oligomers, the T-V mixture presented
significant mixing of lipids (black line, Figure le). We
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confirmed that lipid mixing was driven by SNARE assembly
because addition of the soluble synaptobrevin-2 blocked lipid
mixing near completely (Figure le, purple line). Then, we
applied Ap,, oligomers generated without aS to the fusion
reaction mixture, and no inhibitory effects on vesicle fusion
were observed from 180 nM to 740 nM of Af,, aggregates
(monomer concentration). We also assessed the products of aS
incubated without Af,,, which produced no effects on vesicle
fusion (Supplementary Figure 4, SI). In contrast, when we
applied the Af-seeded aS oligomers to the fusion reaction
mixture, lipid mixing was dramatically reduced (Figure 1e). The
inhibition was nearly 65% with 85 nM Af-seeded aS oligomers
(aS monomer concentration) in a 20 M vesicle mixture (lipid
concentration) (Figure 1f), and with 340 nM oligomers, nearly
80% of the fusion was blocked (Figure 1f). These results clearly
demonstrate that Af,, enhanced aS oligomerization, and the
resultant large-sized aS oligomers inhibited SNARE-mediated
vesicle fusion.

Previous work showed that the @S monomer can inhibit
vesicle fusion.”” In this work, the authors used a high
concentration of @S monomer; this concentration was greater
than a few uM and is much higher than the concentration we
tested (Supplementary Figure 4). At such a high concentration,
the @S monomer can inhibit fusion by lipid-aS interactions
rather than by direct SNARE-aS interactions. We also
confirmed the fusion inhibition by a high concentration of aS
monomer (Supplementary Figure S, SI). The concentration
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Figure 3. Af-seeded aS oligomers interact with the N-terminal domain of synaptobrevin-2 and block vesicle docking. (a) Co-floatation assay
assessing the binding of Af-seeded aS oligomers to vesicles. (Bottom panel) Schematic illustration of the cofloatation assay. Each T, V, ntV
(reconstituted with N-terminal truncated synaptobrevin-2, top cartoon) or F (protein free) was incubated with Af-seeded aS oligomers. Vesicle-
bound Af-seeded aS oligomers were obtained from a gradient centrifugation in the presence of 0%, 30% (dark yellow), and 40% (green) Histodenz
and quantified with Western blotting (middle panel). (b) Test of the inhibitory effect on fusion of Af-seeded aS oligomers on the fusion reaction
with v-vesicles reconstituted with N-terminal truncated synaptobevin-2 (ntV). T-ntV: T and ntV (20 M in lipid concentration) were mixed
together at 35 °C without any additives (black line). A negative lipid mixing control was performed by adding a soluble motif of synaptobrevin-2
(purple line). No inhibitory effects of Af-seeded aS oligomers (85 nM, red line; 170 nM, light blue line; and 340 nM, yellow line) on T-ntV lipid
mixing were observed. Bar graphs were obtained from three independent measurements. (c) Schematic illustration of the single-vesicle lipid-mixing
assay by ALEX. Sufficient dilution to 100 pM vesicles ensures that only one vesicle passes through the excitation volume at a given time. The result
of ALEX measurement is presented in E (FRET efficiency)-S (sorting number) histogram. (d) Schematic representation of the E-S histogram. Three
fluorescent intensities of a vesicle from the time traces in Supplementary Figure 9, SI were used to calculate E and S. Unreacted, docked, and lipid-
mixed vesicles localized to the different areas of the E—S graph (unreacted T [green box], unreacted V [red box], docked vesicles [purple box], and
lipid-mixed vesicles [orange box]). (e) E-S graph of T-V fusion. t- and v-vesicles (20 #M final lipid concentration) were mixed and then incubated
for 30 min at 35 °C prior to ALEX measurements. A significant amount of lipid-mixed vesicles was observed (orange box). (f) E-S graph of T-V
fusion in the presence of 740 nM of Af,, aggregates. No difference in the amount of lipid-mixed vesicles was observed (orange box). (g) E-S graph
of T-V fusion in the presence of 340 nM of Af-seeded aS oligomers (@S monomer concentration). (h) Relative subpopulation of lipid-mixed
vesicles measured from ALEX (Supplementary Figure 8, SI). The subpopulation of lipid-mixed vesicles was significantly reduced. Error bars were
obtained from three independent experiments.

required to inhibit fusion was nearly 2 orders of magnitude less
for the oligomers than for the monomers.

Inhibition of Content Mixing by Ap-Seeded aS
Oligomers. In exocytosis, vesicles undergo two major reaction
steps: vesicle docking, ie., the initial complex formation
reaction between t-SNARE and synaptobrevin-2 to form the
vesicle complex without lipid mixing, and vesicle fusion. Vesicle
fusion can be monitored by two methods. One common
method is to observe lipid mixing, i.e., the mixing process
between lipids of two attached vesicles (Figure 1d). However,
lipid mixing does not ensure content mixing, which represents
full vesicle fusion.>® Thus, although we demonstrated that AS-
seeded aS oligomers blocked lipid mixing (Figure le), we
needed to test whether the oligomers also inhibited content
mixing. We performed a content mixing assay (Figure 2a) using
two populations of proteoliposomes, unlabeled t-vesicles and v-
vesicles containing sulforhodamine B (SRB). We incorporated
synaptotagmin-1 together with synaptobrevin-2 into v-vesicles
(SV) for the content mixing assay because synaptotagmin-1 is

often required for content mixing.*> We mixed two types of
vesicles with 20 uM lipid concentrations with or without
aggregates. The increase in the fluorescence signal by SRB
dequenching was used as an indicator of the content mixing
process in this assay.39 At appropriate time points, 0.1% Triton
X-100 was added to the reaction mixture to obtain a
fluorescence signal at 100% SRB dequenching. We observed
that AfB-seeded aS oligomers efficiently inhibited the neuronal
SNARE-mediated content mixing, but Af aggregates had
negligible effects on content mixing (Figure 2b). Thus, Af-
seeded a$ oligomers blocked both lipid and content mixing in
vesicle fusion.

Ap-Seeded aS Oligomers Interact with the N-Terminal
Domain of Synaptobrevin-2 and Block the Vesicle
Docking Step. Although various modes of interaction
between a$S and the reconstituted proteoliposomes are feasible,
such as the binding to negatively charged membrane
lipids®***~* and permeabilization of vesicle membranes,** aS
oligomer binding to synaptobrevin-2 on synaptic vesicles®® has
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been shown to be the major factor responsible for the
inhibitory effects on fusion of aS oligomers induced by
dopamine.®® The binding of aS to synaptobrevin-2 has been
recently further supported by single-vesicle assays.>" Thus, we
suspected that Af-seeded aS oligomers also interacted with the
N-terminal domain of synaptobrevin-2, which may have
resulted in the inhibitory effects on fusion. To test this
hypothesis, we performed a cofloatation assay.*® In this assay,
Ap-seeded aS oligomers bound to vesicles were separated from
the free Apf-seeded aS oligomers in solution and then
quantified by Western blot analysis (Figure 3a). These results
show that Apf-seeded aS oligomers bound favorably to v-
vesicles (V), which contained synaptobrevin-2. However, when
v-vesicles (ntV) were reconstituted with an N-terminal
truncated synaptobrevin-2 (nt-synaptobrevin-2, 29—116), the
binding affinity of Af-seeded aS oligomers to v-vesicles (ntV)
was significantly reduced compared with the v-vesicles (V)
reconstituted with full-length synaptobrevin-2 (Figure 3a,
Western blot). These results demonstrate that aS oligomers
induced by Af seeding also interacted with the N-terminal
domain of synaptobrevin-2.

Next, we tested the effects of Af-seeded aS oligomers on
vesicle fusion using v-vesicles (ntV) with nt-synaptobrevin-2
(Figure 3b). Because nt-synaptobrevin-2 did not contain the N-
terminal domain to allow binding of Af-seeded aS oligomers,
we expected that Af-seeded aS oligomers would not inhibit
vesicle fusion. As anticipated, no inhibitory effects on vesicle
fusion were observed (Figure 3b). These results are consistent
with the cofloatation assays and clearly demonstrate that the
interaction with the N-terminal domain of synaptobrevin-2 is a
critical factor for the inhibitory effects of Apf-seeded aS
oligomers on vesicle fusion.

By adding protein-free liposomes to the fusion reaction
mixture, we confirmed that Af-seeded aS oligomers have a
negligible binding affinity to negatively charged liposomes
(Supplementary Figure 6, SI). In line with this result, Ap-
seeded aS oligomers did not induce clustering of protein-free
liposomes or t-vesicles, whereas the oligomers induced
clustering of v-vesicles (Supplementary Figure 7, SI).

Then, we investigated how the interactions between the N-
terminal domain of synaptobrevin-2 and Af-seeded aS
oligomers inhibited vesicle fusion. We used a single-vesicle
assay, termed alternating-laser excitation (ALEX), to investigate
which fusion step was involved in the inhibitory effects of Af-
seeded aS oligomers.45 ALEX observes one vesicle or vesicle-
pair at a time freely diffusing in solution (Figure 3c). By using
two lasers in alternating modes, ALEX has the capability of
discriminating the status of vesicle, such as unreacted, docked,
and fused, and the sorted results are presented in a two-
dimensional graph of E (FRET efficiency) and S (sorting
number) (Figure 3d). Figure 3d depicts the expected location
of each type of vesicles schematically in the E-S graph; green
and red squares indicate the locations of the unreacted t- and v-
vesicles, respectively, the purple square indicates docked
vesicles, and the orange square indicates lipid-mixed vesicles.
We incubated a mixture of T and V with or without aggregates
in 20 uM of lipids concentration for 30 min at 35 °C and then
performed ALEX measurements to analyze the subpopulations
of the mixture (Figure 3e—g and Supplementary Figures 8 and
9). Figure 3e shows the results of T-V mixture without
aggregates, where a substantial amount of the lipid-mixed
population (orange square) was observed. When we added
AP, aggregates to this mixture, no substantial differences in the
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subpopulations and the amount of lipid-mixed vesicles were
observed (Figure 3f). However, the subpopulation of lipid-
mixed vesicles was significantly reduced when we added Ap-
seeded aS oligomers (Figure 3gh). These results are consistent
with the bulk measurements, where only Apf-seeded aS
oligomers produced inhibitory effects on fusion (Figure le).
Importantly, the subpopulation of docked vesicles (purple
square) did not increase, but the subpopulation of lipid-mixed
vesicles was markedly reduced by the AfB-seeded aS oligomers
(Figure 3gh). This result directly indicates that Af-seeded aS
oligomers inhibited vesicle fusion at the docking step; if the
lipid-mixing step was inhibited, then the subpopulation of
docked vesicles would have been increased. The inhibition of
the docking step by Af-seeded aS oligomers resembles the
inhibitory effects of dopamine-induced @S oligomers.*” Thus, it
is highly possible that both oligomers share the same molecular
mechanism on fusion inhibition, i.e., the binding of oligomers
to synaptobrevin-2 prohibiting complex formation between
synaptobrevin-2 and t-SNARE in vesicle docking.

Ap-Seeded aS Oligomers Transduced into PC12 Cells
Inhibit Exocytosis. To test whether Afi-seeded a$S oligomers
inhibited SNARE-mediated exocytosis at the cellular level, we
used a protein transfection method to directly deliver Af and
a$ oligomers into PC12 cells (Figure 4).** The delivery of
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Figure 4. Ap-seeded aS oligomers transduced into PC12 cells reduce
exocytosis. (a) The transfection of AB-seeded aS oligomers into PC12
cells was confirmed by Western blot. Cell lysates were used for
Western blot analysis and probed with an anti-aS antibody (top panel)
and an anti-Af antibody (middle panel). The amount of protein
loaded was confirmed by visualizing f-actin levels (bottom panel).
When the transfection reagent was absent, no Af-seeded aS oligomers
were detected. (b) The effects of Af-seeded aS oligomers delivered
into PC12 cells on exocytosis. After delivering the Af-seeded aS
oligomers or Af,, aggregates generated without aS into PC12 cells
with transfection reagents, the amount of released ['*C]-acetylcholine
by a high-K* depolarization was measured (***P < 0.005). An MTT
assay was performed to ensure cell viability after transfection.

oligomers into PCI12 cells by this transfection method was
confirmed using Western blot analysis (Figure 4a). Then, we
used a high K* solution to depolarize and induce exocytosis and
measured the level of exocytosis by quantifying the amounts of
released ['*C]-acetylcholine (Figure 4b). When Af-seeded a$S
oligomers were transfected, the level of exocytosis was
significantly reduced (Figure 4b, red bar). In contrast, the Af
aggregates had no effect on exocytosis, which was consistent
with the in vitro assay (Figure 4b, orange bar). An MTT assay
was performed to test the cytotoxicity of both Af aggregates
and Apf-seeded aS oligomers, which revealed negligible toxicity
(Figure 4b, blue dot line). As a control, we assessed exocytosis
without treating with the transfection reagents, and no change
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Figure S. Cross-linked large-sized aS oligomers inhibit SNARE-mediated vesicle fusion. (a) Western blot of cross-linked aS oligomers. First lane,
cross-linked aS oligomers generated by incubating 25 M aS with 500 uM of the BS® (bis[sulfosuccinimidyl] suberate) cross-linker at room
temperature for 1 h, followed by 25 mM Tris-HCl (pH 7.4) at room temperature for 30 min. Second lane, no BS® control, i.e, 25 uM aS was
incubated without BS® at room temperature for 1 h. Third lane, @S monomers without incubation. (b) The effects of cross-linked aS oligomers on
lipid mixing. A vesicle fusion reaction was performed under identical conditions as described in Figure 1d. With the addition of cross-linked aS
oligomers to the T-V reaction mixture, a significant reduction in fusion was observed (85 nM, red line; 170 nM, light blue line; [#S monomer
concentration]). The no SNAP-2S condition is a control for vesicle fusion (purple line).

in the amount of exocytosis through depolarization was
observed with or without the aggregates of Af and Ap-seeded
asS oligomers (Supplementary Figure 10, SI). Thus, Af-seeded
a$S oligomers delivered into PC12 cells inhibited exocytosis,
which is fully consistent with our observations in the in vitro
fusion assays.

Large-Sized aS Oligomers Induced by Chemical
Cross-Linking Inhibit SNARE-Mediated Vesicle Fusion.
In this work, we demonstrated that Af-seeded aS oligomers
inhibited vesicle fusion by interacting with synaptobrevin-2.
The inhibitory mechanism of Af-seeded aS closely overlaps
with the mechanism of dopamine-mediated aS oligomers.*”
These findings lead us to postulate that large-sized aS
oligomers generated by any pathway would interact with
synaptobrevin-2 and ultimately inhibit SNARE-mediated vesicle
fusion. To test this hypothesis, we prepared large-sized aS
oligomers by chemical cross-linking. We used a bis-
[sulfosuccinimidyl] suberate cross-linker to generate aS
oligomers (Figure Sa). After purifying the aS oligomers, we
applied them to an in vitro vesicle fusion assay. Interestingly, the
cross-linked aS oligomers also significantly reduced the amount
of vesicle fusion (Figure Sb), which was similar to the inhibitory
effects of Af-seeded aS oligomers. The inhibitory effects of the
cross-linked aS oligomers on exocytosis were also confirmed
using PCI12 cells (Supplementary Figure 11, SI). Then, we
tested whether the cross-linked aS oligomers interacted with
the N-terminal domain of synpatobrevin-2 to produce an
inhibitory effect using v-vesicles reconstituted with nt-
synaptobrevin-2. As expected, the inhibitory effects on fusion
of the cross-linked aS oligomers were absent with nt-
synaptobrevin-2 (Supplementary Figure 12, SI). These results
suggest that the inhibitory effect on fusion is a common feature
of large-sized a$ oligomers, and thus seeding molecules, such as
Ap and dopamine, play an important role in the inhibition of
neurotransmission by generating harmful large-sized aS
oligomers.

B DISCUSSION

In this work, we studied the effects of cross-seeding between
APy, and aS, which generated large-sized aS oligomers that
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inhibited neuronal SNARE-mediated vesicle fusion. Af-seeded
a$S oligomers binding to the N-terminal domain of synapto-
brevin-2 inhibited vesicle fusion (Figure 6). In contrast, the
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Figure 6. The proposed model for inhibitory effects of Af-seeded aS
oligomers on vesicle fusion. Af escalates the production of large-sized
as$ oligomers, and these oligomers efficiently block vesicle docking by
selectively binding to synaptobrevin-2, a vesicular SNARE protein,
which would prompts synaptic dysfunction in neuron.

products of Af,, and aS incubated separately without mixing
had no eftect on vesicle fusion. These results suggest that the
cooperative effect between Af and aS produces toxic oligomers
that inhibit vesicle fusion and consequently disrupt synaptic
transmission.

Ap is typically produced by endoproteolysis of the amyloid
precursor protein in the extracellular medium. Although the
plaques, mostly composed of Af, are located in the extracellular
region, it is now generally accepted that Af also accumulates
intracellularly.'"®*® Evidence suggests that the accumulation of
intracellular Af,, may be associated with an early stage of the
AD pathology.‘w'48 However, the role of intracellular Af,, still
remains a key unanswered question. Interestingly, the Ap
peptide found intracellularly mostly comprises Af,, among its
isoforms,***” and they can be produced in the ER in neurons,
with the associated synaptic pathology.*’ In addition to the
generation of intracellular Af,,, reuptake of extracellular Af,,
through interactions with various receptors is a well-known
process of Af internalization."*° Evidence suggests that the
oligomerization of Af occurs in an intracellular region prior to
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the extracellular space.'® Because aS is one of the most
abundant cytosolic proteins in the presynaptic terminal, it is
possible that intracellular Af,, may trigger the oligomerization
of aS or co-oligomerization with aS. Our results suggest that
the consequence of cross-seeding oligomers is the inhibition of
SNARE functions. Recently, Sharma et al. have reported that
the amount of SNARE-complex assembly is reduced in post-
mortem brain tissues of AD patients.”’ This observation
indicates the connection between AD and the SNARE-complex.
Although multiple pathways can contribute to reduced SNARE-
complex assembly, our observation that Af-seeded aS
oligomers inhibited vesicle docking, i.e., the initial binding
between SNARE-complex components, provides a potential
mechanism for the reduction of SNARE-complex assembly in
the brain tissues of AD patients. Because Af oligomer
generation at the Fresynaptic terminal is associated with the
early stages of AD,'® the inhibition by Af-seeded aS oligomers
of neuronal SNARE-mediated fusion may occur during the
early symptoms.

Because one of the hallmarks of PD is the preferential
destruction of dopaminergic neurons, dopamine has been
anticipated to play a key role in PD.**** Indeed, Lansbury and
co-workers have demonstrated that dopamine induces the
formation of aS oligomers while reducing fibril formation,>*
and the detailed mechanism of aS oligomerization by
dopamine has been extensively studied.*>*® In our previous
work, we reported that dopamine-induced a$ oligomers have a
toxic function by inhibiting vesicle fusion.’’ In the present
study, we further demonstrated that the inhibitory effects on
fusion were maintained by aS oligomers generated through AS
seeding effect and chemical cross-linking. Although @S can
form oligomers by itself, many cofactors or seeding molecules,
such as metal ions,>"%® Ap, and dopamine, accelerate aS
oligomerization. Our results strongly suggest that seeding
molecules, such as Af, dopamine, and other reactive molecules
that can cross-link @S, initiate @S oligomerization, and
eventually cause the inhibitory effects on fusion by generating
large-sized aS oligomers (Figure 6). It may be general that
large-sized aS oligomers, when produced in neurons, produce
neurotoxicity by blocking SNARE-mediated neurotransmission.
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