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Abstract

Misfolded a-synuclein adopts distinct amyloid architectures across synucleinopathies,
complicating the development of PET tracers for in vivo detection. Here, we used cryo-
EM to determine how the clinically evaluated tracer ACI-12589 recognizes disease-
derived a-synuclein filaments isolated from human brain. In MSA type | and Il filaments,
ACI-12589 occupies a conserved C-terminal cleft in protofilament A, forming a diagonal
array stabilized by hydrogen bonds and cooperative aromatic stacking without detectable
backbone rearrangement. Recognition of PD filaments was strongly architecture
dependent: no ordered ligand density was observed in singlet Lewy folds from idiopathic
PD or SNCA H50Q-associated PD, whereas ACI-12589 bound an exposed B-sheet
surface in the G51D dimerised Lewy fold in a geometry distinct from that observed in
MSA. These structures reveal the molecular basis of fold-dependent tracer recognition
and provide a framework for interpreting variable imaging signals and developing next-
generation a-synuclein PET agents.



Introduction

The abnormal accumulation of misfolded a-synuclein proteins in the brain is a hallmark
of a group of neurodegenerative disorders collectively known as synucleinopathies’: 2,
including Parkinson's disease (PD), dementia with Lewy bodies (DLB), and multiple
system atrophy (MSA). Increasing evidence indicates that assembled a-synuclein
propagates through templated seeding mechanisms, driving the spread of pathology and
neurodegeneration 3. Although these disorders share a-synuclein aggregation as a
common pathological feature, they exhibit distinct clinical manifestations, cellular
vulnerabilities, and patterns of regional brain involvement. In PD and DLB, a-synuclein
predominantly accumulates within neuronal Lewy bodies and Lewy neurites, whereas
MSA is characterized by abundant oligodendroglial cytoplasmic inclusions together with
intracellular neuronal aggregates 6. Our previous cryo-EM studies have shown that a-
synuclein filaments from idiopathic PD and DLB adopt a single protofilament architecture
termed the Lewy fold” 8, whereas disease-associated A53T and G51D mutations can give
rise to a dimerised Lewy fold °. G51D is particularly notable because it causes familial
parkinsonism with clinicopathological features that overlap with MSA'® " whereas the
association of H50Q with familial PD has been less consistent'?. By contrast, MSA a-
synuclein filaments contain two main structural types, designated types | and Il, each
composed of two non-identical protofilaments (PF-A and PF-B) arranged in an
asymmetric cross- architecture '3. A further subtype of type | filaments was characterized
with a slight change in protofilament A 4. Although PF-A and PF-B share some B-strand
motifs, they differ in side-chain packing and inter-protofilament contacts, producing
distinct molecular surfaces and grooves that are absent in Lewy fold filaments. These
disease-associated filament folds generate distinct molecular surfaces and intermolecular
interfaces that are likely to influence both pathogenic propagation and molecular
recognition.

Positron emission tomography (PET) imaging provides a powerful, non-invasive
approach to detect and monitor protein aggregation in vivo, making it a valuable tool for
disease diagnosis as well as progression tracking '°-'8. PET tracers targeting amyloid-f

plaques and tau neurofilamental tangles are now widely used in Alzheimer's disease "



1921 whereas the development of a-synuclein tracers has proven substantially more
challenging owing to the relatively low abundance, structural heterogeneity, and
conformational diversity of a-synuclein aggregates % 22 23, Cryo-EM has been used to
elucidate the binding mechanisms of small molecules and PET tracers to amyloid
filaments, providing structural insights into how ligands recognize amyloids 24 25. These
studies have determined binding to tau paired helical filaments 2628, chronic traumatic
encephalopathy tau filaments 2°, in vitro assembled a-synuclein filaments 22 23 2530 and
TMEM106B filaments 3'. These structures explain the high affinity and selectivity of
existing PET tracers and show that differences in flament conformation create distinct
binding environments that likely contribute to variability in imaging signals between
diseases and across patients. Recent a-synuclein PET tracers, including ['®F] ACI-12589
and ['""C] MODAG-005, have entered early clinical evaluation, but their binding profiles
differ across synucleinopathies 32 33. However, no structure has yet revealed how an
imaging ligand engages disease-derived a-synuclein filaments isolated from human brain
tissue.

['8F] ACI-12589 is a clinically evaluated PET tracer that has been designed to bind
to pathological a-synuclein aggregates, while being selective over other amyloid
filaments, such as amyloid beta, tau and TDP-43. Indeed, in vitro, autoradiography
experiments showed strong binding of ['®F] ACI-12589 to a-synuclein inclusions in
postmortem in different synucleinopathy tissues, with minimal off-target binding to
amyloid-B, tau, or myelin-rich regions 34. In clinical testing, ['8F] ACI-12589 was found to
distinguish MSA from other kinds of neurodegenerative diseases as well as to distinguish
MSA subtypes based on the PET signal uptake in different brain areas. Particularly, first-
in-human PET imaging with ['®F] ACI-12589 demonstrated high retention in MSA-affected
brain regions, including cerebellar white matter and middle cerebellar peduncles, in MSA
subtypes C and P respectively, but negligible binding in PD, DLB, or control subjects.
Interestingly preclinical data, using high resolution autoradiography or radiobinding
assays in human brain tissue, revealed that ['®F] ACI-12589 is not exclusively MSA-
specific, displaying high affinity for a-synuclein aggregates from sporadic and familial (e.g.
G51D mutation carrier) parkinsonism cases as well as DLB cases. These findings indicate

that ACI-12589 is not specific to a single disease and instead may interact differentially



with distinct a-synuclein assemblies. The structural basis of these differences has
remained unknown.

Here, we used cryo-EM to investigate ACI-12589 binding to human brain-derived
a-synuclein filaments encompassing distinct architectures associated with MSA and PD.
In addition to MSA type | and type Il filaments, we examined two independent samples
containing the singlet Lewy fold, from idiopathic PD and H50Q-associated PD, as well as
the dimerized Lewy fold associated with the SNCA G51D mutation. ACI-12589 bound a
conserved C-terminal cleft in both MSA filament types and a distinct exposed B-sheet
surface in the G51D dimerised Lewy fold, whereas no ordered ligand density was
detected in either singlet Lewy fold. These findings demonstrate that ACI-12589 binding
is architecture-dependent and define the molecular environments compatible with

ordered tracer binding.

Results

ACI-12589 binds a C-terminal cleft in two types of MSA a-synuclein filaments

To better characterize the molecular basis of ACI-12589 recognition, we performed cryo-
EM structure determination of two types of a-synuclein filaments from two
neuropathologically confirmed cases of MSA following incubation with ACI-12589
(Supplementary Table 1). Sarkosyl-insoluble a-synuclein filaments extracted from the
putamen of case 1 and frontal cortex of case 2 were incubated with ACI-12589 (Fig. 1a)
at room temperature. a-synuclein filaments from case 1 were predominantly of MSA type
I, whereas filaments from case 2 were exclusively of type Il. Helical reconstruction in
RELION yielded maps of MSA type | and type Il filaments at resolutions of 2.7A and 2.6A,
respectively (Fig. 1b, 1c, Extended Data Fig. 1 and Supplementary Table 2). Comparison
with previously reported structures of MSA type | and type Il flaments (PDB codes: 6XYO
and 9CX6) revealed an additional density in a V-shaped cavity at the C-terminus of
protofilament A in both filament types. We calculated difference maps between our
reconstructions and the reference maps using EMDA 3%, with green colored densities
indicating the extra densities from the ACI-12598-incubated maps. After resampling and
aligning the maps to the same grid and coordinate frame, subtraction at 3.0 A resolution
revealed extra densities along the protofilament interface (Fig. 1c and 1e)'®. The main



difference between the maps with and without the PET tracer is an additional density in
the V-shaped cavity of the C-terminus in protofilament A from both filament types, which
extends up to 16 standard deviations above the mean, suggesting that they arise uniquely
from the incubation with ACI-12589 (Fig. 1d-1g). The absence of other difference
densities across the filament suggests a single, specific binding site for ACI-12589.
Additional, poorly resolved non-proteinaceous densities®® that have previously been
attributed to unknown cofactors '3 are present in maps with or without PET tracer.

A diagonal ligand array stabilizes ACI-12589 binding to MSA a-synuclein filaments
ACI-12589 binds to both type | and type || MSA a-synuclein filaments with a single ligand
molecule for each B-rung of the amyloid filament (Fig. 2). Superposition of the refined
atomic models with ligands to those without showed minimal deviations in the a-synuclein
molecules, with root mean-square deviations (r.m.s.d) less than 1A, confirming that PET
tracer binding is localized and does not perturb the overall flament architecture (Extended
Data Fig. 2). The ligand ACI-12589 occupies a V-shaped cleft at the C-terminus of
protofilament A, where the pyridine moiety is buried in the cavity (Fig. 2a and 2e). To
determine the pose, we first placed ACI-12589 into the extra density and explored
chemically reasonable torsions. Aromatic rings were kept planar; and torsions about the
pyridinyl-linker and linker—aryl single bonds were sampled. Two global orientations were
evaluated: with the pyrrolidine ring facing toward the filament core versus facing outward.
The inward-facing orientation produced steric clashes with nearby protein atoms. The
selected outward-facing orientation eliminated clashes, maximized real-space map-—
model correlation, and positioned the aromatic system to make favorable 1T contacts
(stacking/edge-to-face) with hydrophobic side chains lining the pocket. In both type | and
type Il filaments, ACI-12589 binding is further anchored by two hydrogen bonds from the
ligand to S87 and T92 with distance of 2.67 A and 3.15 A for Type | (Fig. 2b) and 2.80 A
and 2.64 A for Type Il (Fig. 2f).

Along the helical axis, the ACI-12589 adopts a diagonal orientation following the
helical symmetry of the amyloid fold. Each ACI-12589 molecule binds one a-synuclein
subunit per helical layer, and binding is further stabilized by aromatic stacking interactions
(Fig. 2d and 2h). While the distance from ligand to ligand on the filament axis is consistent



with helical rise (~4.8A), the angle between the plane of ligand molecule and a-synuclein
protein is about 45 degrees (Fig. 2 ¢, d, g and h). This angle of ligand binding shifted the
planes of the aromatic rings to a parallel offset pattern, resulting in a distance between
molecules at a favorable distance for T—1r stacking (with a 3.5 A inter-plane distance; Fig.
2d and 2h). Another 11 interaction that further stabilizes binding is between the aromatic
rings in ACI-12589 and that of the F94 side chains. The edge-to-face orientation of
aromatic rings results in T-shaped 1 stacking, with the positively charged framework of
one ring interacting with the 11 electron cloud of the side chain ring. Together, these
contacts create a cooperative binding arrangement that stabilizes ACI-12589 along the

filament surface.

ACI-12589 binding differs between singlet and dimerised Lewy folds

To further investigate ACI-12589 binding to Lewy fold architectures, we examined a-
synuclein filaments from idiopathic PD and from PD cases carrying heterozygous SNCA
H50Q or G51D mutations. a-synuclein filaments from idiopathic PD and H50Q PD adopt
the singlet Lewy fold and contain the additional density termed Island A, whereas G51D
filaments adopt a dimerised Lewy fold in which Island A is absent (Supplementary Table
2) °. Thus, the idiopathic PD and H50Q cases provided two independent examples of the
singlet Lewy fold, whereas G51D provided a structurally distinct dimerized Lewy fold.
G51D was of particular interest because previous autoradiography and radiobinding
studies showed prominent ACI-12589 binding to a-synuclein aggregates from this case3*.
Following incubation with ACI-12589, cryo-EM structures of the idiopathic PD, H50Q, and
G51D filaments were determined at resolutions of 2.8 A, 3.3 A, and 3.0 A, respectively
(Fig. 3, Extended Data Fig. 3, Extended Data Fig. 4 and Supplementary Table 2).
Comparison of the ACI-12589-incubated idiopathic PD and H50Q maps with their
corresponding ligand-free structures revealed no additional ordered density attributable
to ACI-12589 (Fig. 3a, 3c, and Extended Data Fig. 4). Thus, under the conditions
examined, no well-ordered ACI-12589 binding site was resolved in either example of the
singlet Lewy fold.

By contrast, the ACI-12589-incubated G51D filaments displayed additional density that
was absent from the corresponding ligand-free structure (Fig. 3b, 3d and 3g). This density



is located along an exposed B-sheet surface of the filament core between residues D51
and E57 (Fig. 3e and 3f). Unlike the diagonal arrangement of ACI-12589 in MSA filaments,
the ligand density in G51D runs approximately parallel to the B-sheet and rung, following
the helical symmetry of rise and twist as the core filament. Because the density did not
permit unambiguous determination of ligand directionality, a plausible binding pose was
modeled based on density agreement, steric compatibility and potential hydrophobic
interactions.

Structural comparison of the singlet and dimerised Lewy fold showed that the ACI-
12589-binding region exposed in G51D corresponds to a region occupied by Island A
singlet Lewy fold. The presence of Island A in both idiopathic PD and H50Q filaments may
therefore reduce accessibility to this surface, whereas its absence in the G51D assembly
creates an exposed region compatible with ordered ACI-12589 binding. Other structural
differences between the singlet and dimerised Lewy folds may also contribute to the
observed differences in ligand binding.

Conserved binding compatibility of ACI-12589 across MSA Type | and Type Il a-
synuclein filament

To assess whether this binding mode is preserved across MSA polymorphs, we compared
currently available human MSA filament structures, including type | (PDB 6XYO), type I-
(PDB 9CDA), type IlI1 (PDB 6XYP and 9CX6), and type Il (PDB 6XYQ) filaments. MSA
type Ill was not compared here because it adopts a substantially different filament
architecture. Structural comparisons showed that the C terminus cleft of protofilament A
is highly conserved across the four type | and type Il subtypes examined (Fig. 4a-4d). The
two type | subtypes have closely related protofilament A structures surrounding the
binding site and generate nearly identical C-terminal cavities. In type Il subtypes,
structural variation is concentrated primarily in protofilament B, whereas the local
geometry of the protofilament A binding cleft is retained. In all four subtypes, S87 and T92
are oriented toward the cavity and are positioned to support hydrogen bonding with ACI-
12589, while F94 projects toward the ligand-binding region and can support aromatic
interactions. Electrostatic interactions indicate the hydrogen bonding and hydrophobic
interactions that define this cavity (Extended Data Fig. 5).



Although the corresponding region of protofilament B is structurally similar to
protofilament A, it contains an additional density that partially occludes the cavity,
providing a possible explanation for the restriction of resolved ACI-12589 binding to
protofilament A only (Fig. 4a and 4c). These comparisons indicate that the ACI-12589-
binding pocket is a conserved structural feature of protofilament A in type | and type Il
MSA filaments and is compatible with ligand binding across these MSA filament subtypes.

ACI-12589 adopts distinct binding geometries in disease-derived a-synuclein
filaments

Comparison of the MSA and G51D structures reveals two distinct modes of ACI-12589
binding. In MSA type | and type Il filaments, the ligand occupies a recessed C-terminal
cavity in protofilament A and forms a diagonal array stabilized by ligand—ligand stacking.
In the G51D dimerized Lewy fold, ACI-12589 instead associates with an exposed 3-sheet
surface in an approximately parallel orientation. Related geometries have been observed
for other small molecules bound to a-synuclein filaments. A similar diagonal arrangement
has been observed for CNS-11g 3" bound to MSA type | a-synuclein filaments (PDB
9E8W), suggesting that the C-terminal cleft of protofilament A can accommodate
chemically distinct ligands through a related binding geometry (Fig. 4e). In the G51D
dimerised Lewy fold, ACI-12589 binds along an exposed [3-sheet surface in an orientation
approximately parallel to the filament axis (Fig. 4f). A parallel binding arrangement has
also been reported for FD4 bound to a singlet Lewy fold structure (PDB 9V6U), and
occupy a similar region of the a-synuclein sequence and local filament surface (Fig. 4g
and 4h). These comparisons show that disease-derived a-synuclein filaments can
accommodate small molecules through two distinct structural environments and ligand
geometries (Fig. 4f and 4i). ACI-12589 therefore does not recognize a single conserved
pocket across a-synuclein folds, but instead engages compatible sites depending on the
combination of pocket shape, surface exposure, and filament architecture.

Discussion
The development of PET tracers for a-synuclein has remained considerably more
challenging than for amyloid-B or tau, owing to the relatively low abundance of



pathological a-synuclein aggregates, their intracellular localization, and the remarkable
structural heterogeneity of disease-associated filaments. A recent autoradiographic
comparison of ACI-12589 and asyn-44 reported tracer-specific binding differences
between MSA and PD tissues, as well as possible off-target binding of ACI-12589 to
amyloid-B plaques®?, further emphasizing the need to define the structural environments
that support ligand recognition. Here, we present cryo-EM structures of the clinically
evaluated PET tracer ACI-12589 bound to disease-derived a-synuclein filaments
extracted directly from human brain. The structures show that ACI-12589 is
accommodated by distinct molecular environments in different disease-associated a-
synuclein filament folds. In MSA filaments, the tracer binds a conserved C-terminal cavity
in protofilament A, whereas in the G51D dimerized Lewy fold it associates with an
exposed B-sheet surface through a different binding geometry. By contrast, no ordered
ligand density was resolved in two independent examples of the singlet Lewy fold, from
idiopathic PD and H50Q PD. Together, these findings provide a structural framework for
understanding how the same PET ligand interacts with structurally diverse a-synuclein
assemblies.

Comparison with other a-synuclein PET ligand structures suggests emerging
principles of amyloid molecular recognition. The PET ligand F0502B22, together with more
recent structures of CNS-11g (PDB 9E8W) and FD4 (PDB 9V6U), established that small
molecules can bind defined sites on human a-synuclein filaments. Our structures extend
these observations by demonstrating that the same ligand can adopt distinct binding
modes on different disease-derived filament architectures. ACI-12589 and CNS-11g bind
MSA filaments through a diagonal arrangement within a C-terminal cavity, whereas ACI-
12589 in the G51D dimerized Lewy fold and FD4 in Lewy fold filaments adopt a binding
mode that is approximately parallel to the filament axis. Despite these differences, all
currently available a-synuclein ligand structures share one notable feature: ligand
molecules are organized according to the helical symmetry of the underlying amyloid
filament. Rather than binding randomly to the filament surface, PET ligands appear to
assemble into periodic arrays dictated by the repeating architecture of the filament. The
available structures therefore suggest two complementary features of amyloid ligand
recognition: a locally compatible molecular environment defined by pocket geometry and



side-chain organization, and a ligand arrangement compatible with the repeating helical
architecture of the filament.

The comparison between singlet and dimerized Lewy folds further illustrates the
importance of local site accessibility. The absence of ordered ACI-12589 density in both
idiopathic PD and H50Q filaments argues against the H50Q substitution itself being
responsible for the lack of a resolved binding site. Instead, the ACI-12589-binding region
exposed in the G51D dimerized Lewy fold corresponds to a region occupied by Island A
in both singlet Lewy-fold structures. This suggests that the presence of Island A may
reduce accessibility to this surface, whereas its absence in G51D permits ordered ligand
accommodation. Other differences between the singlet and dimerized Lewy folds,
including protofilament organization, local side-chain packing and surface properties, may
also contribute. Notably, the G51D mutation is associated with familial parkinsonism
showing some clinicopathological features that overlap with MSA, yet its a-synuclein
filaments adopt a dimerized Lewy fold rather than an MSA fold. The ability of ACI-12589
to bind both assemblies therefore illustrates that ligand-compatible environments can
arise in structurally distinct disease-associated a-synuclein folds.

Our findings also highlight the importance of studying ligand interactions using
disease-derived filaments. Although several recombinant a-synuclein filaments adopt
overall folds resembling those observed in human brain, structural similarity alone does
not predict ligand recognition. Notably, a recently deposited cryo-EM structure of ACI-
12589 incubated with an in vitro assembled a-synuclein filament (PDB 9KCP) does not
show ordered ligand density despite apparent similarities in filament architecture.
Likewise, a-synuclein filaments assembled in mouse brain (PDB 9RZF) 3° differ
substantially from human disease-derived structures (Extended Data Fig. 6). These
observations suggest that ligand recognition depends on features extending beyond the
protein backbone, including local side-chain conformations, filament folding, post-
translational modifications, electrostatic environment, and associated non-proteinaceous
components 40,

The structural differences observed here also provide a framework for interpreting
the heterogeneous imaging behavior of ACI-12589 across synucleinopathies. While ex-
vivo, ACI-12589 binds broadly to different forms of a-synuclein aggregates, clinical PET



imaging demonstrates robust tracer retention in MSA lower but detectable signals in a
familial form of PD (SNCA duplication carriers), but no relevant signal in sporadic PD or
DLB cases. Our structures suggest that these differences arise, at least in part, from the
compatibility of individual filament architectures with ACI-12589 binding. However,
filament structure is unlikely to be the only determinant of PET signal. Compared with
amyloid-B plaques or tau neurofibrillary tangles, the overall burden of aggregated a-
synuclein in PD is relatively low, and Lewy pathology is predominantly intracellular and
regionally heterogeneous. Consequently, even ligands capable of recognizing Lewy
filament conformations may produce limited in vivo contrast because of the relatively
small number of accessible binding sites. Variation in aggregate abundance, filament
composition, and regional pathology therefore probably contributes together with
structural compatibility to the PET signals observed in patients.

While the structures presented here establish the molecular basis of ACI-12589
binding to several disease-derived a-synuclein filament architectures, additional filament
conformations from human synucleinopathies remain to be investigated. Future structural
studies will be important to determine whether the architecture-dependent binding
principles identified here extend across the broader spectrum of a-synuclein polymorphs.
Combining cryo-EM with quantitative binding measurements, autoradiography, and in
vivo PET imaging will further help relate atomic binding mechanisms to tracer
performance in human disease.

Our structures provide a molecular framework for interpreting how PET ligands
interact with disease-derived human a-synuclein filaments. Rather than recognizing a
universal structural motif, ACI-12589 binds compatible molecular environments
generated by distinct disease-associated filament architectures. Together with recently
reported a-synuclein ligand structures, our findings support a model in which ligand
recognition emerges from the interplay between local binding-site chemistry, filament
architecture, and the repeating helical symmetry of the amyloid assembly. We anticipate
that integrating structural biology with molecular imaging will accelerate the rational
development of next-generation tracers for the diagnosis and monitoring of

synucleinopathies.
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Fig. 1 | Cryo-EM maps of type | and type Il MSA a-synuclein filaments with ACI-
12589. a, Chemical structure of ACI-12589. b, Cryo-EM maps of type | filaments without
(Case 1 apo) and with (Case 1 with ACI-12589) PET tracer. Scales, 1nm. Red arrows
indicate the PET tracer densities. ¢, Difference maps for the of MSA type | filaments with



and without ACI-12589. Positive difference density is shown in green at a threshold of 12
standard deviations in the difference map; negative difference density is shown in red at
a threshold of 12 standard deviations. d, Cryo-EM maps of type Il flaments without (Case
2 apo) and with (Case 2 with ACI) PET tracer. e, Difference maps for the of MSA type I
filaments with and without ACI-12589. Positive difference density is shown in green at a
threshold of 9 standard deviations in the difference map; negative difference density is
shown in red at a threshold of 9 standard deviations. f and g, Top and side view of cryo-
EM map of type | filaments with ACI-12589. The density for ACI-12589 is colored in
magenta. h and I, Top and side view of cryo-EM map of type Il filaments with ACI-12589.



PF-1IB

Fig. 2 | Binding architectures of type | and type Il MSA filaments with ACI-12589. a,
Cryo-EM electron density map and atomic model of type | flaments. The cryo-EM map
(white) overlaid with the atomic model (protein in cyan, ACI-12589 in magenta). b, Close-
up depiction of binding site and close contacts within type | filament binding cleft. ¢, Side
view of one molecule of ACI-12589 within multiple layers of the type | filament binding
pocket. d, Parallel offset of stacked ACI-12589 molecules with respect to the type |
filament axis. e, Cryo-EM electron density map and atomic model of type Il flaments. The
cryo-EM map (white) overlaid with the atomic model (protein in cyan, ligand in magenta).
f, Close-up depiction of binding site and close contacts within type Il filament binding cleft.
g, Side view of one molecule of ACI-12589 within multiple layers of the type Il filament
binding pocket. h, Parallel offset of stacked ACI-12589 molecules with respect to the type

[l filament axis.
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Fig. 3 | Cryo-EM structures of WT and G51D a-synuclein filaments following
incubation with ACI-12589.

a and b, Cryo-EM maps of WT (A) and G51D (B) filaments without and with ACI-12589
PET tracer. Scales, 1Tnm. Red arrows in B indicate the additional density attributed to ACI-
12589. ¢, Top view of cryo-EM maps of WT filaments without and with ACI-12589,
showing no resolved additional ligand density. d, Top view of cryo-EM maps of G51D



filaments without and with ACI-12589. The additional density attributed to ACI-12589 is
colored in magenta. e, Cryo-EM map and atomic model of the G51D filament with ACI-
12589; ligand density is shown in magenta. f, Zoomed-in top and side views of the ACI-
12589 binding site and ligand interactions. Hydrogen bonds are plotted with dashed lines.
g, Side view of cryo-EM map of G51D filament with ACI-12589. The density for ACI-12589
is colored in magenta.
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Fig. 4 | Distinct modes of ligand binding to disease-derived a-synuclein filaments.
a, Superposition of type | MSA filaments with ACI-12589. Type |1 with ACI-12589 in cyan
and type |2 in gray. Protofilaments of PF-IA and PF-IB were indicated. Gray circles
represent shared cofactors. b, Zoomed-in view of the superposition of type | C-termini.
The superposition region starts from V63 to the end of C-terminus. ¢, Superposition of
type Il MSA filaments with ACI-12589. Type Il1 with ACI-12589 in green and type Il2 in
salmon. Protofilaments PF-IIA and PF-1IB were indicated. Green circles represent
cofactor in type 111-ACI-12589. d, Zoomed-in view of the superposition of type |1, type I,
type ll1, and type Il> C-terminus. e, Superposition of type 11 MSA filaments with ACI-12589
or CNS-11g. Type |1 with ACI-12589 in cyan and type |1 with CNS-11g in blue. Gray circles

represent shared cofactors. f, Schematic representation of diagonal ligand-binding



geometry within the MSA filament pocket. Ligands are in pink and MSAs filaments in
purple. g, Superposition of G51D filaments with ACI-12589 and WT filaments. G51D with
ACI-12589 in yellow and WT in purple. Gray circles represent shared cofactors. h,
Superposition of G51D filaments with ACI-12589 and Lewy fold with FD4. G51D with ACI-
12589 in yellow and Lewy fold with FD4 in forest. Gray circles represent shared cofactors.
i, Schematic representation of the approximately parallel ligand-binding geometry along
the Lewy fold surface. Ligands are shown in pink and the filament in purple.



Methods
No statistical methods were used to predetermine sample size. The experiments were
not randomized, and investigators were not blinded to allocation during experiments and

outcome assessment.

Clinical history and neuropathology

Four postmortem brain samples were used in this study. Case 1 was an 85-year-old
woman who died with a neuropathologically confirmed diagnosis of MSA-P following a 9-
year history of bradykinesia, rigidity in upper and lower limbs and autonomic failure 3.
Case 2 developed short-term memory impairment and spatial disorientation at aged 58
and died at 66 with diagnosis of MSA but reviewed as an FTLD-synuclein case with MSA
type Il filaments, which was identified as MSA-FTLD subtype #'. Case 3 was a female
carrying a heterozygous SNCA H50Q mutation who developed PD at age 43 and died at
age 78. Case 4 was a previously described female with a family history of PD caused by
a heterozygous mutation in SNCA encoding G51D a-synuclein. She was diagnosed with
PD at age 69 and developed cognitive impairment at age 71. Case 5 was an 87-year-old
man with neuropathologically confirmed PD who died after an 8-year history of prominent
resting tremor and bradykinesia. He developed dementia approximately 3 years after his
PD diagnosis.

Extraction of a-synuclein filaments

Sarkosyl-insoluble material was extracted from fresh-frozen frontal cortex and putamen
of individuals with MSA and MSA-FTLD, frontal cortex of individuals with PDD (G51D),
PD (H50Q), and PDD (WT), essentially as described 4'. In brief, tissues were
homogenized in 20 vol (v/w) extraction buffer consisting of 10 mM Tris-HCI, pH 7.5, 0.8
M NaCl, 20% sucrose and 1 mM EGTA. Homogenates were brought to 2% sarkosyl and
incubated for 60 min at 37° C. Following a 10 min centrifugation at 10,000g, the
supernatants were spun at 100,000g for 30 min. Sarkosyl-insoluble pellets were
resuspended in 100 pl/g of elution buffer (20 mM Tris-HCI, pH 7.5, and 50mM NaCl) for

further studies.



Binding of ACI-12589 to a-synuclein filaments

ACI-12589 was synthesized at AC Immune as described **. A 20mM solution was
prepared using anhydrous dimethyl sulfoxide (DMSQO) and stored at —20 °C. a-synuclein
filaments were extracted using the sarkosyl method from two cases and suspended in
100 pl/g elution buffer (20 mM Tris-HCI, pH 7.5, and 50mM NacCl), then were incubated
with 20 yM ACI-12589 for 3.5-12 h at room temperature.

Electron cryo-microscopy

Extracted filaments were centrifuged at 3,000 g for 3 minutes and applied to glow-
discharged holey carbon gold grids (Quantifoil Au R1.2/1.3, 300 mesh) and holey carbon
grids (Quantifoil Cu R1.2/1.3, 300 mesh), which were glow-discharged with a Gatan
Model 950 Advanced Plasma System using the carbon glow recipe for 30 s. Aliquots of 3
ul were applied to the grids and blotted with filter paper (Ted Pella 595 Filter Paper) at
100% humidity and 8 °C, and plunge-frozen in liquid ethane using an FEI Vitrobot Mark
IV (Thermo Fisher Scientific). For MSA case 1 and case 2, datasets were acquired on
Titan Krios G2 and G4 microscopes (Thermo Fisher Scientific) operated at 300 kV. For
G51D, H50Q and WT cases, datasets were acquired on Titan Krios G3 microscopes
(Thermo Fisher Scientific) operated at 300 kV. Images for the MSA case 1, G51D case,
H50Q case and WT case were acquired using a Gatan K3 detector in super-resolution
counting mode, using a Bio-quantum energy filter (Gatan) with a slit width of 20 eV.
Images for MSA case 2 were acquired using a Falcon-4i detector (Thermo Fisher
Scientific) in EER mode with a flux of 8 electrons/pixel/s and a Selectris-X energy filter
(Thermo Fisher Scientific) with a slit width of 10 eV to remove inelastically scattered
electrons. Images for MSA cases were recorded with a total dose of 40 electrons per A%
The G51D case, H50Q case and WT case were recorded with a total dose of 50 electrons

per A2, Further details can be found in Supplementary Table 2.

Helical reconstruction

Movie frames were gain-corrected, aligned, dose-weighted and then summed into a
single micrograph using RELION’s own motion correction program 42, Contrast transfer
function (CTF) parameters were estimated using CTFFIND-4.1 43, All subsequent image-



processing steps were performed using helical reconstruction methods in RELION 42
44 Movie frames were gain-corrected, aligned, dose-weighted and then summed into a
single micrograph using RELION’s own motion correction program 42, Contrast transfer
function (CTF) parameters were estimated using CTFFIND-4.1 43, All subsequent image-
processing steps were performed using helical reconstruction methods in RELION 42 44,
a-synuclein filaments were picked manually (Extended Data Fig. 1). For all data sets,
reference-free 2D classification was performed to select suitable segments for further
processing. Initial 3D reference models were generated de novo from 2D class averages
using an estimated rise of 4.75 A and helical twists according to the observed cross-over
distances of the filaments in the micrographs #°.

An initial model was generated using selected 2D class averages and a calculated
crossover of 593 A for type | filaments and 598 A for type Il filaments. G51D apo map
model (EMD-70252) was used as initial model of G51D case, H50Q apo map model
(EMD-70253) was used as initial model of H50Q case, and WT apo map model (EMD-
15285) was used as initial model of WT case. Combinations of 3D auto-refinements and
3D classifications were used to select the best segments for each structure. For both data
sets, Bayesian polishing*® and CTF refinement 4’ were performed to further increase the
resolution of the reconstructions. Final reconstructions were sharpened using standard
post-processing procedures in RELION, and overall final resolutions were estimated from
Fourier shell correlations (FSCs) at 0.143 between the independently refined half-maps,
using phase randomisation to correct for convolution effects of a generous, soft-edged
solvent mask “. Using the relion_helix_toolbox program, helical symmetries were
imposed on the post-processed maps, which were then used for model building and

refinement. For further details, see Supplementary Table 2 and Fig. 1.

Difference map calculation with EMDA

To evaluate PET tracer or ligand-associated densities, difference maps were calculated
using the EMDA 3. Prior to subtraction, both cryo-EM reconstructions were resampled to
the same pixel size and box dimensions to ensure grid compatibility. The maps were then
aligned into a common coordinate frame by overlaying one reconstruction onto the other

with emda overlay --map, which also provided an estimate of the relative displacement of



structural domains. Following alignment, difference maps were generated using the emda
diffmap function with a resolution cutoff of 3.0 A (--res 3). This procedure highlights local
regions of positive and negative density corresponding to structural rearrangements or

additional features between the two states.

Model building and refinement

Atomic models comprising one B-sheet rung were built in Coot 4° with the PDB models
6XYO for MSA type |, 6XYP for MSA type Il filaments, and 909J for G51D. Coordinate
refinements were performed using Servalcat®®. Final models were obtained using
refinement of all rungs with full occupancies of the ligand molecules against the half-maps
in Servalcat. Additional information can be found in Supplementary Table 2.

Data availability

Cryo-EM maps were deposited to the EM Data Bank under accession codes EMD-78243,
EMD-78904, and EMD-77417. Corresponding refined atomic models were deposited to
the PDB under accession codes PDB: 37KR, 38LK, and 36EK. Please address requests
for materials to the corresponding authors. Source data are provided with this paper.
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Supplementary Table 1 | Information of human cases.

CASE GENDER AGE OF AGE OF DISEASE CLINICOPATHOLOGICAL
ONSET DEATH DURATION DIAGNOSIS
(YEARS) (YEARS) (YEARS)
MSA CASE 1 Female 76 85 9 MSA
MSA CASE 2 Female 58 66 8 MSA-FTLD
G51D
(HETEROZYGOUS) Female 69 75 6 PDD
H50Q
(HETEROZYGOUS) Female 44 78 34 PD
WT Male 79 87 8 PDD

Supplementary Table 2 | Cryo-EM data acquisition and structure determination.

MSA _ACI MSA_ACI G51D_ACI H50Q WT
(CASE1, (CASE2, (INCUBATION (INCUBATION
TYPE1) TYPE2) WITH ACI) WITH ACI)
37KR/EMD- 38LK/EMD- 36EK/EMD-
PDB/EMDB EMD-79856 EMD-79855
78243 78904 77417
DATAACQUISITION
ELECTRON GUN Krios G2 Krios G4 Krios G3 Krios G3 Krios G3
DETECTOR K3 Falcon4i K3 K3 K3
ENERGY FILTER
20 10 20 20 20
SLIT (EV)
MAGNIFICATION 96,000 165,000 105,000 105,000 105,000
VOLTAGE (KV) 300 300 300 300 300
ELECTRON DOSE
50 40 50 50 50
(E-1A2)
DEFOCUS RANGE
-1to-2.4 -1to-2.4 -12t0-1.8 -1.2t0-1.8 -1.2to0 -2
(MM)
PIXEL SIZE (A) 0.828 0.723 0.828 0.86 0.926
MAP REFINEMENT
SYMMETRY
C1 C1 C1 C1 C1
IMPOSED
INITIAL PARTICLE
298,689 183,315 89,504 81,732 72,579

IMAGES (NO.)



FINAL  PARTICLE
IMAGES (NO.)

MAP RESOLUTION
A)

FSC THRESHOLD
HELICAL TWIST (°)
HELICAL RISE (A)

MODEL
REFINEMENT
MODEL
RESOLUTION (A)
FSC THRESHOLD
MAP SHARPENING
B FACTOR (A2)
MODEL
COMPOSITION
NON-HYDROGEN
ATOMS

PROTEIN
RESIDUES
LIGANDS

B FACTORS (A2?)
PROTEIN

R.M.S. DEVIATIONS
BOND LENGTHS (A)
BOND ANGLES (°)
VALIDATION
MOLPROBITY
SCORE
CLASHSCORE
POOR ROTAMERS
(%)
RAMACHANDRAN
PLOT

FAVORED (%)
ALLOWED (%)
DISALLOWED (%)

112,655

2.72

0.143
-1.41
4.73

2.72

0.5

5700

800

61.9

0.0084
1.61

1.52

3.08

0.93

93.59
6.41
0

54,932

2.63

0.143
-1.43
4.73

2.70

0.5

6462

894

72.7

0.0091
1.473

1.63

3.99

0.98

93.10
6.90

23,486

3.03

0.143
179.92
2.39

3.03

0.5

2685

395

68.2

0.0093
1.94

1.95

7.66

90.67
9.33

55,612

3.34

0.143
0.82
4.98

65,000

2.76

0.143
0.84
4.77




Extended Data Figures
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Extended Data Fig. 1 | Cryo-EM images, maps, and resolution estimates. Images of
a-synuclein filaments (red arrows) of MSA type | (a) and MSA type Il (f) with ACI. Scale
bars, 50 nm. Class 2D averages of MSA type | (b) and type Il (g) filaments. Scale bars,
10 nm. Zoomed-in view of the main chain showing density of the oxygen atoms of MSA
type | (c) and type Il (h) filaments. d and i, Fourier shell correlation (FSC) curves for cryo-
EM maps (d for MSA type | and i for MSA type Il) are shown in black; for the final refined
atomic model against the final cryo-EM map in red; for the atomic model refined in the
first half map against that half map in blue; for the refined atomic model in the first half
map against the other half map in yellow. Side view of the 3D reconstructions of MSA type

| (e) and type Il (j) flaments. Scale bars, 1 nm.
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Extended Data Fig. 2 | Superposition of apo filament structures with ligand-bound
structures. a, Superposition of MSA type | apo a-synuclein filament structure (PDB
6XYO) in magenta with the ligand-bound structure in cyan. b, Superposition of MSA type
Il apo a-synuclein filament structure (PDB 6XYP) in purple with the ligand-bound structure

in cyan.
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Extended Data Fig. 3 | Cryo-EM images, maps, and resolution estimates. a, f and I,
Images of a-synuclein filaments (red arrows) of G51D, H50Q and WT with ACI. Scale



bars, 50 nm. b, g and j, Class 2D averages of G51D (b), H50Q (g) and WT (j) filaments.
Scale bars, 5 nm. ¢, Zoomed-in view of the main chain showing density of the oxygen
atoms of G51D filaments. d, Fourier shell correlation (FSC) curves for G51D cryo-EM
maps are shown in black; for the final refined atomic model against the final cryo-EM map
in red; for the atomic model refined in the first half map against that half map in blue; for
the refined atomic model in the first half map against the other half map in yellow. e, h
and k, Side view of the 3D reconstructions of G51D (e), H50Q (h) and WT (k) filaments.
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Extended Data Fig. 4 | Cryo-EM maps of H50Q a-synuclein filaments with ACI-
12589. a, Cryo-EM maps of H50Q filaments without and with ACI-12589 PET tracer.
Scales, 1nm. b, Top view of cryo-EM maps of H50Q filaments without and with ACI-
12589.



Extended Data Fig. 5 | ACI-12589 binds to protofilament A of MSA filaments. a,
Atomic model of ACI-12589 bound to type | filament. Residues G84 — F94 are shown as
sticks for protofilament |IA (cyan) and protofilament IB (green). b, Superposition on C-
terminus of protofilament IA and IB from MSA type | filament. Protofilament IA with ACI-
12589 is in cyan, while protofilament IB in green. ¢, Atomic model of ACI-12589 bound to
type Il filaments. Residues G84-K96 are shown as sticks for protofilament IIA (cyan) and
protofilament IIB (green). d, Superposition on C-terminus of protofilament IIA and IIB from
MSA type Il filament. Protofilament IIA with ACI-12589 is in cyan, while protofilament II1B

in green. Hydrogen bonds are shown in yellow.
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Extended Data Fig. 6 | Superposition of type | MSA protofilament A (cyan) with
representative a-synuclein filament structures. a, Type | in vitro assembly generated
from wild-type and mutant a-synuclein (PDB: 8CE7, magenta). b, Type Il in vitro assembly
generated from wild-type and mutant a-synuclein (PDB: 8CEB, yellow). ¢, ACI-bound
polymorph 6A6B (PDB: 9KCP, red). d, In vivo-formed filaments purified from the brain of
an M83+/- mouse following injection with recombinant a-synuclein filaments (PDB: 9RZF,
orange).
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