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ABSTRACT OF THE DISSERTATION

Cryo-EM Structures and Biological Study of Pathogenic Alpha-Synuclein Fibrils

Binsen Li
Doctor of Philosophy in Biochemistry, Molecular and Structural Biology
University of California, Los Angeles, 2020
Professor David S. Eisenberg, Co-Chair

Professor Lin Jiang, Co-Chair

Multiple neurodegenerative diseases, including Parkinson's disease (PD), dementia with Lewy
bodies (DLB), and multiple system atrophy (MSA) have been associated with the pathological
aggregation of amyloid protein a-synuclein (aSyn). Similar to tau strains from different
tauopathies, strains of aSyn have been demonstrated distinct cell-to-cell spreading. The distinct
biological activity from each strain is encoded by the specific conserved conformation. However,
we knew little about the atomic structures of aSyn fibril polymorphs. Our works revealed cryo-
EM structures of aSyn wild-type fibril polymorphs and aSyn fibril polymorphs with hereditary
mutation (E46K and H50Q). We showed two types of kernel that can be found in all aSyn
polymorphs, which is validated by the fibrils from MSA patients. We also found aSyn fibril

polymorphs are differed by varying 1) folding of protofilament 2) number of protofilament 3)

i



binding interface between protofilaments, thus leads to distinct cellular toxicity, aggregation rate
and seeding capacity. Furthermore, we extracted and characterized fibrils from patients with
Parkinson’s disease, which formed a different polymorph. The study provides near-atomic

insights about aSyn aggregation and enables future development of therapeutics.
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OVERVIEW

In 1912, Frederic Henry Lewey discovered Lewy bodies (LB) and Lewy neurites (LN) in
substantia nigra of patients with Parkinson’s disease (PD)!. Later, filamentous alpha-synuclein
(aSyn) came into the spotlight as the major constituent of LB from patients with PD or dementia
with Lewy bodies (DLB) by immunochemistry?. The etiology linkage between aSyn and Lewy
body diseases was further strengthened by the disease causal hereditary mutations*°, duplication'®
and triplication!" of SNCA, the gene encoded for aSyn.

The prion concept was introduced by Stanley Prusiner as proteinaceous infectious particles
and linked to amyloid and neurodegenerative disease'>!3. Since then, there has been accumulated
evidence on how the aSyn aggregates spread from cell-to-cell in a prion-like manner. Braak et al.
examined brains from PD patients with varied severity of symptoms and found the correlation
between neuropathological damage and aSyn pathology along a predetermined sequence: from
the lower brain stem spreading upwards to the neocortex!*!>. Additionally, the grafted neurons
placed into PD patients obtained LB over the years, indicating the aSyn pathology was transmitted
from the neurons!®!”. Another recent study on 47 multiple system atrophy (MSA) patients found
out the glial cytoplasmic inclusions (GCIs) a-syn aggregation and the associated neuronal
dysfunction spread in a different pattern'®. This transmission was recapitulated in mouse: after
injection of recombinantly expressed a-syn pre-formed fibrils into striatum, LB formed, spread
across interconnected regions and reached substantia nigra pars compacta'®%’.

The prion-like strain properties have been characterized in tau and related
neurodegenerative tauopathies, including Alzheimer’s disease (AD), corticobasal degeneration

(CBD), Chronic traumatic encephalopathy (CTE) and Pick’s disease (PiD)?!. Different tau strains,



derived from each tauopathy, can induce distinct endogenous tau propagation?’-2*. The strain-
specific property is believed to come from the distinct structural conformation of tau aggregation,
and this is not confirmed until recent publications of high-resolution cryo-electron microscopy
structures. Structures of tau filaments extracted from AD??, PiD?%, CTE?” and CBD?? are all distinct
from each other, and the filaments are identical between cases in either CTE or CBD. Similarly,
aSyn strains from LB and GCI exhibited distinct characteristics. Peng et al. demonstrated the GCI-
aSyn is 1000 times more potent in seeding than LB-aSyn and the oligodendrocytes can transform
a misfolded aSyn into the GCl-like strain?’. Recently, LB and MSA strains after amplification
were differentiated by a dye-binding assay with 95% sensitivity, which supports that aSyn derived
from LB and MSA strains correspond to different conformations?°

The structural study of aSyn is crucial for understanding the aggregation and template
seeding. Various studies have been conducted using nuclear magnetic resonance (NMR), micro-
electron diffraction (micro-ED) and cryo-electron microscopy (cryo-EM). Vilar et al. identified
multiple B-strands within residues 35-96 forming the aggregation fibril core using quenched
hydrogen/deuterium exchange NMR?!'. Non-amyloid-beta component (NAC) region covers
residues 61-95 was responsible for fibril aggregation®?. From the peptide structures solved by
micro-electron diffraction, Jose et al. found out not only a segment within NAC region (NACore
residues 68-78), but also another segment preceding NAC region (preNAC residues 47-56) is
crucial forming steric zipper responsible for the aggregation’®. The preNAC segment associates
with most of the reported hereditary single-point mutations of synucleinopathies, such as E46K>,
H50Q%, G51D*, AS3E®, A53V7 and A53T%. Around the same time, the first full-length aSyn PFF
structure was solved by solid state NMR?3®, The structure reveals a hydrophobic core in a Greek-

key motif formed by single protofilament assembly. Later, we used cryo-EM and discovered two



double-protofilament polymorphs using the same fibril core (Chapter 1)*’. One of the polymorphs
was confirmed by two other studies’®*. To link the structures with the disease, we found new
polymorph structures of aSyn fibril due to hereditary mutation H50Q (Chapter 3)*° and E46K
(Chapter 4)*'. Not until most recently, the cryo-EM structure of aSyn fibril from MSA was solved
by Schweighauser et al*>. The new double-protofilament polymorphs showed resemblance to the
fibril core of PFF structure.

My doctoral work encompassed in this dissertation studies on the structures and biological
activities of pathogenic aSyn fibrils:

Chapter 1 is reprinted from an article published in Nature Communications®’. In the work,
we presented near-atomic structures of two distinct full-length recombinant aSyn fibril
polymorphs solved by cryo-EM. The fibrils are physiologically relevant due to its toxicity and
seeding capacity in cells. Both two polymorphs contain a pair of B-sheet protofilaments sharing a
conserved kernel consisting of a bent B-arch motif. Different packings of the same protofilaments
at steric homo-zipper cores of the preNAC and NACore lead to distinct fibril polymorphs. We
examined six hereditary mutations (E46K, H50Q, G51D, AS3E, A53T, and A53V) located at the
preNAC region and the initial analysis suggested potential contributions of different polymorphs
in the complex pathogenesis of synucleinopathies.

Chapter 2 is a draft of a manuscript in submission. We presented an additional polymorph
termed striated ribbon based on previous structural information. This new polymorph showed
different cytotoxicity, seeding capacity in cells and distinct spreading patterns in mouse brain

comparing with the previous polymorphs. The results indicate a necessary consideration of all



concurrent fibril polymorphs in development of therapeutics targeting neurodegenerative disease
with high structural polymorphism.

Chapter 3 is a reprint of an article published in Nature Structural & Molecular Biology*’.
We determined two cryo-EM structures of aSyn fibrils containing hereditary mutation H50Q.
Two new polymorphs, narrow and wide fibrils, are formed from one or two protofilament
respectively. Impacted by the point mutation, previous known interfaces observed in wild-type
structure are abolished. While the fold of the mutant structures resembles the fold of the wild-
type structures, new structural elements are observed. The unique features of H50Q polymorphs
help elucidate the faster aggregation, higher cytotoxicity and seeding capacity comparing with
wild-type polymorphs.

Chapter 4 is a reprint of a published article that revealed the structure of aSyn fibrils
carrying the hereditary E46K mutation*'. The fibril structure contains a pair of protofilament that
adopts a vastly rearranged, lower energy comparing to wild-type fibril structures. Based on
energy prediction, this is due to the abolished E46-K80 salt bridge, which serves as a kinetic trap
that prevents wild-type fibrils from folding into a more stable and pathogenic E46K fibril
structure.

Chapter 5 includes the results from the structural study of aSyn fibrils extracted from PD
patients. Unlike the fibrils from MSA, they formed predominantly the non-twisting ribbon

polymorph, which poses a challenge for current cryo-EM structural determination.
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Cryo-EM of full-length a-synuclein reveals fibril
polymorphs with a common structural kernel

Binsen Li, Peng Ge?, Kevin A. Murray3, Phorum Sheth!, Meng Zhang3, Gayatri Nair!, Michael R. Sawaya® 3,
Woo Shik Shin!, David R. Boyer® 3, Shulin Ye?, David S. Eisenberg® 3 7. Hong Zhou?4 & Lin Jiangeﬁf@1

a-Synuclein (aSyn) fibrillar polymorphs have distinct in vitro and in vivo seeding activities,
contributing differently to synucleinopathies. Despite numerous prior attempts, how poly-
morphic aSyn fibrils differ in atomic structure remains elusive. Here, we present fibril
polymorphs from the full-length recombinant human aSyn and their seeding capacity
and cytotoxicity in vitro. By cryo-electron microscopy helical reconstruction, we determine
the structures of the two predominant species, a rod and a twister, both at 3.7 A resolution.
Our atomic models reveal that both polymorphs share a kernel structure of a bent p-arch,
but differ in their inter-protofilament interfaces. Thus, different packing of the same kernel
structure gives rise to distinct fibril polymorphs. Analyses of disease-related familial muta-
tions suggest their potential contribution to the pathogenesis of synucleinopathies by
altering population distribution of the fibril polymorphs. Drug design targeting amyloid fibrils
in neurodegenerative diseases should consider the formation and distribution of concurrent
fibril polymorphs.
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-Synuclein (aSyn) is an intrinsically disordered protein,

which can aggregate into different fibril forms, termed

polymorphs. Polymorphic aSyn fibrils can recruit and
convert native aSyn monomers into the fibril state, a process
known as seeding!. Seeding of aSyn is associated with its
pathological spread in the brain, contributing to multiple neu-
rodegenerative diseases known as synucleinopathies, including
Parkinson’s disease (PD), dementia with Lewy bodies, and mul-
tiple system atrophy (MSA)3.

Different aSyn fibril polymorphs have shown distinct
seeding capacities in vitro and in vivo. Negative-stain electron
microscopy (EM) images of aSyn fibrils extracted from PD and
MSA patient brain tissues revealed fibril polymorphs with dif-
ferent widths: a major population of 10-nm-wide straight or
twisted filaments and a minor population of 5-nm-wide
straight filaments>3. An additional EM study of recombinant
aSyn fibrils confirmed the presence of similar fibril polymorphs,
where each of the ~10-nm-wide filaments was composed of a
bundle of two aSyn filaments®. More recently, two in vitro gen-
erated polymorphic fibrils (named ribbons and fibrils) exhibit
different toxicity and in vitro® and in vivo® seeding properties.
Peng et al.” demonstrated that brain-derived aSyn fibrils from
different synucleinopathies are distinct in seeding potencies,
which is consistent with the progression rate of each disease.
In order to better understand the molecular basis for toxicity
and seeding efficiency of aSyn aggregation in vitro and in vivo,
atomic resolution structures of aSyn fibril polymorphs are
crucially needed.

Previous studies have defined some structural details of
aSyn fibrils. By micro-electron diffraction (microED)8, structures
of the preNAC region (;;GVVHGVTTVAss) and NACore
regions (non-amyloid-p component core, ;sGAVVTGVTAVAg),
amyloidogenic segments critical for cytotoxicity and fibril for-
mation, each revealed a pair of tightly mated in-register p-sheets
forming a steric zipper. Moreover, a solid-state nuclear magnetic
resonance (ssNMR) structure of recombinant aSyn revealed a
Greek-key B-sheet motif in the hydrophobic core of a single fibril
filament®, where salt bridges (E46-K80), a glutamine ladder
(Q79), and hydrophobic packing of aromatic residues (F94)
contribute to the stability of the in-register p-sheet. These pre-
vious structural studies offer atomic insights into aSyn fibril
architecture; however, additional structures are needed to eluci-
date the differences between aSyn fibril polymorphs. This infor-
mation is necessary for the development of drugs targeting
aSyn aggregation and seeding.

We set out to determine the structures of aSyn fibril species,
and characterized one preparation of recombinant full-length
aSyn containing various filamentous fibrils. The in vitro gener-
ated aSyn fibrils demonstrated a dose-dependent cytotoxicity
and in vitro seeding in cells. Our cryo-EM study of the aSyn
fibrils revealed two major polymorphs, termed rod and
twister. Near-atomic structures (at a resolution of 3.7A) of
both polymorphs showed a pair of B-sheet protofilaments
sharing a conserved kernel consisting of a bent B-arch motif.
However, the protofilaments of the structures contact with
each other at different residue ranges, one at the NACore
and the other at the preNAC region, forming different fibril
cores. The involvement of NACore and preNAC steric zippers
in the fibril cores of aSyn fibrils is supported by X-ray fiber
diffraction experiments. In the rod and twister polymorphs,
interface packing differences between the protofilaments lead
to different fibril morphologies with distinct helical twists
along the fibril axis. Structural analysis of disease-related muta-
tions in the rod and twister structures suggests that aSyn
fibril polymorphs may play different roles in aSyn aggregation
and seeding.

2 NATURE COMMUNI

Results

Seeding capacity and cytotoxicity of full-length human aSyn
fibrils. In order to produce a wide range of aSyn fibril poly-
morphs, we screened fibril growth conditions of full-length
recombinant human aSyn (1-140) by varying pH, salt, and
additives. All samples were incubated in quiescent conditions for
14-30 days, in order to best mimic the physiological conditions of
in vivo fibril growth. Fibril growth was monitored using thioflavin
T (ThT) aggregation kinetics. We confirmed the presence of a
wide range of fibril morphologies using negative-stain EM (see
Methods and Supplementary Fig. 1). One fibril preparation stood
out with well-separated single filaments with or without an
apparent twist (Fig. la and Supplementary Fig. 2) in the presence
of tetrabutylphosphonium bromide (an ionic liquid additive used
in protein crystallization) at room temperature. Two major
populations in this fibril preparation, the straight and twisted
filaments, were around 10 nm wide (Fig. 1b), which is consistent
with the previously reported aSyn fibrils either generated in vitro
or extracted from patient brains®10.

We performed biological experiments to assess the pathological
relevance of the aSyn fibrils preparation. In vitro seeding of the
fibrils was monitored using a biosensor cell assay. Human
embryonc kidney 293T (HEK293T) cells endogenously express
disease-associated aSyn A53T mutant fused with cyan fluorescent
protein (CFP) or vyellow fluorescent protein (YFP) as a
fluorescence resonance energy transfer (FRET) pair'!. The aSyn
fibril seeds were transduced into cells and induced intracellular
aSyn aggregation or inclusions that was quantified by flow
cytometry-based FRET analysis!! (see Methods and Supplemen-
tary Fig. 3). At a concentration of aSyn fibril seeds as low as 10
nM, we observed aSyn inclusions as fluorescent puncta in cells
(white arrows in Fig. 1c). The quantified FRET signal indicated
the level of cellular aggregation seeded by the aSyn fibrils followed
a dose-dependent manner (Fig. 1d). We also characterized the
cytotoxicity of these aSyn fibrils in differentiated PC12 cells. The
aSyn fibrils used in in vitro seeding experiment showed a
significant cytotoxicity at 500 nM (Fig. le). Thus, the aSyn fibrils
used in this study were able to act as seeds and trigger
intracellular amyloid aggregation and subsequent cytotoxicity.

Cryo-EM structures of two aSyn fibril polymorphs. We per-
formed cryo-EM studies to further elucidate the structures of
fibril polymorphs. Two-dimensional (2D) classification of the
cryo-EM images revealed that the fibril preparation consisted of
two major populations, as well as several minor ones (Supple-
mentary Fig. 4). The two major populations were composed of
two fibril polymorphs, herein referred to as “twister,” which has a
twist in its projection views, and “rod,” which lacks an apparent
twist. We determined the three-dimensional (3D) structures for
both polymorphs to a resolution of 3.7 A (Table 1, Fig. 2, and
Supplementary Figs. 5, 6). Both structures consisted of two
intertwined protofilaments related by an approximate 2; screw
axis of symmetry with a helical rise of 2.4 A, which is consistent
with the 2.4 A reflection observed in the fiber diffraction patterns
(Fig. 3e). The rod polymorph has a pitch of 920 A and a right-
handed helical twist of 179.5% the twister polymorph has a
shorter (460 A) pitch and a right-handed helical twist of 179.1°
(Fig. 2a).

We were able to build atomic models for both the rod and
twister polymorphs, guided by side chain densities revealing
distinct landmarks (Supplementary Figs. 7, 8). Both structures are
composed of two protofilaments, each consisting of predomi-
nantly B-sheets. Out of the 140 amino acids in aSyn, 60 residues
(L38-K97) are sufficiently ordered to be visible in the rod
polymorph. As shown in the left panel of Fig. 2a, the polypeptide
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chains stack into a Greek-key-like core with two turns, similar to
the previous ssNMR-derived protofilament structure’. At both
ends of the chain are lower-resolution densities that cannot be
reliably modeled. In contrast, only 41 amino acids (K43-E83) are
ordered in the twister polymorph, forming a bent p-arch (Fig. 2a,
right panel). The more disordered chains at both termini project
radially outward; they may account for the larger maximal width
of the twister polymorph, as the ordered regions in both
polymorphs have similar diameters.

Unique inter-protofilament interfaces of the two polymorphs.
Comparison of the cryo-EM structures of the rod and twister
polymorphs demonstrated the presence of a common protofila-
ment kernel (root mean-square deviation (RMSD) of residues
H50-V77 =2.2 A for only Ca atoms, 2.5 A for all atoms) (Fig. 3¢,
d). The twister polymorph has a well-ordered bent B-arch motif,

Frequency

Control

10nM

while the rod polymorph also has a bent B-arch but uses addi-
tional ordered residues to form a Greek-key-like fold. A large
fraction of branched amino acid residues (Thr, Val) is involved in
the mainly hydrophobic core of the bent p-arch (Fig. 3a, b). Major
turns or bends in the backbones of the two structures coincide
with the presence of glycines (G67, G84), stabilizing hydrogen
bonds (N65 and G68, Q79 and G86), and solvent exposed
charged residues (E57, K58) (Fig. 3a, b). A hydrophilic channel,
lined by residues T54, T59, E61, T72, and T75 (Supplementary
Fig. 9), is adjacent to the hydrophobic core in the center of both
structures. The bent B-arch conformation represents a common
protofilament kernel between the rod and twister polymorphs.
Interestingly, the single protofilament structure in the ssNMR
study? shows some similarities to the common protofilament
kernel in cryo-EM structures, with an Ca RMSD of 3.4 A (rod)

Distribution of fibril width

0.3 1
0.2 9
0.14
0.0 b
10

Fibril W|dth (nm)

50 nM

Transduction with aSyn fibril seeds

d .
Quantification of
2000 - seeded aSyn aggregates
=
@
& 1500 1
©°
=
s
£ 1000 -
o
-]
g 5004
2
€
= /
0 -

50
Flbnl concentration

100 200 (nM)

Cell viability (%)

X

&

(\\@ > (nM)

00

QQ

q[@“

Fibril concentration

Fig. 1 aSyn fibrils with distinct polymorphs have in vitro seeding and toxicity in cells. a, b Negative-stain EM (a) of full-length aSyn fibrils showing

two distinct polymorphs—rod (non-twisted filaments, white arrow) and twister (twisted filaments, black arrow)—and a fibril width around 10 nm (b).
¢, d Direct visualization (¢) and FRET-based quantification (d) of seeded intracellular aSyn aggregates. Fluorescent images obtained using the FITC
channel (ex. 488 nm, em. 525 nm) showed aSyn aggregates as indicated by bright fluorescent puncta (white arrows in ¢). The diffuse background
fluorescence came from endogenously expressed soluble, non-aggregated YFP-aSyn in the cells. Transduction of sonicated aSyn fibril seeds into the cells
induced intracellular aSyn aggregation, which was also quantified using FRET analysis (d and Supplementary Fig. 3). e Cytotoxicity of aSyn fibrils evaluated
by MTT-based cell viability assay of differentiated PC12, neuron-like cells. The aSyn fibrils used in the seeding experiment (¢, d) have significant
cytotoxicity (p <0.0001) at 500 nM. Data are presented as mean + standard error. Results are from multiple independent biological experiments with
n=3-5 per experiment. *p <0.01, ***p <0.0001 vs. control (buffer used to produce the aSyn fibrils). Scale bar: (a) 100 nm (c) 50 pm
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Table 1 Cryo-EM data collection, refinement, and validation

statistics

Rod polymorph

Twister polymorph

EMD-7618 EMD-7619
PDB:6CU7 PDB:6CU8
Data collection
Magnification x130,000 x130,000
Defocus range (pm) 15-4 15-4
Voltage (kV) 300 300
Microscope Titan Krios Titan Krios
Camera Gatan K2 Summit Gatan K2 Summit
(GIF) (GIF)
Frame exposure time (s) 0.2 0.2
No. of movie frames 50 50
Total electron dose (e /A=2) 80 80
Pixel size (A) 1.07 1.07
Reconstruction
Box size (pixel) 432 432

Inter-box distance (A) 36 36

No. of segments extracted 182,253 182,253
No. of segments after 23,830 61,698
Class2D

No. of segments after N/A2 34,091
Class3D

Resolution 37 37
Map sharpening B-factor (A2) 100 100
Helical rise (A) 2.40 2.40
Helical twist (°) 179.53 179.06

Atomic model
No. of protein residues 60 4
Ramachandran plot values

Most favored (%) 87.9 97.4

Allowed (%) 103 26

Disallowed (%) 172 0.0
Rotamer outliers 0.0 0.0
RMS deviations

Bond lengths (A) 0.01 0.01

Bond angles (°) 0.89 0.87
Clashscore 25.67 22.39
Map CC (whole unit cell) 0.356 0.375
Map CC (around atoms) 0.754 0.727

N/A not applicable
Particles from Class2D are used in the refinement

and 34 A (twister), respectively, for the 28 matched residues
(Supplementary Fig. 10).

While a pair of identical protofilaments is intertwined in
both structures, different steric zipper interfaces are present
between the protofilaments. The highly complementary inter-
protofilament interface in the rod polymorph, with a calculated
shape complementary score!? of 0.77, consists of a steric homo-
zipper of the preNAC (;;GVVHGVTTVAse) (Fig. 3c). The
preNAC steric zipper in the rod structure is associated with
six PD familial mutation sites (E46K, H50Q, G51D, A53E, A53T,
and A53V; Fig. 4a)!3-18, with the potential to disrupt the preNAC
zipper of fibril core in the rod structure (Fig. 3f). Based on the
structural analysis (Supplementary Figs. 11 and 12), the mutation
H50Q would interfere with the potential salt bridge E57-H50. The
negative charge in the mutation G51D and A53E would likely
disrupt the steric zipper interaction between the two protofila-
ments, while A53T and A53V would weaken the hydrophobic
packing of the zipper.

In the twister structure, the interface between the
two protofilaments (SC=0.71) is a steric homo-zipper of
the NACore (,sGAVVTGVTAVAys) (Fig. 4c). The p-strands
of the NACore interdigitate with each other and form the
hydrophobic core, consisting of small apolar residues (A69, V71,
V74). In the structure, the preNAC residues are located at the
peripheral region away from the fibril core. Therefore, the six
familial mutations of the preNAC region which potentially
disrupt the rod structure may have little effect on the stability of
4 |ATURE COMML

JNICA

the twister structure (Fig. 3g and Supplementary Fig. 11). We find
generally good agreement between our energy calculations and
the hypothesized effects each familial mutation may have on each
polymorphic structure (Supplementary Fig. 12). An exception to
this agreement is the H50Q mutation, where the prediction
method fails to capture the complex H-bond networks of multiple
residues H50, E47, and K45.

Relevance of full-length aSyn fibrils with peptide zippers. X-ray
fiber powder diffraction of the full-length aSyn fibril polymorphs
revealed cross-f fibril structures consistent with those of NACore
and preNAC peptide fibrils (Fig. 3e). All fibril diffraction patterns
contain a strong 4.7 A reflection, characteristic of the stacking of
B-strands along the fiber axis, and reflections near 8.0 and 11.5 A,
likely stemming from the staggering between adjacent B-sheets in
the structure, either within a protofilament or between two pro-
tofilaments. All fibrils also have the reflection at 2.4 A in their
diffraction patterns. Observed in both cryo-EM structures, a
helical rise of 2.4 A, half the 4.8 A spacing between p-strands,
permits the two sheets to interdigitate tightly together. Similar 2.4
A helical rises are observed in the microED structures of preNAC
and NACore peptide fibrils8. This 2.4 A reflection confirmed that
the structures of aSyn fibrils and the peptide fibrils are all defined
by an approximate 2, screw axis of symmetry. The resemblance of
all of these fibril diffraction patterns suggested that the aSyn
fibrils may share a fibril core in which NACore and preNAC are
involved.

In the aSyn fibril preparation, the protofilaments in both the
rod and twister structures share a conserved fibril kernel and
contact with adjacent protofilaments at either preNAC or
NACore regions. The rod polymorph has a longer pitch, while
the twister polymorph has a pitch shorter by half. Distinct fibril
morphologies indicated by fibril pitch thus arise from differences
in packing, which are revealed in our near-atomic structures.
Structural analysis of familial mutations in the rod and twister
structures suggests that aSyn fibril polymorphs may play different
roles in aSyn fibril formation in synucleinopathies.

Discussion
Protofilaments in aSyn fibrils are composed of single chains
arranged in parallel in-register B-sheets. Fibril protofilaments can
assemble in different arrangements to form several possible
polymorphic structures. a-Synuclein fibrils isolated from PD
patient brains have been shown to have polymorphic structures,
with fibril widths of ~5 and ~10 nm'°. Our cryo-EM structures of
two polymorphs, each with a pair of protofilaments, are ~10 nm
in width (99 A for the rod structure and 96 A for the twister
structures, Fig. 2a). The single protofilament structure revealed in
the ssNMR study was ~5nm in width® and resembles the com-
mon protofilament kernel in cryo-EM structures of both rod and
twister polymorphs, with an RMSD of 3.5 and 3.8 A, respectively
for the 38 matched residues (Supplementary Fig. 9). The recently
published cryo-EM structure of a truncated aSyn (residues 1-121)
fibril!® has a structure similar to the rod polymorph of the full-
length protein reported here (with an RMSD of 2.1 A). Thus,
different aSyn fibril polymorphs could arise from alternative
arrangements of the same protofilament kernel. Similar phe-
nomena have been observed in other amyloid proteins, including
tau and B-amyloid, where different packing arrangements of the
same protofilament kernel lead to polymorphic structures?-2!,
These observations suggest a generic mode of fibril architecture
by the concurrent assembly of identical protofilaments (Fig. 4b).
Our structural studies reveal that the rod and the twister
protofilaments assemble symmetrically about a homo-zipper of
the preNAC segment or of the NACore segment, respectively.
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Fig. 2 Cryo-EM structures and atomic models of the aSyn rod and twister polymorphs. a The cryo-EM structures of the rod (left) and twister (right)
polymorphs of the full-length aSyn fibrils shown as density slices (top inlet), as semitransparent surfaces overlaid with their atomic models viewed from
two different angles (lower panels). The rod (blue) and twister (red) polymorphs contain two protofilaments composed of stacked p-sheets and packed by
an approximate 2, screw axis of symmetry. Shown on the left and right sides are the 3D model of the rod and twister fibril polymorphs, respectively, with
their distinctively different helical pitches depicted. b Model validation. Representative regions of density maps of both polymorphs are superimposed with
their models showing match of side chain with cryo-EM densities. Intra-protofilament hydrogen bonds are shown in black dashed lines, and inter-
protofilament hydrogen bonds are shown in magenta dashed lines. See details in Supplementary Figures 7 and 8

Since the twister and rod fibrils have structurally conserved ker-
nels but contact at either the preNAC or NACore segments, the
fibril polymorph is determined by the location of the protofila-
ment packing interface instead of the kernel structures. The two
structures of aSyn polymorphs revealed the steric homo-zipper
core of the preNAC and NACore between the protofilaments.
Together with the crucial contribution of the preNAC and
NACore segments to the formation of aSyn fibrils, our structures
present these unique protofilament interfaces as therapeutic tar-
gets to halt the fibrillization of aSyn. Atomic details of the pre-
NAC and NACore zippers from our aSyn polymorphic structures
provide insights in the structural-based designs of aSyn aggre-
gation inhibitors in synucleinopathies.

Different aSyn fibril preparations, whether obtained from brain
tissue or produced in vitro, may have different compositions
of polymorphs. Each polymorph is distinguished by packing
differences between protofilament kernels and makes distinct

contributions to the biological activities of seeding and toxicity.
The aSyn fibril preparation containing fibril polymorphs with
different compositions thus could have discrete seeding efficiency
and cytotoxicity profiles. Therefore, it is essential to characterize
the biological function of each individual polymorph in order
to understand the pathological role of the complex polymorphic
fibrils.

The cryo-EM structure of the rod polymorph constructed
around the fibril core of the preNAC region, and five PD familial
mutations (E46K, H50Q, G51D, A53E, A53T, and A53V) are
located at and associated to the preNAC region (Fig. 4a). Our
structural analysis suggests that all these mutations would dis-
favor the fibril core of the rod structure without affecting the
twister structure constructed around a different fibril core.
Therefore, those point mutations would result in a different
composition of polymorphic aSyn fibrils, by decreasing or elim-
inating the population of the rod polymorph while potentially
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Bent frarch aSyn 5
fibrils [ peNAC

preNAC zipper in rod polymorph NACore zipper in twister polymorph

Fig. 3 Distinct zipper interfaces between protofilament kernels in the two aSyn polymorphs. a, b Residue interactions of two asymmetric units in two
opposing protofilaments elucidate packing between and within these two protofilaments in the rod (a) and twister (b) polymorphs (viewed down

fibril axis). Residues are colored by hydrophobicity (yellow: hydrophobic; green: polar; red: negative charge; blue: positive charge). ¢, d An overlay of
protofilaments of the rod (blue) and twister (red) polymorphs reveals a conserved kernel of a bent p-arch. e Diffraction patterns of the full-length
aSyn fibrils agree with those of NACore and preNAC peptide fibrils. f, g The two protofilaments in the rod (f) and twister (g) polymorphs contact by
different residues (space-filled) and have distinct fibril core of tightly packed steric zippers of preNAC (blue) and NACore (red), as previously observed
in those peptide fibril structures. PD familial mutation residues are labeled with underlines. The cryo-EM density maps are shown as gray mesh surfaces.
Intra-protofilament hydrogen bonds are shown in black dashed lines, and inter-protofilament hydrogen bonds are in magenta
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Fig. 4 Morphogenesis of aSyn fibril polymorphs arising from inter-protofilament packing. a Primary sequence of preNAC (blue) and NACore (red) critical
for the aggregation of aSyn 1-140 and six PD familial mutations (cyan) located near the preNAC region. b Protofilaments sharing a kernel structure of a
bent f-arch assemble into the rod and twister fibril polymorphs by packing at preNAC and NACore zipper interfaces, respectively. The PD familial
mutations (cyan) likely disfavor the rod structure over the twister structures, and alter the polymorphic composition of aSyn fibrils

inducing the formation of another fibril polymorph (Fig. 4b).
The resulting changes in the ensembles of fibril polymorphs
may alter their biological activity and underlie the phenotypic
differences in patients with PD due to familial point mutations,
suggesting aSyn fibril polymorphs have pathogenic contributions
to synucleinopathies.

In summary, we have determined the cryo-EM structures of
two fibril polymorphs of full-length recombinant aSyn with dis-
tinct protofilament interfaces. The rod and twister polymorphs
are composed of protofilaments with highly conserved kernel
structure assembled around different steric zipper interfaces,
giving rise to polymorphism in aSyn fibrils. The two structures
of fibril polymorphs elucidate atomic interactions of the steric
zippers within the fibril cores, potentially guiding the future

drug design of aSyn aggregation inhibitors. These structural and
functional studies thus establish the need to consider the con-
tributions of all polymorphs and their relevance to overall
pathogenesis when performing future rational design of ther-
apeutic agents based on fibril structures.

Methods

Expression and purification of recombinant aSyn (1-140). Full-length aSyn
protein was expressed in Escherichia coli (BL21-DE3 Gold strain, Agilent Tech-
nologies, Santa Clara, CA, USA) and purified according to a published protocol®.
The bacterial induction started at an ODggq of ~0.6 with 1 mM isopropyl p-p-1-
thiogalactopyranoside for 6 h at 30 °C. The harvested bacteria were lysed with a
probe sonicator for 10 min in an iced water bath. After centrifugation, the soluble
fraction was heated in boiling water for 10 min and then titrated with HCI to pH
4.5 to remove the unwanted precipitants. After adjusting to neutral pH, the protein
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was dialyzed overnight against Q Column loading buffer (20 mM Tris-HCI, pH
8.0). The next day, the protein was loaded onto a HiPrep Q 16/10 column and
eluted using elution buffer (20 mM Tris-HCI, 1 M NaCl, pH 8.0). The eluent was
concentrated using Amicon Ultra-15 centrifugal filters (Millipore Sigma) to ~5 mL.
The concentrated sample was further purified with size-exclusion chromatography
through a HiPrep Sephacryl S-75 HR column in 20 mM Tris, pH 8.0. The purified
protein was dialyzed against water, concentrated to 3 mg/mL, and stored at 4°C.
The concentration of the protein was determined using the Pierce™ BCA Protein
Assay Kit (cat. no. 23225, Thermo Fisher Scientific).

Fibril preparation monitored using ThT assay. The fibril growth conditions were
screened in the 96-well plate format in various pH, salts, and additives. Specifically,
purified aSyn (100, 200, or 300 uM) was diluted in phosphate-buffered saline
(PBS), 50 mM Tris buffer, or 5mM Tris buffer at various pH (5.5, 6.5, 7.5, or 8.5)
in the presence or absence of 24 commercially available crystal screening additives
in the Jonic Liquid Screen (Hampton Research, Aliso Viejo, CA, USA). The
samples were adequately mixed with 20 uM ThT and added into each well. The 96-
well plates were incubated at either room temperature or 37 °C for 14-30 days. The
ThT signal was monitored using the FLUOstar Omega Microplate Reader (BMG
Labtech, Cary, NC, USA) at an excitation wavelength of 440 nm and an emission
wavelength of 490 nm. Selected fibrils conditions from the ThT assay were used to
grow the fibrils in the absence of ThT to be further characterized in the negative-
stain EM. Out of hundreds of fibril growth conditions screened, one fibril growth
condition (300 uM aSyn, 15 mM tetrabutylphosphonium bromide, room tem-
perature) was selected for the rest of our study.

Transmission electron microscopy. The fibril sample (3 uL) was spotted onto a
freshly glow-discharged carbon-coated electron microscopy grid. After 1 min, 6 uL
uranyl acetate (2% in aqueous solution) was applied to the grid for 2 min. The
excessive stain was removed by a filter paper. The samples were imaged using an
FEI T12 electron microscope.

Cryo-EM reconstruction and atomic modeling. A 2.5-uL aliquot of the narrow
fibrils sample was applied to each “baked” Quantifoil 1.2/1.3 um, 200 mesh grid.
The grid was then blotted and plunged into liquid nitrogen-cooled liquid ethane in
a Vitrobot Mark IV (FEI, Hillsboro, OR, USA) machine®2, Cryo-EM data were
acquired in a Titan Krios microscope (FEI, operated at 300 kV high tension and
x130,000 inal magnification) equipped with a Quantum LS Imaging System
(Gatan, Pleasanton, CA, USA; energy filter slit width was set at 20 eV and K2
camera at counting mode; calibrated pixel size is 1.07 A). The microscope was
aligned as previously described?’. Data collection was automated by Leginon
software package?*. The defocus value target was set to a single value of 2.7 um.
Dose-fractionation movies were recorded at a frame rate of 5 Hz for a total
duration of 10's. The dosage rate was targeted at 6 electrons (e)/(A25s), as initially
measured by Digital Micrograph (Gatan) software, though fluctuations (within
+10%) in dosage potentially due to electron source instability were subsequently
noticed during the imaging session of about 2 days.

Frames in each movie were aligned and summed to generate a micrograph as
previously described®®. Micrographs generated by summing all frames were used to
determine defocus values and particle locations by CTFFINDA4 (ref.2) and manual
picking, respectively. We used the micrographs generated by summing the 3rd (5 e/
A?) through the 20th frames (accumulated dose 30 e/A2) for data processing.
Micrographs with severe astigmatism (>9%), obvious drift, or measured underfocus
values outside the allowed range (1.5-4 um) were discarded.

We manually picked filaments indiscriminately in EMAN?7 helixboxer (see
statistics in Table 1). The 2D classification revealed two major populations (rod and
twister polymorphs) and several minor populations. The other minor populations
were too poorly defined to be further characterized, and thus omitted in the
analysis. Of the classes suitable for analysis, the relative percentages of the rod and
twister polymorphs are ~30 and ~70%, respectively. The number is calculated from
the accepted classes using Class2D.

We performed 2D and 3D classifications in GPU-accelerated Relion 2.0 (ref.28)
to separate the particles belonging to the rod and twister polymorphs into subsets
as reported previously?>. We also performed 2D classification of segments
extracted with a very large (1024 pixels) box size to determine the pitches of the
two polymorphs. Helical parameters were deduced from these pitches with the
assumption that each helix had a twisted twofold screw axis. The initial models for
the 3D classifications and reconstructions were generated by running Class3D with
1 class, an elongated Gaussian blob as the starting reference, and a fixed helicity
based on the above-mentioned assumption. Specifically, the rod class was separated
with solely Class2D, and the twister class was separated with Class2D followed by
Class3D similar to previously described?>.

We further refined the 3D reconstructions of the rod and twister filaments using
Class3D in Relion as previously described??, except that we now used version 2.0 of
Relion with built-in real-space helical reconstruction. Briefly, we started a run of
Class3D with one class, with low initial T factor (i.e., “--tau-fudge”) and larger
(7.5°) angular interval. We gradually increased the T factor and reduced the
angular interval with close manual monitoring. We eventually reached a T factor of
256 and an angular interval of 0.975° (healpix order 6) for the final map.
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We tested the resolutions of the two resulting maps as previously reported?’.
Two types of Fourier shell correlation (FSC) was calculated: one between the
map and atomic model and the other between the 3D reconstructions from two-
half datasets (Supplementary Fig. 5). The former, map-model FSC evaluation
indicates that the resolutions for both the rod and twister maps are 3.7 A based
on the FSC = 0.5 criterion?”. For the latter, we divided the helical particles by
even and odd micrographs (to prevent particles from the same fiber contributing
to two different reconstructions), and then calculated a 3D reconstruction
from each half dataset using the fully refined center and orientations
parameters and performed the FSC calculation. (This FSC is thus not gold
standard, as the dataset was not divided in the beginning and was refined in its
totality.) Therefore, we used the FSC = 0.5 criterion® to evaluate the
resolution. We did not apply any density-based or model-based mask for the FSC
tests, but a spherical mask of a 170-pixel diameter and 10-pixel apodization, after
clipping the density map into 192 x 192 x 192 box. This evaluation indicates that
the resolutions for the rod and twister maps are 3.5 and 3.6 A at FSC=0.5,
respectively.

We built atomic models for the two maps and refined them in central nervous
system?*3! and Phenix phenix.real_space_refine’? with the final Relion refined
helical parameters as NCS restraints, as previously described?®. The statistics are
summarized in Table 1.

Structural analysis and energy calculations. Based on the two cryo-EM struc-
tures of aSyn fibrils, energies for the wild-type and familial mutants were calculated
with Rosetta®. During the energy evaluation, we omitted the contributions from
the statistical terms in the Rosetta scoring function which are derived from
monomeric proteins. The total score of each structure was calculated by the sum of
the physically ingful energy c s (Lennard-Jones interactions, sol-
vation, hydrogen bonding, and electrostatics). Using either rod or twister structure,
the contribution of each mutant was evaluated by the score difference between the
mutant and the WT.

Fiber diffraction. The procedure followed the protocol described by

Rodriguez et al.%, To replace the solvent with water, the fibril sample (50 uL)
were pelleted by centrifugation at 8000 x g for 5 min and washed with

deionized H,O for three times. The fibrils were resuspended in 10 pL of H,O,
placed between two capillary glass rods, and allowed to air dry. The next day, the
glass rods with fibrils aligned in between were mounted on a brass pin for x-ray
diffraction. Each pattern was collected using 1.54 A x-rays produced by a Rigaku
FRE + rotating anode generator equipped with an HTC imaging plate at a distance
of 150 mm for 5° rotation width. The results were analyzed using the Adxv

software?,

Cellular toxicity assay. The protocol was adapted from the Provost and

Wallert laboratories3?. Thiazolyl blue tetrazolium bromide for the 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell toxicity assay was
purchased from Millipore Sigma (M2128-1G; Burlington, MA, USA). PC12 cells
were plated in 96-well plates at 10,000 cells per well in Dulbecco’s modification of
Eagle’s medium (DMEM), 5% fetal bovine serum (FBS), 5% heat-inactivated horse
serum, 1% penicillin/streptomycin, and 150 ng/mL nerve growth factor 2.58
(Thermo Fisher Scientific). The cells were incubated for 2 days in an incubator with
5% CO, at 37 °C. The cells were treated with different concentrations of aSyn fibrils
(200, 500,1000, 2000 nM). The aSyn fibrils were sonicated in a water bath sonicator
for 10 min before being added to the cells, the same as the fibrils tested in the

in vitro seeding experiment. After 18 h of incubation, 20 L of 5 mg/mL MTT was
added to every well and the plate was returned to the incubator for 3.5 h. With the
presence of MTT, the experiment was conducted in a laminar flow hood with the
lights off and the plate was wrapped in aluminum foil. The media were then
removed with an aspirator and the remained formazan crystals in each well were
dissolved with 100 pL of 100% DMSO. Absorbance was measured at 570 nm to
determine the MTT signal and at 630 nm to determine background. The data
were normalized to those from cells treated with 1% sodium dodecyl sulfate (SDS)
to obtain a value of 0%, and to those from cells treated with PBS to obtain a value
of 100%.

Fibril seeding experiment in the aSyn biosensor cells. Based on a published
protocol®, FRET-based aSyn biosensor cells, HEK293T cells expressing disease-
associated aSyn A53T mutant fused with CFP or YFP, were grown in DMEM
(4mM L-glutamine and 25 mM p-glucose) supplemented with 10% FBS and 1%
penicillin/streptomycin. Trypsin-treated HEK293T cells were harvested, seeded on
flat 96-well plates at a concentration of 4 x 10* cells per well in 200 L culture
medium per well, and incubated in 5% CO, at 37 °C.

After 18 h, aSyn fibrils were prepared by diluting with Opti-MEM™ (Life
Technologies, Carlsbad CA, USA) and sonicating in a water bath sonicator for
10 min. The fibril samples were then mixed with Lipofectamine™ 2000
(Thermo Fisher Scientific) and incubated for 15 min and then added to the
cells. The actual volume of Lipofectamine™ 2000 was calculated based on the
dose of 1 uL per well. After 48 h of transfection, the cells were trypsinized,
transferred to a 96-well round-bottom plate, and resuspended in 200 uL
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chilled flow cytometry buffer (Hank's balanced salt solution, 1% FBS, and 1 mM
EDTA) containing 2% paraformaldehyde. The plate was sealed with parafilm and
stored at 4 °C for flow cytometry.

No apparent toxicity is observed at the tested concentrations of aSyn fibrils used
in the seeding assay (Supplementary Fig. 13), which rules out the contribution of
cell death to aSyn seeding.

Flow cy y-based FRET analysis. Intracellular aSyn aggregation or
inclusions were quantified by the flow cytometry-based FRET analysis. The
protocol was adapted from the Diamond laboratory?”. The fluorescence signals of
the cells were measured using the settings for CFP (ex. 405 nm, em. 405/50 nm
filter), YFP (ex. 488 nm, em. 525/50 nm filter), and FRET (ex. 405 nm, em. 525/50
nm filter) with an LSRII Analytic Flow Cytometer (BD Biosciences). FRET signals
were used to differentiate the aggregated aSyn from the non-aggregated aSyn. A
bivariate plot of FRET vs. CFP was created to introduce a polygon gate to
exclude all of the FRET-negative cells treated with only Lipofectamine and to
include the FRET-positive cells treated with fibril seeds (Supplementary Fig. 3). The
integrated FRET density, calculated by multiplying the percentage of FRET-positive
cells by the mean fluorescence intensity of the FRET-positive cells, was reported in
the results.

Statistical analysis. All statistical analyses were performed in SigmaPlot version
13.0 (Systat Software Inc., San Jose, CA, USA). The Grubbs' test was used to
exclude outliers. One-way analysis of variances were used to assess differences
between the fibril-treated and control-treated cells in the in vitro cytotoxicity assay.
P values <0.01 were considered statistically significant.

Data availability

The cryo-EM density maps of the rod and twister polymorphs have been deposited in the
Electron Microscopy Data Bank under accession number EMD-7618 and EMD-7619,
respectively, with associated atomic coordinates deposited in the RCSB Protein Data
Bank under accession number 6CU7 and 6CUS, respectively. Other data are available
from the corresponding authors upon reasonable request.
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Supplementary Figure 1
Various fibril growth conditions yielded a range of human aSyn fibril polymorphs

The aggregation kinetics of the full-length human aSyn fibril growth were monitored by thioflavin T
assay in various pH, salts, and additives in quiescent conditions for more than 14 days (fibril growth
conditions described in Methods). The fibril morphology was subsequently characterized using negative-
stain EM. Lower panels show example plots of ThT kinetics data. Upper panels show selected EM images
from ThT-positive conditions, displaying a variety of fibril morphologies. Out of hundreds of fibril
growth conditions screened, one fibril preparation (300 uM aSyn, 15mM tetrabutylphosphonium
bromide, room temperature) with well-separated single filaments (Supplementary Fig. 2) was selected for
further characterization. Scale bar: 200 nm.
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Supplementary Figure 2

Additional negative stain EM images of the aSyn fibril preparation selected for further
characterization.

The fibril preparation (300 uM aSyn, 15mM tetrabutylphosphonium bromide, room temperature) was
used for structural and biochemical characterization for the rest of our study. This fibril preparation
displayed well-separated twisted or non-twisted filaments, where the rod and twister polymorphs are the
two major populations. Scale bar: 100 nm.
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Supplementary Figure 3

Selection criteria for FRET analysis of seeded aSyn aggregation

(a) Transduction of 100 nM fibrils induced cellular aSyn aggregation as indicated by fluorescent puncta
(right panel) in the aSyn biosensor cells'. Fluorescent images of aSyn Biosensor cells obtained 48 hours
after treatment of Lipofectamine only (left) or with sonicated fibrils (right). Scale bar: 100 um. (b) Gating
used for flow cytometry-based FRET analysis to quantify intracellular aSyn aggregation. A polygon gate
include the FRET-positive cells (green dots, aSyn aggregation or inclusions in cells) treated with fibril
seeds and exclude the FRET-negative cells (purple dots, non-aggregated aSyn in cells) treated with only
Lipofectamine.
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Supplementary Figure 4

2D class-averages for all extracted particles from cryo-EM images of the aSyn fibrils.

(a) Representatives of 2D class-averages for the two major (yellow and blue) and two minor (red and
green) fibril populations. (b) Enlarged views of the rod and twister polymorphs to show details of the 3-
strand characteristic of a fibril.
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Supplementary Figure 5

Resolution estimation of the two cryo-EM maps by Fourier Shell Correlation (FSC)

An FSC cutoff value of 0.5 results in the resolutions of 3.5 A for the half-maps and 3.7 A for the map-
model correlations for the rod polymorph (a) and 3.6 A for the half-maps and 3.7 A for the map-model
correlations for the twister polymorph (b).
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Supplementary Figure 6

D
PSSP S

f Slices Through Input Volume
Slice 85 Slice 113

Local resolution estimations for the rod (a, ¢ and e) and twister (b, d and f) polymorphs showing
good local resolution in the ordered fibril core region.

(a and b) Mean local resolutions for pixels within the mask for the rod polymorph is at 3.65 A, and that
for the twister polymorph is at 3.66 A. (¢ and d) ResMap (Resolution Map) slices, perpendicular to the
primary fibril axis, highlight good local resolutions (blue, 2.5 A to 3.0 A) at the central region of fibrils.
(e and f) Density slices reveal a clear backbone for each fibril polymorph.
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Supplementary Figure 7

Atomic model of aSyn rod polymorph structure matches well with its cryo-EM map

The atomic model shown in sticks was fit to the density map (shown in the gray chicken wire) using
specific density landmarks. Large side chain densities were observed for aromatic residues (e.g. H50), and

longer chain residues (e.g. E57, Q79). Areas showing reduced electron density for side chain were used to
fit smaller residues (e.g. G47, G67, G73).
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Supplementary Figure 8

Atomic model of aSyn Twister polymorph structure agrees well with its cryo-EM map
Key sidechain densities were used as landmarks and were utilized to determine the correct placement of

the model. Aromatic (e.g. H50), and large charged residues (e.g. Q79) had large obvious densities
branching from the backbone density.
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Supplementary Figure 9
Hydrophilic channels in the rod and twister structures

A hydrophilic channel, surrounded by residues T54, T59, E61, T72, and T75, locates next to the fibril
core of either the rod (top) or twister (bottom) structure.
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Supplementary Figure 10

Overlay of the rod and the twister protofilaments with the ssNMR protofilament

(a) Backbone overlay highlights resemblance in the structures between the ssNMR protofilament (gray)
and the rod polymorph (blue) (Co. RMSD: 3.4 A), ssNMR and the twister porlymorph (red) (Co. RMSD:
3.4 A) in the 28 matched residues. (b) Full atomic models of the ssNMR compared with the rod
polymorph (top) and the twister polymorph (bottom).
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Supplementary Figure 11

Modeling of the familial mutations indicating the interruption of zipper interfaces in the rod
structure

Viewed down the fibril axis, structural models of six PD familial mutations sites (E46K, H50Q, G51D,
AS3E, AS3T and A53V) are compared with those of wild type residues in either rod (left) or twister
(right) structures. The mutations are modeled upon the cryo-EM structures, and one strand from each
protofilament is shown to highlight the modeled interactions. Those mutants are predicted to undermine
stability in the preNAC steric zipper in the rod polymorph. On the contrary, the mutations sites in the
twister structure located far from the fibril core which has little effect to the fibril core.
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Supplementary Figure 12

Familial mutations (E46K, G51D, A53E, A53T and A53V) destabilize the rod structure (blue) while
have minor impact in the twister structure (red).

Energies for the wild type and familial mutant were calculated using Rosetta. The contribution of each
mutant was evaluated by the score difference between the mutant and the WT. When comparing the
energy evaluation in both rod and twister structures, familial mutations E46K, G51D, AS3E, A53T and
A53V have greater energy differences (>50 Rosetta energy units) in the rod structure, indicating most of
mutants may disrupt the stability of the fibril core. Smaller energy difference (within £30 Rosetta energy
units) is observed in the twister structure.
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Supplementary Figure 13

Sonicated aSyn fibrils at different tested concentrations showed no significant toxicity in HEK
biosensor cells

Cytotoxicity of aSyn fibrils is measured using MTT-based cell viability assay of aSyn biosensor
HEK293T cells. The aSyn fibrils have shown no significant cytotoxicity at the tested concentrations up to
200 nM (p=0.05 vs. control). Data are presented as mean + standard error.

Supplementary References

1. Prusiner, S. B. ef al. Evidence for a-synuclein prions causing multiple system atrophy in humans
with parkinsonism. Proc. Natl. Acad. Sci. 112, E5308-E5317 (2015).

2. Leaver-Fay, A. et al. Rosetta3: An object-oriented software suite for the simulation and design of
macromolecules. Methods in enzymology 487, 545-574 (2011).

34



CHAPTER 2

Alternative protofilamental packing arrangements of a-synuclein fibril polymorphs

contribute to seeding differences in cells and in brain
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Abstract

Different conformation of aggregated alpha-synuclein (aSyn) have been shown to have distinct in vitro and
in vivo seeding activities, contributing to the pathogenesis of synucleinopathies. We characterized two
fibrillar preparations of recombinant aSyn herein referred to as narrow and broad fibrils. The narrow fibril
preparation contained two polymorphs consisting of two identical protofilaments constructed around
different contact interfaces. We also identified a new polymorph of striated ribbon in the broad fibril
preparation. Hypothesizing that fibril polymorphs stem from alternative packing of identical protofilament
kernels, we suggested a hypothetical model for the striated ribbon polymorph, that is supported by fiber
powder diffraction data. The narrow and broad fibrils showed different seeding efficiencies in cells and
distinct spreading patterns in mouse brain, which may arise from structural differences in their proto-
filamental packing. Drug design efforts targeting fibril formation in neurodegenerative diseases may

therefore necessarily involve consideration of all concurrent fibril polymorphs.
Background

Parkinson's disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA) are three

synucleinopathies characterized by pathological aggregation of aSyn in neurons and glial cells '

. Lewy
bodies (LB) and Lewy neurites are pathological hallmarks of PD and DLB, while glial cytoplasmic
inclusions are found in brains of MSA patients >*. Pathological aSyn aggregates can recruit and convert
native aSyn monomers into an aggregated state, a process that is known as seeding. Seeding of aSyn
correlates with its pathological spread in the brain, which contributes to disease progression. The spreading
of a-synucleinopathy via anatomically related areas following stereotactic injections of preformed aSyn
fibrils has been shown to recapitulate the progressive loss of dopaminergic neurons, a hallmark of PD *”.

Similarly, injection of brain homogenates from MSA patients into the brains of mice overexpressing

wildtype or mutant aSyn, has been shown to lead to prion-like spread of pathology *'°.
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aSyn is an intrinsically disordered protein that can aggregate into different fibrillar polymorphs.
aSyn fibril polymorphs with similar widths have been produced using recombinant aSyn and have been

111,12

found in material extracted from patient brains . Two in vitro-generated polymorphic aSyn fibrillar

species (named “ribbons” and “fibrils”’) have been reported to have different physical characteristics and to

1 and in vivo " seeding properties. In a study of aSyn fibrils

exhibit differences in toxicity and in vitro
obtained from the brains of patients with LB disease and MSA, Peng et al. demonstrated that the two
different disease-associated aSyn polymorphs had distinct conformations and seeding potencies °. It is

thus evident that aSyn fibrillar polymorphs, either characterized based on morphology or obtained from

brain tissue of patients with distinct pathologies, display differences in in vitro and in vivo seeding.

Previous structural studies on aSyn fibrils have provided us with information that helps us
understand the mechanisms underlying the differential biological activities of fibrillar polymorphs. A solid-
state nuclear magnetic resonance (ssSNMR) structure of a single fibril filament of recombinant aSyn was
characterized by a Greek-key B-sheet motif in the hydrophobic core '°. In addition, micro-electron
diffraction (microED) '7 experiments have led to the elucidation of the structures of the preNAC (residues
47-56) and NACore (Non Amyloid-B Component Core, residues 68-78) regions of aSyn, two
amyloidogenic segments crucial for cytotoxicity and fibril formation (Fig. 1a). The crystal structures of the
preNAC and NACore regions are characterized by a pair of interdigitated in-register beta-sheets forming a
steric zipper. Despite advances in our structural understanding of different aSyn polymorphs, there is
limited understanding of the relationship between the structures of aSyn fibril polymorphs and their
biological effects, namely cytotoxicity and seeding. Understanding this structure-activity relationship is

critical for the development of therapeutics targeting aSyn aggregation and seeding.

We set out to characterize two preparations of recombinant full-length aSyn called narrow and
broad fibrils, and to study their structure-activity relationship in toxicity and seeding assays both in vitro
and in vivo. Our recent cryo-EM study of the narrow aSyn fibril preparation revealed two polymorphs, rod

and twister, whose atomic structures have been determined '®. The structure of the rod polymorph is also
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confirmed by cryo-EM studies from other groups '**°. Both polymorphs consist of two intertwined
protofilaments. While these protofilaments share a conserved structure consisting of a bent beta-arch, they
interact with each other via the NACore residues in the twister polymorph and via the PreNAC residues in
the rod polymorph. A third polymorph called striated ribbon was identified in negative-stain EM studies of
the broad fibril preparation. Resemblance between fiber powder diffraction data obtained from the narrow
and broad fibril preparations led us to propose a structural model of the striated ribbon polymorph
comprising alternating rod and twister polymorph subunits. Biological studies of the narrow and broad fibril
preparations revealed differences in cytotoxicity, in vitro seeding efficiency, and region-specific seeding in
mouse brain. The broad fibrils had lower toxicity than the narrow fibrils despite having enhanced seeding
efficiency in vitro. We also observed distinct regional changes in aSyn immunoreactivity in brains of mice
following intraparenchymal delivery of the two fibril preparations. Taken together, our data indicate that

alternative packing arrangements among amyloid fibril polymorphs may underlie seeding differences.

Results

Identification of two distinct fibril preparations of full-length recombinant human aSyn (1-140)

In order to produce a wide range of aSyn fibril polymorphs, we screened fibril growing conditions for full-
length recombinant human aSyn (1-140) by varying pH, salt, and additives. All samples were incubated
under quiescent conditions for 14-30 days in order to best mimic physiological fibril growth. Fibril growth
was monitored using thioflavin T (ThT) and a wide range of fibril morphologies were characterized using
negative-stain transmission electron microscopy (TEM). Two of the fibril preparations exhibited distinct
fibril widths. “Narrow” fibrils, a family of various well-separated single filaments with or without an
apparent twist, grew in the presence of tetrabutylphosphonium bromide (an ionic liquid additive used in
protein crystallization) at room temperature. The “rod” and “twister” filaments found in the narrow fibril
preparation were ~10 nm wide, consistent with previously reported aSyn fibrils extracted from patient

brains or generated in vitro **. “Broad” fibrils, a family of wide, striated fibrils that were sometimes curved
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or rolled, grew in phosphate-buffered saline (PBS, pH 7.5) at 37°C (Fig. 1b and Additional file 1: Figure
S1). The broad fibrils had a wider range of fibril widths from 20 nm to 80 nm, and appeared as lateral arrays
of two to eight 10-nm-wide adjoining filaments resembling the striated ribbon polymorph previously

% The individual filaments

observed for other amyloid proteins, including beta-amyloid (1-40) and amylin
found in the broad fibril preparation were around 10 nm wide and thus similar in width to the “rod” and

“twister” filaments found in the narrow fibril preparation.
The narrow and broad fibril preparations share similar fibril core structures

Fiber powder diffraction data obtained using aligned fibrils of both preparations revealed very similar cross-
beta fibril structures (Fig. 1c,d). Diffraction patterns of both narrow and broad fibrils share a strong 4.7-A
reflection, which indicates that both narrow and broad fibrils result from the stacking of B-strands. The
shared reflection near 8.0 A likely arises from the distance between the adjacent pairs of B-sheets that make
up the aSyn filaments, while another shared reflection near 11.5 A likely stems from the staggering between
adjacent B-sheets of the steric zipper. Both fibrils also have a reflection at 2.4 A in their diffraction patterns.
Based on the cryo-EM structures of the narrow fibrils, a helical rise of 2.4 A defined by an approximate 2,
screw axis of symmetry corresponds to one-half the 4.8-A spacing between the B-strands, permitting the
two sheets to interdigitate tightly. The 2.4-A peak on the diffraction pattern of the broad fibrils thus
represents the same 2; screw axis of symmetry with a helical rise of 2.4 A. All the same principal peaks are
also observed in the diffraction patterns of aligned NACore and preNAC peptide fibrils. The resemblances
among the diffraction patterns of all of the fibril polymorphs suggest that the narrow and broad fibril

preparations share similar fibril core structures involving the NACore and preNAC sequences.

The rod and twister structures together suggest a two-dimensional growth model for the striated

ribbon polymorph

TEM images of the broad fibrils indicate that they are composed of adjoining filaments similar in

dimensions to those found in the narrow fibril preparation (Additional file 1: Figure S1). The structural
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relevance of the narrow fibrils to the broad fibrils is further established by the resemblance of their fiber
diffraction patterns. Taken together, the above findings formed the basis for our model of the striated ribbon
polymorph, which combines the protofilament interfaces of the rod and twister polymorphs found in the
narrow fibril preparation (Fig. 1b). Instead of using one steric zipper as a contact interface between the
protofilaments, as in the rod and twister fibrils, the striated fibril model is composed of alternating NACore
and preNAC steric zipper interfaces extending laterally perpendicular to the primary fibril growth direction
(Fig. 2a). Simulated fiber powder diffraction data calculated based on this model agree with the
experimental diffraction pattern obtained using the broad fibrils (Fig. 2b). While fibril growth and extension
from seeds occur mainly one-dimensionally along the primary fibril axis in the narrow fibrils, our model
posits that the broad fibrils are capable of growth and seeding in both the lateral and primary fibril axis

directions.

The broad and narrow aSyn fibril preparations had distinct in vitro seeding efficiency and

cytotoxicity

The EM images and structures of the narrow and broad fibrils suggest that the fibrils in the two preparations
have different modes of fibril growth, which may in turn lead to differences in seeding efficiency and
cytotoxicity. To determine whether the narrow and broad fibrils differ in in vitro seeding efficiency, we
exposed human embryonic kidney 293 T (HEK293T) cells expressing cyan fluorescent protein (CFP)- and
yellow fluorescent protein (YFP)-tagged AS5S3T aSyn (Biosensor cells) to the two different fibril
preparations °. The broad fibrils led to a significant increase in aSyn inclusion formation as indicated by
fluorescence resonance energy transfer (FRET) signal density at concentrations as low as 10 nM, while the

narrow fibrils exhibited significantly lower seeding efficiency (Fig. 3a and 3b).

We characterized the cytotoxicity of both aSyn fibril preparations in differentiated PC12 cells using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The narrow fibrils led to

significant cytotoxicity at concentrations as low as 500 nM, while the broad fibrils had negligible
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cytotoxicity even at 2 pM (Fig. 3c). The fibril polymorphs found in the narrow fibril preparation may thus

have higher toxicity than the striated ribbon polymorph comprising the broad fibril preparation.

The two aSyn fibril preparations led to differential brain region-specific changes in aSyn

immunoreactivity in wild-type mice

The distinct in vitro seeding efficiencies of the narrow and broad fibrils encouraged us to perform an initial
proof-of-concept study to investigate the seeded spread of aSyn in the basal ganglia of wild-type mice. The
motor cortex is an integral part of the basal ganglia circuit and has reciprocal neuronal connections with the
striatum ?7, a key region of dysfunction in PD **. We stereotactically injected sonicated aSyn fibrils into the
motor cortex of 6-month-old wild-type mice (Fig. 4a). Injecting into the motor cortex enabled us to focus
on the seeded spread of the two aSyn fibril preparations in the nigrostriatal pathway while excluding
potential local effects of the injected material in the striatum or substantia nigra (SN). The fibril injections
led to no obvious health effect in the mice: there were no significant weight differences between the groups
treated with fibrils and the vehicle-treated group (Additional file 1: Figure S4). Histological experiments
performed 5 months after the injections revealed no loss of tyrosine hydroxylase (TH) immunoreactivity in
the SN or striatum (Additional file 1: Figure S2 and S3), suggesting that neither fibril preparation led to
gross toxicity to dopaminergic neurons. However, we observed region-specific alterations in aSyn

immunoreactivity following injections of the fibrils.

We assessed changes in aSyn immunoreactivity in brain regions connected via basal ganglia pathways
(cortex, striatum, and SN). We studied the cortex and striatum at three different levels (rostral, medial, and
caudal). Injections of the narrow and broad fibril preparations into the motor cortex led to distinct brain
region-specific changes in aSyn immunoreactivity (Fig. 4b). Immunofluorescence studies using two
monoclonal aSyn antibodies (Clone 42 and Syn303) revealed that the narrow fibrils led to reductions in the
pool of aSyn conformers displaying the epitope for the antibody Clone 42 in the medial striatum and cortex,
while increasing the pool of Syn303-reactive aSyn in the rostral striatum. In contrast, the broad fibrils led

to reduced Clone 42 and Syn303 staining in the SN as well as a decrease in Syn303 staining in the rostral
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cortex, where we observed no significant changes following administration of the narrow fibrils (Fig. 4b,c).
Unlike the narrow fibrils, the broad fibrils led to aSyn conformational changes in the SN, a brain area more

distant from the site of injection than the striatum.

Discussion

Our recent cryo-EM structural studies '® revealed that protofilaments of the rod and twister fibrils assemble
symmetrically about homo-zippers of the preNAC and NACore segments, respectively. Since the twister
and rod polymorphs have structurally conserved kernels that interact at either the preNAC or NACore
segments, the polymorphism in these fibrils is determined by the location of the protofilament packing
interface instead of the kernel structure. Alternating interactions at the preNAC and NACore zippers would
enable lateral expansion of the protofilaments, as we propose occurs in the striated ribbon fibrils (Fig. 1b).
The hypothetical model presented in Fig. 3 provides an example of what we have termed combinatorial
polymorphism. If this combined model in fact represents the structure of the striated ribbon, we believe that

it is the first observed example of combinatorial polymorphism in amyloid proteins.

The narrow fibrils displayed higher cytotoxicity than the broad fibrils despite having lower seeding
efficiency. The different trends for cytotoxicity and seeding efficiency illustrate that seeding is not
necessarily directly associated with cytotoxicity, as previously demonstrated for tau %. aSyn fibril
preparations, whether obtained from brain tissue or produced in vitro, may have different compositions of
polymorphs. Each polymorph is distinguished by packing differences between protofilament kernels and
makes distinct contributions to the biological activities of seeding and cytotoxicity. The narrow and broad
fibril preparations containing fibril polymorphs with different compositions thus have discrete seeding
efficiency and cytotoxicity profiles, which may not be necessarily correlated. Therefore, it is essential to
characterize the biological functions of each individual polymorph in the sample in order to understand the

pathological roles of complex polymorphic fibril preparations.
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Structural studies of the three polymorphs suggest a two-dimensional mode of growth in the striated ribbon
fibril, rather than the primary, one-dimensional fiber growth in the rod and twister fibrils. Our in vitro
experiments confirmed the enhanced seeding capability of the broad fibril preparation when compared to
the narrow fibril preparation. In our in vivo experiments, the aSyn fibril preparations displayed seeded
spreading to brain regions away from the injection site. Immunofluorescence experiments revealed that the
broad fibrils caused changes in a brain region more distant from the injection site than that affected by the
narrow fibrils, consistent with the enhanced seeding efficiency of the broad fibrils in vitro. Interestingly,
the two fibril preparations caused distinct alterations in aSyn conformation in different brain regions
(cortex, striatum, and SN), as indicated by changes in the pattern of aSyn immunoreactivity. The
polymorphic structures in the broad and narrow fibrils underlie different modes of fibril growth and may
underlie the observed differences in seeded spreading in vivo. Also worth noting is that the conformations
of aSyn fibrils have been reported to be determined by both the nature of the fibril seeds and by the cellular

', Thus, interplay of the polymorphic structures of the fibril preparations and the cellular

milieu
environments of the different brain regions may further contribute to the distinct patterns of aSyn seeded

spread.

This study was not adequately powered for the assessment of potential behavioral changes associated with
the injection of the different aSyn fibrillar preparations. Nevertheless, we performed an exploratory open
field test prior to euthanasia to determine whether administration of the aSyn fibrils led to any changes in
motor behavior. Interestingly, preliminary data suggest that the different preparations led to distinct changes
in motor behavior in the open field test, with a trend for increased activity following administration of the
narrow fibrils and a trend for decreased activity associated with injection of the broad fibrils (data not
shown). Future studies to thoroughly investigate behavioral alterations associated with the brain region-
specific changes in aSyn expression in wild-type mice and transgenic models of PD and MSA following
injection of the different fibril preparations will be important in further establishing the biological relevance

of the aSyn polymorphs described here.
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Conclusions

Here we identified a new combinatorial polymorphism for amyloid fibrils based on cryo-EM structures of
the two fibril polymorphs found in the narrow fibrils and fiber diffraction data from the narrow and broad
fibril preparations. Our in vitro and in vivo seeding studies confirmed that the two fibril preparations have
distinct in vitro seeding and seeded spread in mouse brain that may be linked to behavioral changes. The
structural and functional studies presented here establish the need to consider the contributions of all
polymorphs and their relevance to overall pathogenesis when performing future rational design campaign

for therapeutic agents based on amyloid fibril structure.
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Fig. 1 Two aSyn fibril preparations share a conserved protofilament kernel

(a) The locations of preNAC and NACore regions on aSyn that are crucial for fibrilization and
cytotoxicity. (b) TEM images of narrow and broad fibril preparations exhibit three different polymorphs.
The rod, twister and striated ribbon polymorphs share a conserved protofilament kernel. Scale bar = 100
nm. (¢) Fiber diffraction patterns of the broad (left panel) and narrow (right panel) fibrils exhibit peaks
indicating typical cross-B structure: 4.7 A meridional reflection and a ~10 A equatorial reflection. Fibrils
were air-dried and aligned between 2 capillary glass rods (inset). (d) Comparison of radial profiles of the
fiber powder diffraction patterns observed for the broad fibrils (red) and narrow fibrils (blue).
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Fig. 2 aSyn fibril polymorphs are constructed around unique steric zipper interfaces between
conserved protofilament kernels

(a) the schematic of the alternating arrangement of the preNAC (blue) and NACore (red) steric zipper
interfaces in the proposed model for the striated ribbon polymorph (broad fibrils). Top and tilted views of
the striated ribbon fibril model illustrate the potential for growth both along and lateral to the fiber axis.
(b) the radial profiles of the simulated fiber powder diffraction of the model for the broad fibril samples
agree with the experimental diffraction profile. The simulated profile was calculated using an input model
constructed of six protofilaments with alternating zippers formed between the preNAC and NACore. A
similar pattern in the diffraction profiles can be observed between the simulated and experimental data.
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Fig. 3 Two aSyn fibril preparations have distinct in vitro seeding efficiency and cytotoxicity

(a) Fluorescence images of HEK-293T cells expressing CFP- and YFP-tagged A53T aSyn (Biosensor
cells) transduced with the two aSyn fibril preparations. (b) FRET-based quantification of aSyn
aggregation in aSyn Biosensor cells with the narrow and broad fibril preparations. (¢) MTT-based toxicity
assay in differentiated PC12 cells treated with the narrow and broad fibrils. Data are presented as mean +
SEM. Results are from 2 independent biological experiments with n = 3-5 per experiment. *** p < 0.001
vs. buffer used to produce the narrow fibrils.
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Fig. 4 Stereotaxic injections of the narrow and broad fibrils into the motor cortex induced changes
in alpha-synuclein immunostaining in the brain in wild-type mice

Six-month-old mice (vehicle: n =5, broad fibrils: n = 6, narrow fibrils: n = 4) were assessed 5 months
after the fibril injections. A) Schematic illustrating the location of fibril injection and the brain regions
examined by immunostaining. B) Injection of narrow or broad fibrils led to distinct changes in Syn303
and Clone 42 aSyn immunoreactivity in different brain. C) Representative confocal images illustrating
significant differences in aSyn immunoreactivity following injections of the two fibril preparations. NeuN
and TH (green), Syn303 and Clone 42 (red); white scale bar = 50 pm.
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Methods

Reagents and antibodies

Thiazolyl blue tetrazolium bromide for the MTT cell toxicity assay was purchased from Millipore Sigma
(M2128-1G; Burlington, MA). The anti-aSyn antibody Clone 42 was purchased from BD Biosciences (cat.
no. 610786; San Jose, CA) and the anti-aSyn antibody Syn303 was purchased from Biolegend (cat. no.
824301; San Diego, CA). The anti-TH antibody was purchased from Pel-Freez (cat. no. P40101-150;
Rodgers, AK) and the anti-NeuN antibody was purchased from Abcam (cat. no. ab177487; Cambridge,

MA).
Animals

Animal care was conducted in compliance with the United States Public Health Service Guide for the Care
and Use of Laboratory Animals, and the procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of California, Los Angeles. Six-month-old non-transgenic mice
on a C57B16/DBA2/BDF1 background were used for the in vivo studies. The animals had continuous and
ad libitum access to standard mouse chow and water and were housed in a temperature- and humidity-

controlled room maintained on a reverse 12/12 light/dark cycle, with the lights on from 2200 to 1000 hours.
Expression and Purification of Recombinant aSyn (1-140)

Full-length aSyn protein was expressed in E. coli (BL21-DE3 Gold strain) and purified according to a
published protocol '. Bacterial induction started at an ODggo of ~0.6 with 1 mM Isopropyl B- d-1-
thiogalactopyranoside (IPTG) for 6 h at 30°C. The harvested bacteria were lysed with a probe sonicator for
10 minutes in an iced water bath. After centrifugation, the soluble fraction was heated in boiling water for
10 minutes and then titrated with HCI to pH 4.5 to remove the unwanted precipitants. After adjusting to
neutral pH, the protein was dialyzed overnight against Q Column loading buffer (20 mM Tris-HCI, pH 8.0).

On the next day, the protein was loaded onto a HiPrep Q 16/10 column and eluted using elution buffer (20
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mM Tris-HCl, 1M NaCl, pH 8.0). The eluent was concentrated using Amicon Ultra-15 centrifugal filters
(Millipore Sigma) to a volume of ~5 mL. The concentrated sample was further purified by size-exclusion
chromatography through a HiPrep Sephacryl S-75 HR column (GE Healthcare 17119401; Waukesha, WI)
in 20 mM Tris, pH 8.0. The purified protein was dialyzed against water, concentrated to 3 mg/mL, and
stored at 4°C. The concentration of the protein was determined using the Pierce™ BCA Protein Assay Kit

(cat. No. 23225, Thermo Fisher Scientific; Waltham, MA) following the manufacturer’s protocol.
Fibril Preparation Monitoring using ThT assay

Different fibril growth conditions were screened in the 96-well plate format. Purified aSyn (200 uM or 300
uM) was diluted in 1x phosphate-buffered saline (PBS; 10 mM PO4*, 137 mM NaCl and 2.7 mM KCl) or
20 mM Tris buffer at various pH (5.5, 6.5, 7.5 or 8.5) in the presence or absence of commercially available
crystal screening additives in the lonic Liquid Screen (Hampton Research; Aliso Viejo, CA). The samples
were thoroughly mixed with 20 uM ThT and added into each well. The 96-well plates were incubated at
either room temperature or 37°C for 14-30 days. The ThT signal was monitored using a FLUOstar Omega
Microplate Reader (BMG Labtech; Cary, NC) at an excitation wavelength of 440 nm and an emission
wavelength of 490 nm. Selected fibril growth conditions from the ThT assay were used to grow the fibrils
in the absence of ThT to be further characterized using negative-stained TEM. The broad fibrils growth
condition was as follows: 300 uM aSyn, 1x PBS, 37°C. The narrow fibrils growth condition was as follows:
300 uM aSyn, 15 mM tetrabutylphosphonium bromide, room temperature. After the preparation, samples

were stored in sealed 1.5-mL tubes at room temperature.
Transmission Electron Microscopy

The fibril samples (3 pL) were spotted onto freshly glow-discharged carbon-coated electron microscopy
grids. After 1 minute, 6 uL uranyl acetate (2% in aqueous solution) were applied to the grid for 2 minutes
and then removed using filter paper. The samples were imaged using an FEI T12 electron microscope at

the Electron Imaging Center for NanoMachines at UCLA.
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Fiber Diffraction

The procedure followed the protocol described in Rodriguez et al. 2. To replace the solvent with water, the
broad and narrow fibril samples (50 pL) were pelleted by centrifugation at 8,000 x g for 5 minutes and
washed with deionized H>O 3 times. The fibrils were resuspended in 10 pL of H,O, placed between 2
capillary glass rods, and allowed to air-dry. On the next day, the glass rods with fibrils aligned in between
were mounted on a brass pin for x-ray diffraction. Each pattern was collected using 1.54-A x-rays produced
by a Rigaku FRE+ rotating anode generator equipped with an HTC imaging plate at a distance of 150 mm

for 5° rotation width. The results were analyzed using Adxv software (Arvai, 2015).
Cellular Toxicity Assay

The protocol was adopted from the Provost and Wallert laboratories . PC12 cells were plated in 96-well
plates at a density of 10,000 cells/well in DMEM (Dulbecco’s modification of Eagle’s medium; 5% fetal
bovine serum [FBS], 5% heat-inactivated horse serum, 1% penicillin/streptomycin, and 150 ng/mL nerve
growth factor 2.5S [Thermo Fisher Scientific]). The cells were incubated for 2 days in 5% CO. at 37°C.
The cells were treated with different concentrations of aSyn fibrils (200 nM, 500 nM, 1000 nM, and 2000
nM). After 18 hours of incubation, 20 puL of 5 mg/mL MTT was added to every well and the plate was
returned to the incubator for 3.5 hours. Following the addition of MTT, the experiment was conducted in a
laminar flow hood with the lights off and the plate wrapped in aluminum foil. The media was removed with
an aspirator and the remaining formazan crystals in each well were dissolved in 100 pL of 100% DMSO.
Absorbance was measured at 570 nm to determine the MTT signal and at 630 nm to determine background
fluorescence. The data were normalized to those from cells treated with 1% sodium dodecyl sulfate to

obtain a value of 0%, and to those from cells treated with PBS to obtain a value of 100%.
Fibril Seeding Experiment in aSyn Biosensor Cells

Based on a published protocol °, human embryonic kidney (HEK293T) FRET Biosensor cells expressing

full-length aSyn containing the disease-associated A53T mutation were grown in DMEM (4 mM L-
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glutamine and 25 mM D-glucose) supplemented with 10% FBS and 1% penicillin/streptomycin. Trypsin-
treated HEK293T cells were harvested, seeded on flat 96-well plates at a concentration of 4x10* cells/well

in 200 pL culture medium per well and incubated in 5% CO, at 37°C.

After 18 hours, aSyn fibrils were diluted with Opti-MEM™ (Life Technologies; Carlsbad CA) and
sonicated in a water bath sonicator for 10 minutes. The fibril samples were then mixed with
Lipofectamine™ 2000 (Thermo Fisher Scientific), incubated for 15 minutes and then added to the cells.
The actual volume of Lipofectamine™ 2000 was calculated based on the dose of 1 pL per well. After 48
hours of transfection, the cells were trypsinized, transferred to a 96-well round-bottom plate and
resuspended in 200 pL chilled flow cytometry buffer (HBSS, 1% FBS, and 1 mM EDTA) containing 2%

paraformaldehyde. The plate was sealed with Parafilm and stored at 4°C for flow cytometry.
Flow Cytometry

The protocol was adapted from the Diamond laboratory ®. The fluorescence signals of the cells were
measured using the settings for CFP (ex. 405 nm, em. 405/50 nm filter), YFP (ex. 488 nm, em. 525/50 nm
filter), and FRET (ex. 405 nm, em. 525/50 nm filter) using an LSRII Analytic Flow Cytometer (BD
Biosciences). A bivariate plot of FRET vs. CFP was created to introduce a polygon gate to exclude all of
the FRET-negative cells treated with only Lipofectamine™ and to include the FRET-positive cells. The
integrated FRET density, which was calculated by multiplying the percentage of FRET-positive cells by

the mean fluorescence intensity of the FRET-positive cells, was reported in the results.
Stereotaxic Surgery

Aseptic preparations of the aSyn broad and narrow fibrils were sonicated on the day of the surgery. The
mice were anesthetized using pentobarbital (Nembutal; Akorn Inc.; Lake Forest, IL) and then mounted in
a stereotaxic device (David Kopf Instruments; Tujunga, CA) equipped with a nose cone for delivery of
isoflurane. The mice were placed on a heating pad connected to a rectal thermometer for the maintenance

of body temperature, and the depth of anesthesia was monitored using the toe-pinch response. The skin and
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muscle covering the skull were incised and a craniotomy was produced at the following coordinates relative
to bregma using a dental drill (Henry Schein; Chatsworth, CA): +2.0 mm anterior, +2.0 mm to the right of
midline. A Hamilton syringe was lowered to a point 2.6 mm below the dura and used to inject 5 pg of aSyn
fibrils in 2.5 pl of sterile PBS. The injection was performed at a rate of 0.1 pl per minute, and the syringe
was left in place for 10 minutes before slow removal. The surgical incision was sutured and the mice were

returned to their home cages after complete recovery from anesthesia.

Open Field Test

Spontaneous activity was monitored for 15 minutes using an automated system (Truscan system for mice;
Coulbourn Instruments; Allentown, PA) in a 25.5 cm x 25.5 cm arena. The animals were tested 1 hour after
the start of the dark phase in a room dimly lit using 25-W red bulbs after 15 minutes of acclimatization.
Different measures, including move distance, move time, velocity, and rearing were monitored using the

automated system over three 5S-minute bins for a total of 15 minutes.

Euthanasia and Tissue Preparation

The animals were deeply anesthetized using pentobarbital and transcardially perfused with 0.9% saline after
disappearance of the tow-pinch response. Brains were removed, divided into hemispheres, and post-fixed
in 4% paraformaldehyde for 72 hours at 4°C. The brain hemispheres were then cryoprotected in 30%

sucrose at 4°C, flash-frozen in powdered dry ice, and stored at -80°C.

Immunofluorescence Staining and Quantification

All staining procedures and data collection were performed by investigators blinded to treatment.

Immunofluorescence studies were performed as described previously >°.

Double-immunofluorescence for Clone 42 Anti-aSyn/TH and Syn303 Anti-aSyn/NeuN in SN,

Striatum, and Cortex

58



Brain sections (SN at bregma -3.52 mm or striatal sections at bregma 1.42 mm, 0.74 mm, and 0.14 mm)
were washed in 50 mM TBS (pH 7.6) and incubated in mouse IgG blocking reagent (M.O.M., Vector
Laboratories; Burlingame, CA) for 1 hour. After a quick wash in TBS for 5 minutes, sections were incubated
in 10% normal goat serum (NGS)/0.5% Triton X-100/TBS for 1 hour. The sections were then incubated in
mouse anti-aSyn (1:250, BD Biosciences Clone 42) and rabbit anti-TH antibody (1:1,000, Pel-Freeze) or
Syn303 (1:1,000, BioLegend) and rabbit anti-NeuN (1:1,000, Abcam) antibody in 5% NGS at 4°C
overnight. After washing, sections were incubated in Alexa 647 goat anti-mouse IgG (1:500; Invitrogen;
Carlsbad, CA) and Cy3 goat anti-rabbit IgG (1:500; Jackson Immunoresearch; West Grove, PA) in 5%
NGS for 2 hours at room temperature. After washing, sections were mounted in tap water on plain glass

slides.

Quantification of Fluorescence Intensity in SN, Striatum, and Cortex

For the quantification of aSyn and TH fluorescent immunolabeling in different brain regions, images of
immunofluorescence-labeled sections were acquired using an Agilent (Santa Clara, CA) microarray scanner
equipped with a krypton/argon laser (647 nm) at 10 um resolution with the photomultiplier tube set at 5%
for aSyn and 10% for TH. Immunofluorescence intensity was measured using ImageJ in the appropriate
region of interest (ROI) by subtracting the background fluorescence signal in the same ROI. TH staining
was quantified in the SN pars compacta, SN pars reticulata, and the striatum (rostral, medial, and caudal
levels). Clone 42- and Syn303-reactive aSyn was quantified in the whole SN, striatum (at 3 levels), and

cortex overlying the striatum (at 3 levels).

Statistical analysis

All statistical analyses were performed in SigmaPlot version 13.0 (Systat Software, Inc.; San Jose, CA).
The Grubbs test was used to exclude outliers prior to group comparisons. One-way ANOV As were used to
assess differences between the fibril-treated and vehicle-treated cells in the in vitro cytotoxicity assay.

Student’s t-tests between each fibril-treated group and the vehicle-treated group were used to assess the
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effects of the fibril injections on behavior in the open field and on the histological measures. P-values <0.05

were considered statistically significant.
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Broad Fibrils

-3

Figure S1 Negative-stained TEM images of the broad (a) and narrow fibrils (b). The striated ribbon
polymorph was observed in the broad fibrils preparation and the rod and twister polymorphs grew in the
narrow fibrils preparation. Scale bar: 100 nm.

Narrow Fibrils
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Clone 42

Rostral STR Medial STR Caudal STR
and CTX and CTX and CTX

SN

Figure S2 Representative microarray images of studied brain sections. Rostral, medial, and caudal
coronal brain sections containing the striatum and the cortex on the ipsilateral side, as well as the
ipsilateral substantia nigra were characterized. STR, striatum; CTX, cortex; SN, substantia nigra.
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Figure S3 TH immunostaining revealed no significant changes in TH-positive dopaminergic
terminals in the striatum or in TH-positive cells in the SN. The effects of the broad and narrow fibrils
on TH-positive dopaminergic cell bodies in the substantia nigra and TH-positive terminals in the striatum
were assessed. The vehicle control animals received an injection of sterile 0.9% saline at the same volume
used for the fibril injections. We observed no significant changes in TH staining in any of the regions
tested. STR, striatum; SNpc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata.
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Figure S4 Mouse body weights revealed no gross health effects associated with the fibril injections.
There were no significant differences in the body weights of the mice at the time of euthanasia, indicating
that the fibril injections led to no gross health effects.
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Structures of fibrils formed by a-synuclein
hereditary disease mutant H50Q reveal
new polymorphs

David R. Boyer®'3, Binsen Li?3, Chuangi Sun?, Weijia Fan?, Michael R. Sawaya 2* and

David S. Eisenberg ®™

1, Lin Jiang

Deposits of amyloid fibrils of a-synuclein are the histological hallmarks of Parkinson's disease, dementia with Lewy bodies
and multiple system atrophy, with hereditary mutations in a-synuclein linked to the first two of these conditions. Seeing the
changes to the structures of amyloid fibrils bearing these mutations may help to understand these diseases. To this end, we
determined the cryo-EM structures of a-synuclein fibrils containing the H50Q hereditary mutation. We find that the H50Q
mutation results in two previously unobserved polymorphs of a-synuclein: narrow and wide fibrils, formed from either one or
two protofilaments, respectively. These structures recapitulate conserved features of the wild-type fold but reveal new struc-
tural elements, including a previously unobserved hydrogen-bond network and surprising new protofilament arrangements.
The structures of the H50Q polymorphs help to rationalize the faster aggregation kinetics, higher seeding capacity in biosensor

cells and greater cytotoxicity that we observe for H50Q compared to wild-type a-synuclein.

(a-syn) into amyloid fibrils underlies the group of diseases

termed synucleinopathies—Parkinson’s disease (PD), Lewy
body dementia and multiple systems atrophy. (1) a-Syn fibrils
are found in the hallmark lesions of PD and Lewy body dementia
(Lewy bodies), as well as in the hallmark glial and neuronal lesions
in multiple systems atrophy'”. (2) Hereditary mutations in a-syn
have been linked to PD and Lewy body dementia’. (3) Dominantly
inherited duplications and triplications of the chromosomal region
that contains wild-type SNCA—the gene that encodes a-syn—are
sufficient to cause PD (refs. *-°). (4) Recombinantly assembled a-syn
fibrils show cross-f structure and their injection into the brains of
wild-type mice induced PD-like Lewy body and Lewy neurite for-
mation, as well as cell-to-cell spreading and motor deficits reminis-
cent of PD™".

Advances in solid-state NMR and cryo-EM have greatly
increased our knowledge of the structure of full-length amyloid
proteins, allowing us to examine interactions beyond the local views
provided by crystallographic methods’'". Therefore, we previously
used cryo-EM to determine the structures of wild-type full-length
a-syn fibrils (Fig. 1a,b, left). These structures reveal two distinct
polymorphs—termed the rod and twister''. Both fibrils are wound
from two identical protofilaments related by an approximate 2, fibril
axis. The protofilaments that form the rod and twister polymorphs
are distinct: the rod protofilaments contain ordered residues 38-97
whereas the twister protofilaments contain ordered residues 43-83.
Both polymorphs share a similar structurally conserved p-arch
formed by residues 50-77. However, the protofilament interfaces
between the two polymorphs differ: in the rod polymorph, residues
50-57 from the preNAC region form the interface of the two proto-
filaments, whereas, in the twister polymorph, residues 66-78 from
the NACore form the interface.

f everal lines of evidence suggest that aggregation of a-synuclein

Hereditary mutations offer understanding of the link between
protein structure and disease. H50Q is one such mutation that
was discovered independently in two individuals with PD, with
one patient having a known familial history of parkinsonism and
dementia'>'®. The H50Q mutation enhances a-syn aggregation
in vitro by reducing the solubility of the monomer, decreasing the
lag time of fibril formation and increasing the amount of fibrils
formed'”'". Additionally, H50Q has been shown to be secreted at
higher levels from SH-SY5Y cells and to be more cytotoxic to pri-
mary hippocampal neurons than wild-type a-syn'. Taken together
these data suggest that patients harboring the H50Q mutation may
develop fibrils more easily and that these fibrils may have different
underlying structures than wild-type fibrils.

The structure of the wild-type rod polymorph suggests that the
H50Q mutation may alter key contacts at the protofilament inter-
face'. In this structure, two pairs of H50-E57 residues interact
on opposing protofilaments, stabilizing the protofilament inter-
face through charge-charge interactions. The mutation to the
uncharged, polar glutamine may therefore disrupt the rod poly-
morph protofilament interface, leading to different polymorphs of
a-syn, potentially explaining the different observed properties of
H50Q versus wild-type a-syn'”'*. To examine the exact effect of the
H50Q mutation on the structure of a-syn fibrils, we sought to deter-
mine the atomic structures of H50Q a-syn fibrils using cryo-EM
and to compare aggregation kinetics, stability, seeding capacity and
cytotoxicity to wild-type a-syn.

Results

Cryo-EM structure and architecture of H50Q a-syn fibrils. To
pursue cryo-EM structure determination, we expressed and puri-
fied recombinant full-length a-syn containing the H50Q hereditary
mutation and subsequently grew fibrils under the same conditions

'Department of Chemistry and Biochemistry and Biological Chemistry, UCLA-DOE Institute, Molecular Biology Institute and Howard Hughes Medical
Institute, UCLA, Los Angeles, CA, USA. 2Department of Neurology, David Geffen School of Medicine, Molecular Biology Institute, UCLA, Los Angeles, CA,
USA. *These authors contributed equally: David R. Boyer, Binsen Li. *e-mail: jianglin@ucla.edu; david@mbi.ucla.edu

1044

NATURE STRUCTURAL & MOLECULAR BIOLOGY | VOL 26 | NOVEMBER 2019 | 1044-1052 | www.nature.com/nsmb

66



NATURE STRUCTURAL & MOLECULAR BIOLOG

Interface at
PreNAC (50-57)

Interface
at NACore (66-78)

140

H50Q wide fibril

Interface
at PKTKE®

Conserved kernel

Single protofilament
assembly

Fig. 1| Comparison of wild-type and H50Q polymorphs. a, Primary structure schematic highlighting residues of the conserved kernel (50-77) that form
protofilament interfaces in a-syn polymorphs. b, A conserved kernel is used to assemble wild-type (left) and H50Q (right) a-syn polymorphs in at least

four different ways.

as those used for cryo-EM studies of wild-type a-syn (see Methods).
After obtaining optimal cryo grid conditions and subsequent high-
resolution cryo-EM data collection and processing, we determined
the near-atomic structures of two polymorphs, which we term nar-
row and wide fibrils, to resolutions of 3.3 and 3.6 A, respectively
(Figs. 1b and 2a-d, Extended Data Figs. 1a,b and 2a and Table 1).
Both the narrow and wide fibrils have pitches of ~900 A, as mea-
sured from the cross-over distances observed in electron micro-
graphs as well as 2D classifications of box sizes containing helical
segments that encompass an entire helical pitch (Extended Data
Fig. 2b,c; see Methods). Narrow fibrils have a width that varies from
55 to 66 A; wide fibrils have a width that varies from 67 to 116 A
(Fig. 2b and Extended Data Fig. 1a). The narrow fibril is wound
from a single protofilament, which we designate protofilament A,
while the wide fibril is wound from two slightly different protofila-
ments, both protofilament A and a second protofilament, which we
term protofilament B (Fig. 2¢,d). Both narrow and wide fibril recon-
structions show identical densities flanking protofilament A, which
we term islands 1 and 2 (Supplementary Note 1 and Extended Data
Fig. 3). Narrow fibrils are roughly five times more abundant than

NATURE STRUCTURAL & MOLECULAR BIOLOGY | VOL 26 | NOVEMBER 2019 | 1044-1052 | www.nature.com/nsmb

wide fibrils. Protofilament A contains ordered residues from G36 to
Q99, while protofilament B contains ordered residues T44 to K97
(Fig. 2a,c,d).

The protein chains in the ordered cores of both protofilaments
fold essentially within a two-dimensional layer (Fig. 2b-d), with
stretches of straight p-strand regions interrupted by sharp turns
(Fig. 3a,b). The fibrils are formed by the chains within the two-
dimensional layers stacking on one another along the fibril axis
every 4.8 A, forming f-sheets that extend for hundreds of nanome-
ters (Fig. 2b).

Differences between protofilaments A and B. To define the differ-
ences in protofilaments A and B observed in the two polymorphs,
we aligned protofilament A with protofilament B (Fig. 3b). The
alignment reveals that residues 47-97 adopt nearly identical confor-
mations in both protofilaments A and B; however, protofilament A
has an ordered B-arch formed by residues 36-46, whereas protofila-
ment B becomes disordered after T44 (Fig. 3b,c). The p-arch in pro-
tofilament A features an extensive hydrogen-bond network among
Y39, T44 and E46 that is not observed in any a-syn structures
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Fig. 2 | Cryo-EM structures of H50Q polymorphs. a, Schematic of a-syn primary structure demonstrating location of the ordered core of H5S0Q
protofilaments A and B, preNAC and NACore and H50Q hereditary mutation. b, View perpendicular to the fibril axes of narrow and wide fibril cryo-EM
reconstructions with the minimum and maximum widths of the fibrils labeled. ¢, View parallel to the fibril axes of sections of narrow and wide fibrils
revealing one layer of each fibril. Narrow fibrils are composed of one protofilament, designated protofilament A. Wide fibrils are composed of two
protofilaments: protofilament A and a less well-ordered chain designated protofilament B. Protofilament A is nearly identical in both fibril species, while
protofilament B differs from protofilament A and is only found in the wide fibril species. d, Schematic representation of fibril structures with amino acid
side chains colored as follows: hydrophobic (yellow), negatively charged (red), positively charged (blue), polar, uncharged (green) and glycine (pink).

determined so far (Fig. 3b,c). In addition, we note that in proto-
filament A, Q50 is hydrogen bonded to K45, whereas in protofila-
ment B, K45 and Q50 are not hydrogen bonded and appear to be
solvent facing (Fig. 3b,c). This alternative arrangement of K45 and
Q50 may explain why protofilament A forms an ordered p-arch
while protofilament B does not. This suggests that the conforma-
tion of K45 and Q50 can act as a switch whereby, as they become
hydrogen bonded, the amino (N)-terminal residues 36-44 become
ordered, forming the Y39-T44-E46 hydrogen bond triad. We also
note that protofilament B maintains the E46-K80 hydrogen bond
observed in wild-type structures, while participation of E46 in a
hydrogen bond with T44 in protofilament A differs from that in
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wild-type structures. Instead, K80 now hydrogen bonds with T81
in protofilament A (Fig. 3b,c). The differences observed here high-
light the impact that hydrogen-bonding arrangements can have on
fibril structure and explain the atomic basis for the asymmetry of
the two protofilaments in the wide fibril polymorph. Indeed, previ-
ous studies on wild-type a-syn fibril structures have revealed fibrils
composed of asymmetric protofilaments whose asymmetry could
be explained by the types of alternative hydrogen-bond patterns
that we observe here”’.

Cavities in a-syn fibril structures. We note that all a-syn fibril
structures determined so far display a similar cavity at the center
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Table 1| Cryo-EM data collection, refinement and validation
statistics

H50Q narrow fibril H50Q wide fibril
(EMD-20328, PDB  (EMD-20331, PDB
6PEO) 6PES)
Data collection and processing
Magnification 130,000 130,000
Voltage (kV) 300 300
Camera K2 Summit K2 Summit
(Quantum LS) (Quantum LS)
Frame exposure time (s) 0.2 0.2
Movie frames (no.) 30 30
Electron exposure (e'/A2) 36 36
Box size (pixel) 288 224
Inter-box distance (A) 28.8 224
Micrographs collected (no.) 3,577 3,577
Segments extracted (no.) 1183,284 137,395
Segments after Class2D (no.) 510,477 NA?
Segments after Class3D (no.) 30,133 28,016
Map resolution (A) 33 36
FSC threshold 0143 0143
Refinement
Initial model used De novo De novo
Model resolution (A) 32 35
FSC threshold 0.5 0.5
Model resolution range (A) ~ 200-3.3 200-3.6
Map sharpening B factor (A?) 148 -207
Model composition
Nonhydrogen atoms 2,205 4,040
Protein residues 320 590
Ligands NA NA
B factors (A2)
Protein NA NA
Ligand NA NA
R.m.s. deviations
Bond lengths (A) 0.003 0.009
Bond angles (°) 0.5 0.7
Validation
MolProbity score 2.09 218
Clashscore 10.62 12.28
Poor rotamers (%) 0 0
Ramachandran plot
Favored (%) 90.3 87.7
Allowed (%) 9.7 123
Disallowed (%) 0 0

*Number of segments after Class2D not available (NA) for the wide fibril as only 3D classification
was performed.

of the B-arch, surrounded by residues T54, A56, K58, G73 and
V74 (Figs. 1b and 2c and Extended Data Fig. 4a,b). However, in
contrast to our previously published wild-type structures, K58
now faces inward towards the cavity, instead of outward towards
the solvent, while T59 now flips away from the cavity (Extended
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Data Fig. 4a). This inversion is possible because lysine and threo-
nine have both hydrophobic and hydrophilic character, allowing
them to be favorably positioned either facing the solvent or the cav-
ity. Indeed, energetic calculations demonstrate that K58 and T59
can have a positive stabilization energy in both cases (Extended
Data Fig. 5b,c).

Presumably the p-arch cavity is filled with disordered solvent
that is not defined by cryo-EM or previously used solid-state NMR
averaging methods. However, we note here that in our narrow and
wide fibril polymorphs we visualize additional density in the cav-
ity that is not accounted for by protein side chains (Fig. 2c and
Extended Data Fig. 4b). We wonder whether this density arises from
noise, or a back-projection artifact, but it is observed in the same
location independently in three protofilaments (protofilament A
from the narrow fibril and protofilaments A and B from the wide
fibril) leading us to believe that it may come from a solvent molecule
(Extended Data Fig. 4b). Since our fibril growth conditions contain
only water and tetrabutylphosphonium bromide, whose long ali-
phatic groups make it too large to fit into the tight cavity, we exam-
ined if the density could come from a water molecule and if any of
the surrounding residues could serve as hydrogen-bond partners.
We observe that the y-hydroxyl of T54, the e-amino of K58 and the
carbonyl oxygen of G73 are the only potential hydrogen-bonding
partners for the putative water molecule (Extended Data Fig. 4b).
In addition, there are several methyl groups from V74 and A56
that are proximal to the putative solvent molecule (Extended Data
Fig. 4b). The distance between the density and potential hydrogen
partners ranges from 4.2 to 5.4 A, which is longer than usual for
hydrogen bonds (Extended Data Fig. 4b). However, given that there
are three hydrogen-bond partners, perhaps the density visualized
in the reconstruction is an average of positions occupied by water
molecules. Nonetheless, given the resolution of our maps we cannot
unambiguously identify the molecule(s) occupying the density in
the center of the cavity.

Wide fibril protofilament interface. The wide fibril contains a
novel protofilament interface formed by residues *KTKE® not
previously seen in wild-type a-syn structures'. Residues *KTKE®
are located at a sharp turn in both protofilaments A and B, and,
consequently, the interface between protofilaments is remarkably
small (Extended Data Fig. 6a). Consistent with the minimal size
of the interface, the shape complementarity of 0.57 and buried
surface area of 50 A2 of the wide fibril interface are low compared
to the more extensive preNAC and NACore interfaces seen in
our previous wild-type structures (Extended Data Fig. 6b)"*. Indeed,
the Cy atom of T59 from each protofilament is the only atom to
interact across the protofilament interface (Extended Data Fig. 6b),
making this interface the smallest fibril protofilament interface
observed to date.

We wondered why the H50Q polymorphs do not utilize the
extensive preNAC or NACore protofilament interfaces found in the
wild-type rod and twister polymorphs, respectively. Our structures
reveal that, unlike the wild-type twister polymorph, the NACore is
buried within the fibril core and is inaccessible as a protofilament
interface (Fig. 2c). However, the preNAC region is more accessible as
a potential protofilament interface in both of the H50Q polymorphs
(Fig. 2¢). To examine why the preNAC region does not form a pro-
tofilament interface, we first compared the preNAC protofilament
interface in the wild-type rod polymorph with the same region in
the H50Q narrow fibril (Extended Data Fig. 7a,b). We noticed that
in the wild-type rod polymorph H50 on one protofilament inter-
acts with E57 on the opposite protofilament, possibly through a
charge-charge interaction (Extended Data Fig. 7b). The mutation to
a polar, uncharged glutamine leads to a loss of interaction with E57
and instead Q50 forms an intramolecular hydrogen bond with K45
in H50Q protofilament A, thereby producing a single protofilament
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Fig. 3 | Comparison of protofilaments A and B. a, Schematic of primary and secondary structure of the fibril core of H5S0Q protofilaments A and B. Arrows
indicate regions of protofilaments A and B that adopt p-strand conformations. b, Structural alignment of H50Q protofilaments A and B. ¢, Alignment of
protofilaments A and B reveals that protofilament A has a B-arch formed by residues 36-46, whereas protofilament B is disordered before residue 44.
Additionally, in protofilament A, H50Q hydrogen bonds with K45, while in protofilament B, HS0Q and K45 adopt different conformations and do not
hydrogen bond. In protofilament A, E46 participates in the Y39-T44-E46 hydrogen-bond triad and K80 hydrogen bonds with T81, while in protofilament

B E46 hydrogen bonds with K80 as in the wild-type rod polymorphs.

assembly (Extended Data Fig. 7a). Further, speculative models
where additional protofilaments are docked at the preNAC region
in either protofilament A or B show severe steric clashes occur-
ring, further supporting the idea that the H50Q mutation disallows
assembly of protofilaments at the preNAC (Supplementary Note 2
and Extended Data Fig. 7¢,d).

Energetic and biochemical analysis of H50Q fibrils. We next won-
dered if the structural differences that we observe in the H50Q ver-
sus wild-type fibrils affect their stabilities. To examine this, we first
calculated modified atomic solvation energies for the H50Q mutant
structures and wild-type a-syn structures (see Supplementary Note 3

1048

for differences in stabilization energies for some residues in proto-
filaments A and B in the wide fibril). We find that both wild-type
and H50Q fibrils are stabilized by energies comparable to a selection
of known irreversible fibrils, including tau-paired helical filament
structures from Alzheimer’s disease’', serum amyloid A fibrils from
systemic amyloidosis** and TDP-43 SegA-sym fibrils*, and signifi-
cantly larger than the stabilization energies of the reversible FUS
fibrils** (Fig. 4a and Table 2). To confirm this, we performed stabil-
ity assays to measure the resistance of fibrils to heat and SDS, and
we found that both wild type and H50Q show a similar resistance
to denaturation, consistent with our energetic calculations (Fig. 4c).
This is also consistent with the idea that both wild-type and H50Q
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fibrils. The stabilizing residues are red; the destabilizing residues are blue. b, ThT assay measuring kinetics of HS0Q and wild-type a-syn aggregation.
Data from three independent replicates for each sample are shown for each time point. Wild-type aggregation plateaus at 30 h whereas H50Q aggregates
faster and plateaus at 23 h. ¢, Stability assay of HS0Q and wild-type a-syn. Fibrils were brought to the indicated concentration of SDS and heated at

70°C for 15min before ThT signal was measured. Both H50Q and wild-type fibrils are irreversible. d, Cell seeding assay of H50Q and wild-type a-syn
performed in HEK293T a-syn-A53T-YFP biosensor cells. Sonicated fibrils were transfected into biosensor cells using Lipofectamine. After 48 h, the
number of fluorescent puncta indicating aggregated endogenous a-syn-A53T-YFP was counted (see Methods). H50Q fibrils have a higher seeding
capacity than wild-type fibrils. Error bars represent standard deviation of four independent measurements. e, MTT toxicity assay of H50Q and wild-type
wa-syn performed in differentiated PC12 cells. H50Q and wild-type a-syn fibrils were introduced to culture medium and after incubation, cell mitochondrial
activity was measured via MTT assay. H50Q requires less fibrils than wild type to significantly disrupt mitochondrial activity. Error bars represent standard
deviation of a minimum of 7 and a maximum of 14 independent measurements. ****P <0.0001. **P < 0.01. NS, not significant P> 0.05. P values were
calculated using an unpaired, two-tailed t-test with a 95% CI.

a-syn are associated with pathogenic, irreversible fibrils formed in  with other studies (Fig. 4c)'*'**. We note that although H50Q fibrils
the synucleinopathies. have a lower max thioflavin T (ThT) signal, this is likely explained by

We next characterized the kinetics of H50Q and wild-type fibril ~ different fibril polymorphs having differential ThT binding and not
growth and found that H50Q aggregation has a shorter lag phaseand  as being due to overall less fibril formation. We also find that H50Q
therefore forms fibrils more rapidly than wild-type fibrils, consistent  fibrils have higher seeding capacity in HEK293T a-syn-A53T-YFP
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Table 2 | Comparative solvation energy calculations

Atomic solvation standard free
energy of stabilization (kcal mol")

Fibril structure

Per layer Perchain Perresidue

H50Q narrow fibril 58 58 (pf A)  0.90 (pf A)

H50Q wide fibril n4 58 (pf A)  0.90 (pf A)

54 (pfB) 1.00 (pf B)
WT rod cryo-EM (PDB 6CU7) 12 56 0.93
WT twister cryo-EM (PDB 6CU8) 66 33 0.80
WT solid-state NMR (PDB 2NOA) 58 58 091
WT rod (PDB 6H6B) 101 51 0.86
WT rod (PDB 6A6B) 122 61 0.96
Tau PHF (PDB 530L) 128 64 0.88
Tau pick's (PDB 6GX5) 98 98 1.00
TDP-43 SegA-sym (PDB 6N37) 73 37 1.00
Serum amyloid A (PDB 6MST) 16 58 1.07
FUS (PDB 5W3N) 4 41 0.66

pf, protofilament; WT, wild type.

biosensor cells* and significantly higher cytotoxicity to differenti-
ated neuron-like rat pheochromocytoma (PC12), as measured by
a reduction of mitochondrial activity and cell membrane integrity
(Fig. 4d,e and Extended Data Fig. 8). These results are similar to
other studies demonstrating the enhanced pathogenic properties of
H50Q versus wild-type a-syn'”~'**, and overall our findings support
the idea that the differences in the structures of the H50Q fibrils
compared to wild-type fibrils result in higher pathogenicity.

Discussion
The structures of a-syn fibrils determined here demonstrate that
the H50Q mutation results in two new polymorphs, which we
term narrow and wide fibrils. Structural alignments of wild-type
and H50Q polymorphs reveal that residues 50-77 in all structures
adopt a largely similar f-arch-like fold, which we previously termed
the conserved kernel (Extended Data Fig. 9)"". However, different
sequence segments of the conserved kernel assemble protofilaments
into distinct fibril polymorphs (Fig. 1a,b). The wild-type rod poly-
morph utilizes residues from the preNAC region'"*"*, the wild-type
twister polymorph utilizes residues from the NACore' and the
H50Q wide fibril utilizes residues **KTKE® to assemble protofila-
ments, while the H50Q narrow fibril forms a single protofilament
structure (Fig. 1a,b). Therefore, the structures determined to date of
wild-type and mutant a-syn fibrils demonstrate that the conserved
kernel formed by residues 50-77 acts a modular building block to
assemble protofilaments into distinct polymorphs in at least four
different ways.

In all seven a-syn fibril structures, the conserved kernel features
a cavity, possibly a solvent channel surrounded by T54, A56, K58,
G73 and V74 (Figs. 1b and 2c¢ and Extended Data Fig. 4b)""-*,
However, the H50Q polymorphs determined here are, so far, the
only a-syn fibril structures to resolve density in this cavity. A hydro-
philic cavity is also observed in the human serum amyloid A cryo-
EM structure and two structures of immunoglobulin light chain
fibrils****!. Therefore, full-length amyloid fibrils share the property
of crystal structures of amyloid segments where the majority of the
protein packs in a manner excluding water, while some water mole-
cules can be seen hydrogen bonding with the backbone or polar side
chains™. Recent structures of tau fibrils extracted from the brains
of patients with chronic traumatic encephalopathy suggest that a
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hydrophobic molecule may occupy a hydrophobic cavity present in
the fibril core™. This is also similar to crystal structures of amyloid
segments where molecules such as polyethylene glycol can occupy
cavities in the crystal packing™.

The structures of H50Q polymorphs help to explain the dif-
ferences in aggregation kinetics, seeding capacity and cytotoxic-
ity between H50Q and wild-type o-syn that we and others have
observed (Fig. 4b,d,e)'*'"**. First, the observation that the H50Q
mutation results in a large proportion of narrow fibrils formed from
a single protofilament may help explain the faster aggregation kinet-
ics of the mutant fibrils. Given that multiple molecules must come
together to nucleate amyloid fibril growth, fibrils composed of a
single protofilament may therefore have a shorter lag time than
fibrils composed of two protofilaments, as half as many molecules
are required to form the nucleus. Thus, the H50Q mutation may
lower the barrier to nucleation and more readily lead to fibril for-
mation. Previous studies on wild-type a-syn have demonstrated
that minor species of single protofilament fibrils exist in polymor-
phic preparations, suggesting that wild-type a-syn can also form
single protofilaments™. However, here we observe that single pro-
tofilament structures dominate, suggesting that the H50Q mutation
may tip the balance to favor single protofilament fibrils and shorter
lag times.

Second, the higher seeding capacity of H50Q versus wild-type
fibrils in our biosensor cell assays may be explained by the presence
of a secondary nucleation mechanism. We speculate that the wide
fibril species represents a step in a secondary nucleation pathway
whereby residues **KTKE® of protofilament A serve as a surface to
catalyze the formation of protofilament B (Extended Data Fig. 10)™.
Several observations support this idea. (1) Protofilament B is never
observed alone, and is only observed with protofilament A in the
wide fibril, whereas protofilament A is observed alone in the nar-
row fibril. (2) The structure of protofilament A in both the narrow
and wide fibril is nearly identical (r.m.s. deviation = 0.26A) and the
helical twist of both the narrow and wide fibril is nearly identical
(cross-over distance ~900 A), suggesting that protofilament A acts
as an unperturbed scaffold for protofilament B to grow off its side.
(3) The wide fibril protofilament interface is exceedingly small, per-
haps making it a labile interface where protofilament B can nucle-
ate and elongate but eventually fall off, forming individual single
protofilament fibrils. Given that we do not observe protofilament
B alone, we speculate that over time protofilament B may convert
into protofilament A, perhaps initiated by the switching of H50Q
into a conformation that allows hydrogen bonding with K45 and
subsequent formation of the Y39-T44-E46 hydrogen-bond triad.
We speculate that the conversion of protofilament B to protofila-
ment A may occur immediately before disassembling from the wide
fibril to form individual narrow fibrils or after disassembly from the
wide fibril (Extended Data Fig. 10).

We note that other mechanisms may lead to the differential seed-
ing capacities that we observe; for instance, there may be a different
seed fibril length distribution due to differing sensitivities to soni-
cation between H50Q and wild-type fibrils. In addition, the mono-
meric a-syn-A53T-YFP may be easier or harder to seed by H50Q
or wild-type fibrils due to species barrier effects. Although for the
latter point, we note that the wild-type fibrils have only one residue
different from the a-syn-A53T-YFP construct, whereas the H50Q
fibrils have two differing residues, making the increased seed-
ing potency of H50Q fibrils more noteworthy despite the greater
difference in sequence.

Third, the ultrastructural arrangement of protofilaments, the
ordered B-arch in protofilament A featuring a unique Y39-T44-E46
hydrogen-bond triad and the presence of islands 1 and 2 represent
major structural differences in the H50Q fibrils compared to previ-
ously determined wild-type a-syn structures. These structural dif-
ferences create new ordered surfaces on the fibrils that may enable
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their heightened cytotoxicity compared to wild type. Previously, it
has been shown that polyQ inclusions can sequester essential cel-
lular proteins and that resupply of sequestered proteins ameliorated
toxicity and reduced inclusion size, presumably by coating the
fibrils and rendering them inert™. This highlights the importance
of surfaces of fibrils in mediating cytotoxicity and suggests that dif-
ferent surface properties of amyloid fibrils may explain differential
cytotoxicities. Indeed, others have shown that two polymorphs of
wild-type a-syn could be homogenously prepared and that these
polymorphs had different cytotoxicities to SH-SY5Y cells, suggest-
ing that differences in structure, including exposed fibril surfaces,
result in different cytotoxicity”. Therefore, we propose that the
large structural differences observed in our H50Q fibrils compared
to wild type could mediate the higher cytotoxicity of H50Q versus
wild-type fibrils.

Hereditary mutations in «-syn are largely clustered in the pre-
NAC region (residues 47-56) away from the NACore region (resi-
dues 68-78). The E46K hereditary mutation is predicted to disrupt a
key salt bridge that forms between E46 and K80, potentially disturb-
ing the fibril core. Consistent with this, NMR studies have shown
large chemical shifts for residues in the fibril core of E46K fibrils*.
Interestingly, in H50Q protofilament A, E46 participates in a hydro-
gen-bond network with T44 and Y39; therefore, mutation to lysine
may disrupt this network making the formation of the N-terminal
36-46 P-arch mutually exclusive with the E46K hereditary muta-
tion. Further, the observation that the E46-K80 hydrogen bond is
not maintained in protofilament A—unlike the previous wild-type
rod polymorphs and protofilament B—demonstrates that this inter-
action is not necessary to maintain the overall wild-type fold, and
that, in the case of the E46K hereditary mutation, it is the change
to lysine and unfavorable juxtaposition of the positively charged
E46K and K80 that explains the rearrangement of the fibril core as
indicated by NMR*. For mutations A30P and A53T, NMR studies
of fibrils show small perturbations in chemical shifts and second-
ary structures at sites proximal to the mutation, suggesting that the
overall fold of the fibril is largely unchanged™*. Here, the H50Q
mutation seems to lie somewhere in the middle of the A30P, A53T
and E46K mutations; in that, H50Q enforces a new conformation
of the N terminus of the fibril core, disrupts previously observed
protofilament interfaces and creates a new protofilament interface,
while maintaining a conserved p-arch fold in the fibril core. Further
work is needed to determine the exact structural effects of other
a-synuclein hereditary mutations.

Overall, our results demonstrate that the H50Q hereditary
mutation leads to new fibril polymorphs that have more rapid
fibril-forming kinetics, higher seeding capacity and higher cyto-
toxicity. These findings provide a starting point for understanding
the structural basis of mutation-enhanced pathogenesis in the
synucleinopathies.
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Methods

Protein purification. Full-length a-syn wild-type and H50Q mutant proteins were
expressed and purified according to a published protocol'". The bacterial induction
started at an optical density (OD,,) of ~0.6 with 1 mM IPTG for 6 h at 30°C. The
collected bacteria were lysed with a probe sonicator for 10 min in an iced water
bath. After centrifugation, the soluble fraction was heated in boiling water for

10 min and then titrated with HCI to pH 4.5 to remove the unwanted precipitants.
After adjusting to neutral pH, the protein was dialyzed overnight against Q
Column loading buffer (20 mM Tris-HCI pH 8.0). The next day, the protein was
loaded onto a HiPrep Q 16/10 column and eluted using elution buffer (20mM
Tris-HCI, 1 M NaCl, pH 8.0). The eluent was concentrated using Amicon Ultra-15
centrifugal filters (Millipore Sigma) to ~5ml. The concentrated sample was further
purified with size-exclusion chromatography through a HiPrep Sephacryl §-75 HR
column in 20 mM Tris, pH 8.0. The purified protein was dialyzed against water,
concentrated to 3mgml~" and stored at 4C. The concentration of the protein was
determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
catalog no. 23225).

Fibril preparation and optimization. Both wild-type and H50Q fibrils
were grown under the same condition: 300 uM purified monomers, 15mM
tetrabutylphosphonium bromide, shaking at 37 °C for 2 weeks.

Negative stain transmission electron microscopy (TEM). The fibril sample (3 ul)
was spotted onto a freshly glow-discharged carbon-coated electron microscopy
grid. After 1 min, 6 pl uranyl acetate (2% in aqueous solution) was applied to the
grid for 1 min. The excess stain was removed by a filter paper. Another 6 pl uranyl
acetate was applied to the grid and immediately removed. The samples were
imaged using an FEI T20 electron microscope.

ThT binding assay. Purified a-syn monomers (50 uM) were adequately mixed with
20 uM ThT and added into a 96-well-plate. Samples were incubated at 37°C for 2d
with 600 r.p.m. double orbital shaking. The ThT signal was monitored using the
FLUOstar Omega Microplate Reader (BMG Labtech) at an excitation wavelength
of 440 nm and an emission wavelength of 490 nm.

SDS stability. SDS was diluted in water to make SDS solutions at 2.5, 5, 10 and
15%. Fibrils at the end of the ThT assay were treated with SDS solution at 5:1
volume ratio to obtain SDS concentrations of 0.5, 1, 2 and 3%. Each solution was
transferred to three microcentrifuge tubes and heated at 70°C for 15 min. After
treatment, the ThT signal was obtained. The 0% SDS solution without heating was
treated with an equal amount of water and used for normalization.

Cell lines. HEK293T biosensor cells expressing a-syn-A53T-YFP were a generous
gift from the laboratory of M. Diamond. PC12 cells originate from the American
Type Culture Collection (ATCC CRL-1721). Cells were not authenticated nor
tested for mycoplasma infection in our hands.

Fibril seeding aggregation in cells. We performed the biosensor cell seeding
assay based on a previously published protocol™. Briefly, the assay works as
follows: exogenous, unlabeled fibrils are transfected into HEK293T cells expressing
a-syn-A53T-YFP. Seeded aggregation of endogenously expressed o- syn-AS3T-

2,000 nM), which were sonicated in a water bath sonicator for 10 min before being
added to the cells. After 18 h incubation, MTT was added to every well and the
plate was returned to the incubator for 3.5h. Absorbance was measured at 570 nm
to determine the MTT signal and at 630 nm to determine background. The data
were normalized to those from cells treated with 1% SDS to obtain a value of 0%,
and to those from cells treated with PBS to obtain a value of 100%.

Lactate dehydrogenase assay. The lactate dehydrogenase viability assay was
performed using the CytoTox-ONE Homogeneous Membrane Integrity Assay
(Promega, catalog no. G7891). PC12 cells were cultured and differentiated with the
same protocol as described in the MTT assay. Different concentrations of a-syn
fibrils (200 nM, 500 nM, 1,000 nM, 2,000 nM) were added to the cells for 18 h of
incubation with 5% CO, at 37°C. The assay was carried out in a 96-well plate and
the fluorescence readings were taken in the FLUOstar Omega Microplate Reader
(excitation 560 nm, emission 590 nm; BMG Labtech). PBS- and 0.2% Triton-X100-
treated cells were used as negative and positive controls, respectively,

for normalization.

Cryo-EM data collection and processing. Fibril solution (2 ul) was applied to
a baked and glow-discharged Quantifoil 1.2/1.3 electron microscope grid and
plunge-frozen into liquid ethane using a Vitrobot Mark IV (FEI). Data were
collected on a Titan Krios (FEI) microscope equipped with a Gatan Quantum
LS/K2 Summit direct electron detection camera (operated with 300kV acceleration
voltage and slit width of 20 eV). Counting mode movies were collected on a Gatan
K2 Summit direct electron detector with a nominal physical pixel size of 1.07 A per
pixel with a dose per frame 1.2e/AZ A total of 30 frames with a frame rate of 5Hz
were taken for each movie, resulting in a final dose 36 e~/A? per image. Automated
data collection was driven by the Leginon automation software package*.
Micrographs containing crystalline ice were used to estimate the anisotropic
magnification distortion using mag_distortion_estimate*'. CTF estimation was
performed using CTFFIND 4.1.8 on movie stacks with a grouping of three frames
and correction for anisotropic magnification distortion”. Unblur'® was used to
correct beam-induced motion with dose weighting and anisotropic magnification
correction, resulting in a physical pixel size of 1.065 A per pixel.
All particle picking was performed manually using EMAN2 e2helixboxer.
py"". We manually picked two groups of particles for further data processing:
the first group was composed of all fibrils and the second group was composed
of wide fibrils. For the first group, particles were extracted in RELION using
the 90% overlap scheme into 1,024- and 288-pixel boxes. Classification, helical
reconstruction and three-dimensional (3D) refinement were used in RELION as
described”". For the first group of all particles, we isolated narrow fibrils during
two-dimensional (2D) classification and subsequently processed them as a separate
data set. 2D classifications of narrow fibril 1,024-pixel boxes were used to estimate
helical parameters. We performed 3D classification with the estimated helical
parameters for narrow fibrils and an elongated Gaussian blob as an initial model
to generate starting reconstructions. We ran additional 3D classifications using
the preliminary reconstructions from the previous step to select for particles
contributing to homogenous classes (stable helicity and separation of p-strands
in the x—y plane). Typically, we performed Class3D jobs with K=3 and manual
control of the tau_fudge factor and healpix to reach a resolution of ~5-6 A to select
for particles that contributed to the highest resolution class for each structure. We

YFP is monitored by formation of fluorescent puncta. The puncta rep
condensation of a-syn-A53T-YFP as a result of seeding by exogenous HSOQ or
wild-type fibrils.

HEK293T cells expressing gth a-syn cc g the hereditary A53T
mutation were grown in DMEM (4 mM L-glutamine and 25 mM p-glucose)
supplemented with 10% FBS, 1% penicillin/streptomycin. Trypsin-treated
HEK293T cells were collected, seeded on flat 96-well plates at a concentration of
4% 10" cells per well in 200 pl culture medium per well and incubated in 5% CO, at
37°C for 18h.

a-syn fibrils were prepared by diluting with Opti-MEM (Life Technologies) and
sonicating in a water bath sonicator for 10 min. The fibril samples were then mixed
with Lipofectamine 2000 (Thermo Fisher Scientific) and incubated for 15 min and
then added to the cells. The actual volume of Lipofectamine 2000 was calculated
based on the dose of 1 ul per well. After 48 h of transfection, the cells were imaged
with a Celigo Imaging Cytometer (Nexcelom Bioscience). Fluorescent images were
processed in Image] to count the number of seeded cells. A buffer-treated control
was used for normalization.

full-1

MTT mitochondrial activity assay. The addition of sonicated fibrils to nerve
growth factor-differentiated PC12 cells is a well-established assay to measure
cytotoxicity of amyloid fibrils""'. Use of this neuron-like cell line allows us to
obtain a biologically relevant assay for cytotoxicity. Our MTT mitochondrial
activity assay followed our previously published protocol', which was adapted
from the Provost and Wallert laboratories*. Thiazolyl blue tetrazolium bromide
for the MTT cell toxicity assay was purchased from Millipore Sigma (catalog no.
M2128-1G). PC12 cells were plated in 96-well plates with nerve growth factor. The
cells were incubated for 2d in an incubator with 5% CO, at 37 °C. The cells were
treated with different concentrations of a-syn fibrils (200 nM, 500 nM,1,000 nM,

NATURE STRUCTURAL & MOLECULAR BIOLOGY | www.nature.com/nsmb

loyed Refine3D on a final subset of narrow fibril particles with 288-pixel box
size to obtain the final reconstruction. We performed the map-map Fourier shell
correlation (FSC) with a generous, soft-edged solvent mask and high-resolution
noise substitution in RELION PostProcess, resulting in a resolution estimate
of 33A.

We extracted particles from the wide fibril dataset using 1,024- and 686-pixel
boxes. 2D classifications of 1,024- and 686-pixel boxes were used to estimate
helical parameters. 2D classifications of 686-pixel boxes were used to further
isolate only wide fibril segments, since there were still some other fibril species that
were included due to the fact that we could not separate all fibril species perfectly
during manual picking. Once a homogenous set of wide fibrils was obtained
during 2D classification of 686-pixel boxes, we performed a 3D reconstruction
using an elongated Gaussian blob as an initial model. The asymmetry present in
the 686 box, 2D class averages of the wide fibril (Extended Data Fig. 2d) prompted
us to use a helical rise of 4.8 A and C1 symmetry, due to the fact that if a twofold
symmetry were present in the fibrils, 2D class averages would display a mirror
symmetry across the fibril axis. After an initial 2D model was generated for the
wide fibril, we re-extracted all tubes corresponding to those particles included in
the final subset of wide fibril 686-pixel boxes with a box size of 224 pixels. All 224-
pixel boxes were subjected to multiple rounds of 3D classification using the initial
686-pixel box wide fibril reconstruction as a reference. We refined the final subset
of particles using Refine3D to a resolution of 3.6 A. We performed resolution
estimation as described above for the narrow fibrils.

Atomic model building. We sharpened both the narrow and wide fibril
reconstructions using phenix.auto_sharpen* at the resolution cut-off indicated by
the map-map FSC and subsequently built atomic models into the refined maps
with Coot”. We built the model for the narrow fibril de novo using previous
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structures of wild-type a-synuclein fibrils as guides. To build the wide fibril model,
we made a copy of one chain of the narrow fibril structure and rigid-body fit it into
the second protofilament density observed in the wide fibril reconstruction. This
resulted in the wide fibril being composed of one protofilament nearly identical

to the narrow fibril, and one protofilament with less ordered N and carboxy (C)
termini, therefore resulting in an asymmetric double protofilament structure.

For both narrow and wide fibrils, we generated a five-layer model to maintain
local contacts between chains in the fibril during structure refinement. We
performed automated structure refinement for both narrow and wide fibrils using
phenix.real_space_refine™. We employed hydrogen bond distance and angle
restraints for backbone atoms participating in -sheets and side chain hydrogen
bonds during automated refinements. We performed comprehensive structure
validation of all our final models in Phenix.

Although we did not include coordinates in our final models for additional
residues that could occupy islands 1 and 2 neighboring protofilament A, because
we could not be certain which residues occupy those densities, we built several
speculative models (Extended Data Fig. 4). For island 2, we assumed that there
was a short disordered linker between residue 36 of protofilament A and island
2, resulting in the residues occupying island 2 forming a tight interface with
*GVLYVG" of the fibril core. We noticed that the sequence *KTKE* immediately
precedes the last ordered residue of protofilament A, G36. The sequence *KTKE*
often forms the bends that connect straight p-strands in the ordered fibril core, so
we assumed that this sequence would be a good candidate to form the tight bend
that connects G36 to island 2. Therefore, we modeled in residues *VAEAAG®' into
island 2. These residues satisfied the requirements of having short, hydrophobic side
chains forming the tight interface with residues V38 and 140 from the fibril core.

For island 1, we assumed that the densities come either from the N terminus
of protofilament A or from the C terminus of protofilament B. For the former
case, we assume that there is a minimum of approximately eight residues that
are disordered between the end of island 2 and the beginning of island 1 (see
Extended Data Fig. 4). This is because there is 27 A between the end of island
2 (V26) and the beginning of island 1, and we assume a minimum of ~3.3 A
per residue. Therefore, we threaded eight residues at a time from the region
'MDVFMKGLSKAKEGVVAAA" onto a B-strand backbone placed in the island 1
density to identify candidate octamers. While most sequences could not plausibly
occupy island 1, due to steric clashes with the preNAC region of the fibril core, or
due to glycine residues occupying positions where there were obvious side chain
densities, several candidate sequences were identified (Extended Data Fig. 3).

We followed a similar protocol to identify possible sequences from the C
terminus. In this case, we assume that these residues could come from either a
largely disordered protofilament B molecule in the narrow fibril or an ordered
protofilament B molecule as seen in the wide fibril (see Extended Data Fig. 3).
Here, we assume there is a minimum of ~15 residues from the last ordered residue
of the C terminus of protofilament B—since we assume a minimum of ~3.3 A per
residue and there is ~45 A between K97 of protofilament B and the beginning of
island 1 (see Extended Data Fig. 3). Therefore, we threaded all possible octamers
from the region "*ILEDMPVDPDNEAYEMPSEEGYQDYEPEA'" onto a p-strand
backbone occupying island 1 to identify candidate sequences following the same
criterion as above.

We created the speculative model of an H50Q double protofilament containing
a homomeric preNAC interface by aligning a single chain from the H50Q narrow
protofilament with the helical axis of the wild-type ‘rod’ structure (6CU7) and
applying a pseudo-2(1) helical symmetry to generate a symmetrically related
second chain.

Energetic calculation. The stabilization energy is an adaptation of the solvation
free energy described previously™, in which the energy is calculated as the sum of
products of the area buried of each atom and its corresponding atomic solvation
parameter (ASP). ASPs were taken from our previous work™. Area buried is
calculated as the difference in solvent accessible surface area (SASA) of the
reference state (that is, the unfolded state) and the SASA of the folded state. The
SASA of residue i of the unfolded state was approximated as the SASA of residue i
in the folded structure after removal of all other atoms except the main chain atoms
of residues i — 1 and i+ 1. The SASA of the folded state was measured for each
atom in the context of all amyloid fibril atoms. Fibril coordinates were extended by
symmetry by three to five chains on either side of the reported molecule, to ensure
the energetic calculations were representative of the majority of molecules in a
fibril, rather than a fibril end. To account for energetic stabilization of main chain
hydrogen bonds, the ASP for backbone N/O elements was reassigned from =9 to

0 if they participated in a hydrogen bond. Similarly, if an asparagine or glutamine
side chain participated in a polar ladder (two hydrogen bonds per amide), and

was shielded from solvent (SASAfolded < 5 A?), the ASPs of the side chain N and
O elements were reassigned from —9 to 0. Last, the ASP of ionizable atoms (in, for
example, Asp, Glu, Lys, His, Arg, N-terminal amine, or C-terminal carboxylate)
were assigned the charged value (—37/—38), unless the atoms participated in a
buried ion pair, defined as a pair of complementary ionizable atoms within 4.2 A
distance of each other, each with SASAfolded < 40 A2). In that case, the ASP of the
ion pair was reassigned to —9. In the energy diagrams, a single color is assigned to
each residue, rather than each atom. The color corresponds to the sum of solvation

free energy values of each of the atoms in the residue. The energy reported for
FUS in Table 2 is the average over 20 NMR models. The standard deviation is
1.8kcal mol~".

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All structural data have been deposited into the Protein Database (PDB) and the
Electron Microscopy Data Bank (EMDB) with the following accession codes: H50Q
narrow fibril (PDB 6PEO, EMD-20328) and H50Q wide fibril (PDB 6PES, EMD-
20331). All other data are available from the authors upon reasonable request.
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Extended Data Fig. 1| Fourier Shell Analysis. a) Helical reconstructions of Narrow and Wide Fibrils with minimum and maximum widths labeled. b) Gold-
standard half map FSC curves for Narrow (top, left) and Wide (top, right) Fibrils. Map-model FSC curve for Narrow and Wide Fibrils (bottom).
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Extended Data Fig. 2 | see figure caption on next page.
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Extended Data Fig. 2 | Cryo-EM images and processing. a) Cryo-EM micrographs and 2D class averages of Narrow (left) and Wide (right) Fibrils. Scale
bar =50 nm. b) 1024 and 288 pixel box size class averages of the Narrow Fibril used to determine crossover distance. 288 pixel box map projections
match 2D class averages. c) 686 pixel box size class averages used to determine crossover distance. 686 pixel box map projections match 2D class
averages. d) Wide Fibril class averages with a 320 pixel box demonstrate a lack of two-fold symmetry across the fibril axis.
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Extended Data Fig. 3 | see figure caption on next page.

NATURE STRUCTURAL & MOLECULAR BIOLOGY | www.nature.com/nsmb

80



NATURE STRUCTURAL & MOLECULAR BIOLOGY A
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Extended Data Fig. 3 | Speculative Atomic Models for Islands 1and 2. a) Schematic illustrating possible sequences occupying Islands 1and 2. 8mers from
residues 1-19 and 112-140 were considered as possibilities to occupy Island 1. Island 2 is considered to consist of residues 26-31 followed by a disordered
linker formed by residues **KTKE®. b) lllustration of possible regions from either Protofilament A (left) or Protofilament B (right) that could occupy Island
1. Note that residues from the N-terminus of Protofilament A could account for Island 1in both the Narrow and Wide Fibril; however, only the Narrow

Fibril model is shown here. Island 2 is thought to be formed by the N-terminus of Protofilament A in both Narrow and Wide Fibrils. c) Speculative models
for Islands 1and 2. Check marks indicate plausible models while X's indicate implausible models. Island 1 models are from either the N-terminus of
Protofilament A (blue panels) or the C-terminus of Protofilament B (green panels). Examples of sequences that were found to not be allowed to occupy
Island 1 are shown with red dashed circles highlighting steric clashes or p-strand breaking proline residues.
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Extended Data Fig. 4 | Alternate conformations of K58 and T59 and potential solvent molecules in the a-syn f-arch cavity. a) Wild-type and H50Q
fibrils display alternate conformations of K58 and T59. We note that in order for the Wide Fibril to form, T59 needs to be facing away from the fibril core.
Therefore the formation of the Wide Fibril is mutually exclusive with our wild-type rod polymorph. b) Environmental distances of putative water molecule
for Protofilament A and B in Wide Fibril and b) Protofilament A in Narrow Fibril.
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Extended Data Fig. 5 | PreNAC homozipper Island 1 model and additional solvation energy maps. a) Speculative model of preNAC residues
*0QGVATVAS®® occupying Island 1in Protofilament A. b) Atomic solvation map and energetic calculations for Protofilament A with Island 1as *°QGVATVA®®
and Island 2 as *VAEAAG®". c) Atomic energy solvation map for Wild-type rod polymorph (6cu7). Notice that K58 and T59 can have favorable
stabilization energies whether they are facing the solvent or facing the cavity in the p-arch.
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Extended Data Fig. 6 | Comparison of a-syn protofilament interfaces. a) Wide Fibril overview (left). *AEKTKEQV®* homointerface with Wide Fibril
electron density (middle). *AEKTKEQV®® homointerface showing a 2.4 A rise between mated strands from Protofilament A and Protofilament B and a
distance of 7.8 A between mated sheets of Protofilament A and B (right). b) Van der Waal's surface, buried surface area, and shape complementarity of
8K TKE® homointerface, preNAC interface, and NACore interface.
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Extended Data Fig. 7 | see figure caption on next page.
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Extended Data Fig. 7 | H50Q disrupts the wild-type rod polymorph preNAC protofilament interface. a) Conformation of H50Q Protofilament A K45
and H50Q. b) Interaction of K45-H50-E57 in the wild-type rod polymorph protofilament interface. c¢) Hypothetical H50Q double protofilament using the
preNAC of Protofilament A as a steric zipper interface. Notice that the HS0Q mutation disfavors the protofilament interface due to steric clashes with
E57. d) Hypothetical H50Q protofilament interface using preNAC of Protofilament B. Notice the steric clashes between H50Q and E57 at the hypothetical
protofilament interface as well as clashes of other parts of the protofilament with Protofilament A.
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Extended Data Fig. 8 | H50Q fibrils disrupt PC12 cell membranes more than WT fibrils. Differentiated PC12 cells were treated with sonicated WT and
H50Q fibrils and cell permeability was measured via LDH activity in the media (see Methods). H50Q leads to significantly higher cell permeabilization at

1000 and 2000 nM than WT a-syn. Error bars represent standard deviation of four independent experiments. **** = p-value < 0.0001. *** = p-value <
0.001. ns = p-value > 0.05. P-values were calculated using an unpaired, two-tailed t-test with a 95% CI.
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Extended Data Fig. 9 | Structural alignment of different wild-type and mutant «-syn polymorphs. a) Structural alignment of H50Q Protofilament A with
all wild-type structures determined thus far. b) Structural alignment of residues 50-57 in wild-type and mutant a-syn polymorphs reveals the kernel region
is largely conserved while tail regions, especially the N-terminus, adopt variable conformations.
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Supporting Information

Supplementary Note(s):

Supplementary Note 1: Un-modeled Density Flanking Protofilament A

In Protofilament A in both the Narrow and Wide Fibril polymorphs, there are two regions of un-
modeled density resembling B-strands that flank residues Q50-E57 and G36-V40 that we term
Island 1 and Island 2, respectively (Figure 1 ¢, Extended Data Figure 4). Since we cannot
unambiguously assign residues to these densities, we have made several speculative molecular
models for the residues in the Islands (Extended Data Figure 4). First, for Island 2, we assume
that there is likely a short, disordered region that precedes the first ordered residue of the fibril
core, G36, and follows the first residue in Island 2. We noticed that G36 is preceded by sequence
32KTKE35, a repeated sequence motif in a-synuclein that forms sharp turns in other segments of
the fibril. Therefore, we assume that 32KTKE35 may form a similar turn that links Island 2 to
G36, and we thus modeled residues 26 VAEAAG31 into Island 2 (Extended Data Figure 4 c).
These residues satisfy the constraint of maintaining a tight, hydrophobic interface with residues
L38 and V40 of the fibril core and demonstrate a reasonable fit into the Island 2 electron density

(Extended Data Figure 4 c).

Assigning residues to Island 1 is more ambiguous as there are no close-by termini that could
result in a short disordered linker region before the chain becomes ordered again at Island 1, as
we believe is the case for Island 2. Therefore, we reasoned that either the residues occupying
Island 1 come from Protofilament A or B (Extended Data Figure 4 a, b) or from a different chain

of a-syn. The latter case would support the idea of secondary nucleation, whereby the side of an
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amyloid fibril provides a template for additional molecules to become ordered and eventually
form mature amyloid fibrils'®. However, since there are too many possible residues within the
entire a-syn sequence that could occupy Island 1, we decided to first make models for sequences
that could come from the N-terminus of Protofilament A (in either the Narrow or Wide Fibril) or
the C-terminus of Protofilament B. This is due to the fact that these two termini are positioned
close enough to Island 1 to allow residues from the N- or C-terminus to account for the Island 1

density (Extended Data Figure 4 a-b, see Methods).

We identified several possible sequences from the N- or C-terminus that could account for Island
1 in Protofilament A (Extended Data Figure 4 ¢, see Methods). We also show several examples
of sequences that were eliminated from consideration due to steric clashes, glycine residues at
positions where there was obvious side chain density, or proline residues in the middle of a -
strand (Extended Data Figure 4 c). Candidate sequences include 3VFMKGLSK10,
T7GLSKAKEG14, and 10KAKEGVVA17 from the N-terminus and 117PDNEAYEM124 from

the C-terminus (Extended Data Figure 4 c).

We also noticed that Island 1 is located in the same region as the protofilament interface of the
rod polymorph!, perhaps suggesting that a portion of another protein chain is interacting with the
preNAC residues from Protofilament A. We therefore modeled in residues from the preNAC into
Island 1 in a manner similar to the wild-type rod polymorph (Extended Data Figure 6 a). We find
that residues S0QGVATVAS6 match the Island 1 density well and form a tight steric zipper with
the preNAC residues on Protofilament A (Extended Data Figure 6 a). Energetic analysis of a

model with Island 1 as residues SOQGVATVAS6 and Island 2 as residues 26VAEAAG31
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reveals that Protofilament A is stabilized by the presence of residues in these unmodeled
densities (71.6 kcal/mol/layer with islands occupied vs. 58 kcal/mol/layer with islands empty)
(Extended Data Figure 6 b). In summary, although we cannot assign unambiguously the residues
that occupy Islands 1 and 2, speculative models demonstrate sequences within a-syn that can
account for these densities and that the presence of these sequences in Islands 1 and 2 stabilizes

Protofilament A.

Supplementary Note 2: Speculative models of inter-protofilament interfaces at the H50Q

preNAC region.

To confirm that H50Q disallows assembly of protofilaments at the preNAC, we made a
speculative model of two chains from Protofilament A forming a steric zipper at the preNAC,
similar to the wild-type rod polymorphs (Extended Data Figure 8 c). We observe that although
the wild-type residues G51-V55 form a tight homomeric steric zipper at the preNAC, H50Q
clashes with E57, disfavoring the use of the preNAC as an inter-protofilament interface
(Extended Data Figure 8 c). We performed the same analysis in Protofilament B where Q50 is
not hydrogen bonding with K45 to examine why we do not observe a protofilament interface
formed at the preNAC there. A hypothetical model where the preNAC residues of Protofilament
B are used as a protofilament interface reveals that the conformation of Q50 even more severely
clashes with E57 on the opposite protofilament than in the hypothetical Protofilament A model
and that major clashes occur in other areas as well (Extended Data Figure 8 d). Together, these
models help to explain why the preNAC region is disfavored as a protofilament interface in both

Protofilaments A and B. Additionally, the severity of the clashes in the Protofilament B model
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may explain why Protofilament B does not show un-modeled density flanking the preNAC

region like Island 2 in Protofilament A (Figure 2 ¢, Extended Data Figure 8 d).

Supplementary Note 3: Differences in stabilization energies for some residues in Protofilament A

and B in the Wide Fibril

The differences in stabilizing energies of some residues in the two protofilaments of the Wide
Fibril may be due to differences in side chain rotamers that subsequently affect each side chain’s
hydrogen bonding and area buried. This is due to the asymmetry in the reconstruction whereby
the two protofilaments have slightly different density maps and hence slightly different atomic
models, even in the conserved kernel region. For instance, K58 and E61 have different energies
in the two protofilaments of the Wide Fibril because they display slightly different hydrogen
bonding patterns (Figure 4 a). Since the solvation energy of each residue is the sum of the
product of the buried surface area multiplied by the atomic solvation parameter (ASP) for each
of its constituent atoms and the ASP for charged atoms depends on if they are involved in a
hydrogen bond, the energies for Lys58 and Glu61 can vary depending on their hydrogen bond
arrangements. In other cases, such as Glu83 which is not involved in a hydrogen bond network,
variation occurs between the two protofilaments because Glu83 adopts two different rotamers.

The rotamer with more buried surface area will have a greater stabilization energy.
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Aggregation of a-synuclein is a defining molecular feature of Par-
kinson’s disease, Lewy body dementia, and multiple systems atrophy.
Hereditary mutations in a-synuclein are linked to both Parkinson’s
disease and Lewy body dementia; in particular, patients bearing the
E46K disease mutation manifest a clinical picture of parkinsonism and
Lewy body dementia, and E46K creates more pathogenic fibrils
in vitro. Understanding the effect of these hereditary mutations on
a-synuclein fibril structure is fundamental to a-synuclein biology. We
therefore determined the cryo-electron microscopy (cryo-EM) struc-
ture of a-synuclein fibrils containing the hereditary E46K mutation.
The 2.5-A structure reveals a symmetric double protofilament in
which the molecules adopt a vastly rearranged, lower energy fold
compared to wild-type fibrils. We propose that the E46K misfolding
pathway avoids electrostatic repulsion between K46 and K80, a res-
idue pair which form the E46-K80 salt bridge in the wild-type fibril
structure. We hypothesize that, under our conditions, the wild-type
fold does not reach this deeper energy well of the E46K fold because
the E46-K80 salt bridge diverts a-synuclein into a kinetic trap—a
shallower, more accessible energy minimum. The E46K mutation ap-
parently unlocks a more stable and pathogenic fibril structure.

a-synuclein | Parkinson’s disease | Lewy body dementia | cryo-EM |
hereditary mutations

he group of diseases termed the synucleinopathies—Parkin-

son’s disease (PD), Lewy body dementia (LBD), and multi-
ple systems atrophy (MSA)—are thought to be caused by the
aggregation of a-synuclein («-syn) into amyloid fibrils. The causal
relationship between the formation of amyloid fibrils of a-syn and
the synucleinopathies is supported by several observations. Ag-
gregated a-syn is a major component of Lewy bodies, the hallmark
lesion in PD and LBD, and the hallmark lesions of MSA (1, 2).
Hereditary mutations in a-syn are linked to familial forms of PD
and LBD (3). Overexpression of wild-type a-syn via dominantly
inherited duplications and triplications of the gene that encodes
a-syn, SNCA, are sufficient to cause PD (4-6). Further, the in-
jection of fibrils of a-syn into the brains of mice induced PD-like
pathology including Lewy body and Lewy neurite formation, cell-
to-cell spreading of Lewy body pathology, and motor deficits
similar to PD (7). Although it is never fully possible to establish
causation, these combined observations suggest the case is strong
for the linkage of aggregated a-syn to the synucleinopathies.

To gain a molecular level understanding of amyloid fibrils of
a-syn, we previously applied cryo-electron microscopy (cryo-EM)
to determine the near-atomic structures of fibrils of recombinantly
assembled a-syn (9). We observed two distinct structures—termed
the rod and the twister—that share a similar structural kernel
formed by residues 50 to 77 but differ in their protofilament in-
terfaces and flanking regions of the fibril core (Fig. 1B and SI
Appendix, Fig. S1 A and B; also see Fig. 4 B and C). The rod and
twister structures display amyloid polymorphism—the formation
of distinct fibril conformations by the same protein sequence.
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Amyloid polymorphism has been observed in numerous other
amyloid-forming proteins, including the tau protein and amyloid-
B (7, 10-12). For tau protein, the different polymorphs observed
correspond to distinct diseases, namely Alzheimer’s, Pick’s dis-
ease, and chronic traumatic encephalopathy (7, 10, 11). Al-
though the structures of a-syn fibrils derived from human disease
brain tissue have not yet been determined, previous research has
shown that fibrils derived from PD have different biochemical
properties than fibrils from MSA, including differential seeding
activity and cell-type origin and infectivity, that may result from
the formation of distinct polymorphs in the two diseases (13).
Therefore, atomic structures of fibril polymorphs are key to both
basic understanding of amyloid protein structure and the de-
velopment of disease-specific therapeutics.

Although hereditary mutations offer a crucial link between a-syn
and disease, it is unknown how they might exert their effects. One
hypothesis is that hereditary mutations may encode new structures
of a-syn with enhanced pathogenicity. We note that new structures
formed as the result of hereditary mutations are not true
polymorphs—different structures adopted by the same protein
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Wildtype Rod . Fo;

Wild-type Twister

Fig. 1. The E46K mutation leads to a repacked protofilament fold. (A) Primary and secondary structure of a-syn wild-type and E46K fibrils. PreNAC comprises
residues 47-56; NACore comprises residues 68-78 (8). Arrows indicate regions adopting f-strand conformation while other residues form loops and turns. The
E46K mutation lies N-terminal to the preNAC region. (B) Protofilament folds of the previously determined wild-type folds (rod and twister) and E46K pro-
tofilament fold determined here (9). Asterisks indicate the location of residue 46.

sequence. Instead, we label them as “quasi-polymorphs”—different
structures adopted by a protein pair with almost identical
sequences.

Several hereditary mutations in a-syn may result in the for-
mation of quasi-polymorphs. Mutations A30P, E46K, H50Q,
G51D, AS3E, and A53T have all been discovered to result in
autosomal dominant synucleinopathies (3). Of these, E46K
seems to be the only hereditary mutation that manifests in a
clinical picture closer to LDB whereas other mutations are found
in the context of PD, suggesting that E46K may have a unique
effect on the structure of amyloid fibrils of a-syn (14). Indeed,
solid state NMR studies of a-syn E46K show large chemical shift
differences relative to wild-type fibrils, suggesting large scale
rearrangements in the fibril structure as a result of the E46K
mutation (15).

Consistent with the evidence that E46K alters a-syn fibril
structure and disease manifestation, E46K has been shown to
increase the pathogenicity of a-syn fibrils compared to wild-type.
In vitro studies have shown that E46K results in an increase in
a-syn’s phospholipid binding ability and an enhancement of fibril
formation (16). In addition, E46K promotes higher levels of
aggregation in cultured cells relative to wild-type, A5S3T, and
A30P a-syn (17). Further, others have found that a-syn bearing
E46K is more toxic to rat primary neurons compared to wild-
type, A30P, and AS3T (18).

Three previous structures of full-length wild-type non-
acetylated as well as three structures of acetylated full-length and
C-terminally truncated o-syn reveal that E46 participates in a
conserved salt bridge with K80 (SI Appendix, Fig. S14) (9, 19-22).
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The E46K mutation must eliminate this salt bridge due to electrostatic
repulsion that disfavors the proximity of K46 to K80, potentially
leading to a different fibril structure (quasi-polymorph). A struc-
tural difference such as this may help explain the altered bio-
chemical properties and solid state NMR (ssNMR) chemical shifts
of E46K a-syn fibrils. Therefore, we sought to determine the
structure of a-syn fibrils containing the E46K hereditary mutation.
We find that the E46K mutation produces a homogenous sample
composed of a single species whose structure differs radically from
structures determined thus far. Consistent with prior studies
demonstrating increased pathogenicity of E46K a-syn, we also find
that E46K fibrils are more powerful seeds in a-syn HEK293T
biosensor cells and more strongly impair mitochondrial activity in
PCI12 cells. Combining structural, energetic, and biochemical
analysis, we attempt to understand the structure-function re-
lationship of a-syn fibrils.

Results

Cryo-EM Structure Determination and Architecture of E46K o-Syn
Fibrils. We purified a-syn bearing the E46K hereditary mutation
and generated amyloid fibrils using the same growth conditions
as in our previous studies (9). We then optimized cryo-EM
grids of E46K fibrils and imaged them at 165,000 magnifica-
tion on an energy-filtered Titan Krios equipped with a K2
Summit direct electron detector operating in superresolution
mode. We also took advantage of image shift induced-beam tilt
correction in SerialEM to maintain coma-free alignment during
data collection (23). Using helical refinement procedures in
Relion 3.0, we obtained a 2.5-A resolution reconstruction of
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E46K a-syn fibrils (Fig. 2 A-E, SI Appendix, Figs. S2 A-C and
S3, and Table 1).

The high resolution allowed us to confidently assign side chain
rotamer and carbonyl positions, confirming the left handedness
and the internal C, symmetry of the helical reconstruction, and
to build an unambiguous atomic model de novo (Fig. 2 B-E, SI
Appendix, Fig. S3, and Materials and Methods). We were also able
to visualize water molecules hydrogen bonded to polar and
charged side chains such as threonine, serine, and lysine, as well
as to backbone carbonyl oxygen atoms (Fig. 2 D and E and SI
Appendix, Fig. S3). The atomic model reveals that the E46K fi-
brils are wound from two protofilaments formed by ordered
residues Gly36 to Asp98 that come together at a “wet” two-fold
symmetric interface formed by residues K45-E57 (Figs. 2 B and
C and 3A4).

Comparison of E46K and Wild-Type «-Syn Protofilament Folds.
Overall, the E46K mutation leads to a different protofilament
fold than the previously observed wild-type rod and twister
structures, resulting in a quasi-polymorph of a-syn. Fig. 1 4 and
B compares the secondary and tertiary structure of the E46K
fibril with the wild-type rod and twister. Both the rod and twister
form a similar structural kernel comprised of residues 50 to 77, in
which p-strands p3, p4, and B5 in the rod and 2, p3, and p4 in the
twister form a bent p-arch (Fig. 2). The twister has fewer ordered
residues at the N and C termini of its fibril core compared to the
rod (Fig. 1 A and B and SI Appendix, Fig. S1). The C-terminal
residues in the rod structure form a Greek key-like fold comprising
5, 6, p7, and p8. However, in the E46K structure, the kernel and
Greek key are not maintained, and a different packing arrange-
ment is formed. This is likely due to the E46K mutation disrupting
the wild-type E46-K80 salt bridge, allowing a rearrangement of the

A

Pitch ~800 A

backbone (Fig. 2B). Interestingly, K80 is now buried in the fibril
core although we visualize an ordered molecule binding to the
primary amine of the K80 side chain, suggesting that an extensive
hydrogen bond network may help to counteract the apparent un-
favorable placement of this polar, charged residue within the fibril
core. Without the constraint of the E46-K80 salt bridge, a different
set of residues form sheet-sheet interfaces within the protofila-
ment (Fig. 2). Now tightly mated heterozippers are formed by
p-strands p1 and 6, p3 and B4, and a roughly triangular-shaped
bent p-arch fold is formed by B4, S, p6, and p7 (Fig. 1).

SI Appendix, Fig. S4 A-C helps to visualize the changes in
interacting residues among the structures by displaying all pair-
wise interactions found within the protofilaments of wild-type
and E46K quasi-polymorphs. This analysis of pairwise interac-
tions not only codifies the differences in sets of interacting res-
idues between the wild-type and E46K structures but also clearly
reveals that the E46K structure has more interacting residues
than its wild-type counterparts. Correspondingly, each chain
within the E46K protofilament has a greater buried surface area
than wild-type structures (7,944 A2 for E46K; 7,605 A? for wild-
type rod; 5,082 A? for wild-type twister). In line with this ob-
servation, energetic analysis indicates that the E46K structure
has a lower standard free energy (greater stabilization) than wild-
type structures (SI Appendix, Fig. S1 A-C and Table 2). To verify
the energy estimate, we performed a sodium dodecyl sulfate
(SDS) denaturation assay where both wild-type and E46K fibrils
were incubated with various concentrations of SDS at 37 °C
followed by thioflavin-T (ThT) fluorescence measurements. Our
results demonstrate that E46K fibrils are more resistant to
chemical denaturation than wild-type fibrils, consistent with our
energetic calculation suggesting that E46K fibrils are more stable
than wild-type fibrils (SI Appendix, Fig. S5B).

Fig.2. Overview of E46K cryo-EM structure. (A) E46K fibril side view demonstrating a pitch of ~800 A. (B) Cross-sectional view of one layer of the E46K fibril.
The fibril is wound from two identical protofilaments related by a two-fold rotational symmetry axis. The E46K protofilament contains ordered residues 36 to
98. (C) Tilted view of E46K fibril cross-section demonstrating the stacking of identical layers. (D and E) Representative side chain and backbone densities

highlight resolution of reconstruction and good map-to-model agreement. (D)

Coulombic potential map of 11e88 and Thr92. An ordered water molecule is

bound to the oxygen of the threonine side chain. (E) Coulombic potential map of representative backbone (GIn79-Val82) and side chain amide hydrogen

bonding (GIn62).
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Table 1. Cryo-EM data collection, refinement, and validation
statistics

Name E46K a-syn
PDB ID 6UFR
EMDB ID EMD-20759
Data collection
Magnification 165,000
Defocus range, pm 0.75-3.37
Voltage, kV 300
Camera K2 summit (quantum LS)
Frame exposure time, s 0.2
No. of movie frames 30
Total electron dose, e /A? 36
Pixel size, A 0.838
Reconstruction
Box size, pixels 400
Interbox distance, A 335
No. of micrographs collected 3,078
No. of segments extracted 210,593
No. of segments after Class2D N/A
No. of segments after Class3D 114,260
Resolution, A 2.5
Map sharpening B-factor, A2 -140
Helical rise, A 4.85
Helical twist, ° 178.92
Point group G
Atomic model
No. of nonhydrogen atoms 4330
No. of protein residues 630
rmsd bonds, A 0.012
rmsd angles, ° 0.958
Molprobity clashscore, all atoms 436
Molprobity score 1.64
Poor rotamers, % 0
Ramachandran outliers, % 0
Ramachandran allowed, % 6.6
Ramachandran favored, % 93.4
Cp deviations > 0.25 A % 0
Bad bonds, % 0
Bad angles, % 0

Information for number of segments after Class2D is not available as only
Class3D was performed for 400 pixel box segments (Materials and Methods)

A key difference between E46K and wild-type structures is
their pattern of electrostatic interactions. The E46K fibril core
has a greater number of charged pairs (interacting pairs of glu-
tamate and lysine), creating a more balanced set of electrostatic
interactions despite having a higher net charge than the wild-type
fibrils (Fig. 3 A-C). This results from the E46K structure con-
taining four electrostatic triads per layer featuring residues K45-
E57-K58 and K60-E61-K96 while the wild-type rod and twister
structures both contain only two electrostatic zippers featuring
residues E46-K80 and ES57-KS8, respectively (Fig. 3 A-C).
Therefore, in line with the observation above that the E46K
structure has overall more interresidue contacts, a higher buried
surface area, and a lower free energy than wild-type, it also has a
richer set of electrostatic interactions.

Interestingly, although the wild-type and E46K structures
differ, many residues adopt similar secondary structures. For
instance, p-strand interrupting loops and turns are formed by
KTKE pseudorepeats (residues 43 to 46, 58 to 61, and 80 to 83)
and glycines (residues 51, 67 to 68, 73, 84, and 93) while other
residues form p-strands (Fig. 1 4 and B). Indeed, if one com-
pares the structures in Fig. 1B, especially the wild-type rod and
E46K, loops and turns between p-strands often lead to a similar
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change in chain direction. For example, turns between 3 and p4
(right turn), p4 and BS (right turn), p5 and p6 (left turn), f6 and
B7 (left turn), and B7 and B8 (right turn) change the chain in
generally similar manners. However, there are differences in the
extent and radii of the turns that generate the structural diversity
seen in the structures. For instance, the turn between p3 and 4
leads to an ~90° turn in the rod and an ~180° turn in the E46K
structure. Also, the turn between p4 and p5 leads to an ~180°
turn in the rod and an ~100° turn in the E46K structure. These
observations highlight the critical importance of turn and loop
regions in generating amyloid polymorphism.

Electrostatic Zippers Constitute the E46K Protofilament Interface.
Despite having a tighter protofilament fold that buries more
surface area, the interface between E46K protofilaments con-
tains fewer contacts than those in the wild-type rod and twister
structures (Fig. 4 A-C). Instead of the two protofilaments
meeting at a classical steric zipper interface in which beta-sheets
from each protofilament tightly mate with interdigitating side
chains excluding water, the E46K structure forms a largely
solvent-filled interface spanning residues 45 to 57 (buried surface
area = 47.3 A%). This is in contrast to the dry, steric zipper-like
interfaces formed by the preNAC (residues 47-56, buried surface
area = 91.7 Az) and NAC (residues 6878, buried surface area =
65.3 A?) residues in the wild-type rod and twister, respectively.
Although most residues are too far apart to interact in the E46K
interface, two electrostatic zippers form on either side of the in-
terface (Fig. 44). Electrostatic zippers have previously been ob-
served to enable counterion-induced DNA condensation whereby
anionic phosphates and cations such as Mn>* and spermidines
alternate along the length of the DNA-DNA interface forming a
“zipper” that “fastens” the molecules together (24). In the E46K
protofilament interface, electrostatic zippers consist of carboxylate
anions of E57 interleaving with the K45 side chain aminium cat-
ions, fastening the two protofilaments together (Fig. 44). This
interaction is not only repeated twice per protofilament interface
due to the two-fold helical symmetry but extends for thousands of
layers along the fibril axis. We note that the staggered nature of
the electrostatic zipper leaves unpaired charges on both the top
and bottom of the fibril, potentially attracting additional mono-
mers to add to the fibril through long-range electrostatic interac-
tions. We also observe that no single protofilaments were detected
during class averaging, indicating that, despite its relative lack of
interactions across the protofilament, the E46K interface is ap-
parently strong enough to consistently bind together the two
protofilaments of the fibril.

E46K Fibrils Are More Pathogenic than Wild-Type. We wondered if
the differences in structure between the E46K and wild-type fi-
brils resulted in differences in biochemical properties. Therefore,
we first examined the ability of sonicated E46K and wild-type
fibrils to seed endogenously expressed a-syn-A53T-YFP in
HEK293T biosensor cells (25). If seeding occurs, normally dif-
fuse a-syn-AS3T-YFP will aggregate into discrete puncta, which
can be counted and used as a robust measure of seeding. Our
results indicate that, at most concentrations tested, E46K fibrils
are significantly more powerful seeds than wild-type fibrils (Fig.
5A4). Whereas the biosensor cell assay supports that E46K fibrils
are better seeds than wild-type fibrils, the biosensor cells express
a-syn-AS3T-YFP, and not wild-type a-syn. In addition, differ-
ences in lipofectamine uptake may influence which fibril species
is able to induce more seeding in the biosensor cell assay.
Therefore, in order to directly examine whether E46K fibrils can
seed wild-type protein more strongly than wild-type fibrils, we
next tested the seeding ability of E46K fibrils in an in vitro assay
(SI Appendix, Fig. S5A4). Similar to the biosensor cell assay, E46K
fibrils were more efficient than wild-type fibrils in seeding growth
of wild-type a-syn (SI Appendix, Fig. S54). Further, the different
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E46K Polymorph Wild-type Rod Polymorph Wild-type Twister Polymorph
Top-view Side-view Top-view Side-view Top-view Side-view
o, P i

Fig. 3. Electrostatic residues and interactions of wild-type and E46K fibrils. (A) Overview of E46K quasi-polymorph fold with charged and ionizable residues
shown (Top). Top and side view of the K45-E57-K58 and K60-E61-K96 electrostatic triads (Bottom). The E46K fibril core has a net charge of +11 per layer (2 x 8
lysine per chain + 2 x 1/2 histidine per chain - 2 x 3 glutamate per chain) and eight charged pairs per layer (2 x K45-E57 + 2 x E57-E58 + 2 x K60-E61 + 2 x E61-
K96). (B) Overview of the wild-type rod polymorph fold with charged and ionizable residues shown (Top). Top and side view of the E46-K80 salt bridge
(Bottom). The wild-type rod fibril core has a net charge of +7 per layer (2 x 7 lysine per chain + 2 x 1/2 histidine per chain - 2 x 4 glutamate per chain) and two
charge pairs per layer (2 x E46-K80 per chain). (C) Overview of wild-type twister polymorph fold with charged and ionizable residues shown (Top). Top and
side view of the E57-K80 salt bridge (Bottom). The wild-type twister fibril core has a net charge of +3 per layer (2 x 5 lysine per chain + 2 x 1/2 histidine per
chain - 2 x 4 glutamate per chain) and two charge pairs per layer (2 x E57-K58 per chain). Asterisks denote the location of residue 46. A red x denotes the

location of the ordered water molecules hydrogen bonding to K80 in the E46K structure.

ThT binding ability of wild-type fibrils either grown without
seeds or with wild-type seeds compared to wild-type fibrils
seeded by E46K fibrils suggests that seeding by E46K fibrils can
induce a different wild-type fibril structure, possibly one similar
to the E46K fibril structure (SI Appendix, Fig. S5A4). This is
similar to what is seen in Watson and Lee where both non-
acetylated and acetylated a-syn form fibrils to the same extent,
yet acetylated a-syn has a substantially lower ThT signal (26). We
also observe that unseeded E46K has a longer lag phase than
unseeded wild-type a-syn; we speculate why E46K may form fi-
brils more slowly than wild-type in Discussion.

We next compared the ability of E46K and wild-type fibrils to
impair mitochondrial activity of differentiated neuron-like rat
pheochromocytoma (PC12) cells as a proxy for comparing cy-
totoxicities (27, 28). We observe significantly impaired mito-
chondrial activity by lower concentrations of E46K fibrils than of
wild-type fibrils (Fig. 5B). Consistent with previous results
showing increased aggregation in SH-SYS5Y cultured cells, and
higher toxicity to rat primary neurons, our results indicate that
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the structure formed by E46K fibrils is more pathogenic than
wild-type (16-18).

Discussion

Structural Differences Help Explain Enhanced Pathogenicity of E46K
a-Syn Fibrils. The structural differences between E46K and wild-
type fibrils help rationalize the differences in biochemical
properties we observe. First, we have shown an increased seeding
efficiency of E46K fibrils compared to wild-type in HEK293T
biosensor cells and in vitro (Fig. 54 and SI Appendix, Fig. S54).
This difference may arise from the stronger electrostatic tem-
plating mechanism of E46K fibrils than wild-type fibrils: There
are four electrostatic triads per layer in the E46K fibril structure
compared to two E46-K80 salt bridges in the wild-type rod
structure and two E57-K80 salt bridges in the wild-type twister
structure, and each one of them forms a staggered electrostatic
zipper, with overhanging, unsatisfied charges (Fig. 3 4 and C).
Since all of these electrostatic residues are present in the o-syn-
AS53T-YFP construct in the biosensor cells and in wild-type a-syn
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Table 2. Comparative solvation energies

Atomic solvation standard free energy
of stabilization, kcal/mol

Fibril structure Per layer Per chain Per residue
E46K -73.8 -36.9 —-0.59
WT cryo-EM rod (6CU7) -59.6 -29.3 -0.49
WT cryo-EM twister (6CU8) -25.0 -12.5 -0.30
Tau PHF (530L) —-62.8 -314 -0.43
Tau pick’s (6GX5) -44.8 -44.8 -0.48
Tau CTE type | (6NWP) -67.4 -33.7 -0.48
TDP-43 SegA-sym (6N37) -34.2 -17.1 -0.47
Serum amyloid A (6MST) —-68.8 -34.4 —0.65
FUS (5W3N) -12.2 -12.2 -0.20

used in the in vitro assay, it is plausible that the electrostatic
triads in the E46K fibril guide a-syn monomers to the ends of
E46K fibrils through long-range electrostatic attraction. Second,
the E46K fibril has a different set of ordered surfaces than wild-
type fibrils, which may lead to a different set of interacting
partners in the cellular milieu. It has previously been shown that
aggregates of polyQ can siphon essential proteins into amyloid
inclusions and that overexpression of these essential proteins can
help alleviate toxicity and reduce aggregate size, presumably by
rendering fibrils inert by coating their surface (29). In this way,
the different ordered surfaces of E46K fibrils may interact more
strongly than wild-type fibrils with certain essential proteins in
the cell (for instance, those involved in mitochondrial homeo-
stasis), and this may help to explain the greater reduction in
mitochondrial activity we observe (Fig. 5B).

Amyloid Polymorphism. The differences in biological activity as-
sociated with structural differences between mutant and wild-
type fibrils highlight the relevance of amyloid polymorphism to
disease. Hereditary mutations may represent one important in-
fluence over the formation of different amyloid polymorphs.
Here, we learn that the E46K hereditary mutation leads to a
distinct a-syn quasi-polymorph by facilitating a large rearrange-
ment in fibril structure, including a repacked protofilament fold
and a protofilament interface. Furthermore, additional recent
cryo-EM studies have captured yet another quasi-polymorph of
E46K o-synuclein fibrils, which is different still from our own
E46K fibril structure (30). The polymorphism displayed by E46K
is reminiscent of modal polymorphism, first introduced by Cas-
par and Cohen (31), whereby identical units have different dis-
positions in different assemblies (in other words, two fibril
structures of the same protein adopt different structures). Al-
though wild-type and E46K fibrils are not strictly modal poly-
morphs because of the difference in sequence at one amino acid
position and hence we refer to them as quasi-polymorphs, it has
recently been shown that, under different buffer conditions from
our own, the wild-type sequence can indeed form a structure—
termed polymorph 2a—similar to the E46K structure de-
termined here (32). This is consistent with the solvent-facing
orientation of side chain 46 in the E46K structure, thereby
compatible with either the negatively charged wild-type gluta-
mate or the positively charged mutant lysine.

The vast difference in structure between the wild-type and
E46K fibrils due to a change at a single amino acid position, or a
change in fibril growth buffer conditions (32), highlights the large
degree of sensitivity of a-syn fibril assembly to certain interac-
tions. This vulnerability to large-scale rearrangements due to
small changes in protein sequence or fibril growth environment
reveals that the fibril misfolding landscape for a-syn is flat with
many local minima (33). Here, a single amino acid change, the
E46K mutation, shifts the fibril misfolding pathway of a-syn to a
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different minimum in the folding landscape. Energetic analysis
reveals that the E46K quasi-polymorph is significantly more
stable than the wild-type folds (—0.59 kcal/mol/residue for E46K
vs. —0.49 kcal/mol/residue for wild-type rod and —0.30 kcal/mol/
residue for wild-type twister) (Table 1). This calculation, along
with the fact that the wild-type sequence has been shown to be
able to adopt the E46K structure (32), prompts the question why
the wild-type sequence does not always form the more stable
E46K structure?

Kinetic Factors That Influence Amyloid Structure. The predominance
of one amyloid polymorph over another depends on stochastic
nucleation events and kinetically driven growth processes, per-
mitting less stable polymorphs in a sample to dominate if they
form and replicate quicker than more stable polymorphs (34).
We hypothesize that the formation of the E46-K80 salt bridge
observed in all structures of the wild-type rod polymorph de-
termined thus far is an early event in the fibril formation path-
way, occurring in the transition state between prefibrillar and
fibrillary structures, that lowers the energy barrier to forming the
rod structure (9, 19, 20). In other words, the early formation of
the E46-K80 salt bridge may divert a-syn into a kinetic trap. By
constraining the residues connecting Glu46 and Lys80 to adopt a
specific conformation that allows Glu46 and Lys80 to maintain
their proximity, the E46-K80 salt bridge shifts the misfolding
pathway away from the E46K structure and toward the rod
structure, thus enforcing the formation of the less stable struc-
ture. This salt bridge could be one contributing factor to the
observation of the similar kernels formed by residues 50 to 77
observed in wild-type rod structures (9, 19, 20). The mutation of
residue 46 to lysine via the E46K hereditary mutation eliminates
the potential to form the E46-K80 salt bridge. This raises the
energy barrier to forming the rod and diverts a-syn to a different
misfolding pathway, resulting in the more energetically stable
E46K structure. These ideas are summarized in Fig. 6, which
imagines the misfolding landscape of the a-syn rod and E46K
quasi-polymorphs (we label the structure on the right the
“compact” polymorph in order to avoid confusion as both E46K
and other sequences could adopt this fold). This folding land-
scape is also consistent with our results that E46K a-syn aggre-
gates more slowly than wild-type (SI Appendix, Fig. S54) given
that the transition state for the wild-type sequence to form the
rod structure is predicted to be lower than the transition state for
the E46K sequence to form the compact polymorph (Fig. 6).
To date, no other studies of wild-type or mutant a-syn have
revealed the twister polymorph we determined in our initial cryo-
EM study (9). It is especially surprising that E46K o-syn does not
form the twister structure given that it was predicted that E46K
would result in a favorable interaction with E83 in the twister
conformation (9). We speculate that—given the role of kinetics in
selecting amyloid polymorphs—the twister polymorph may be the
result of a stochastic nucleation event leading to a rare fibril
polymorph. Therefore, the twister structure may not be easily
reproducible when mutations are added or buffer conditions (in-
fluence of fibril growth conditions discussed below) are changed,
thereby providing an explanation for why we and others have not
recapitulated the twister structure in more recent studies.

Growth Conditions That Influence Amyloid Structure. That the wild-
type sequence can also adopt the E46K fold adds complexity to
the argument that the formation of the E46-K80 salt bridge is an
early event in fibril formation that determines the resulting fibril
structure (32). Clearly, there are other factors at play. One such
consideration is the role of the fibril growth environment.
Guerrero-Ferreira et al. note that the juxtaposition of multiple
positively charged lysines at positions 43, 45, and 58 seen in the
wild-type rod structures may be allowed only in the presence of
poly-anionic counter charges, such as phosphate (32). They
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Fig. 4. Comparison of protofilament interfaces of E46K and wild-type fibrils. (A) The E46K quasi-polymorph forms a two-fold symmetric protofilament
interface comprised of residues Lys45-Glu57. The interface is largely solvent-filled and is held together by electrostatic interaction of Lys45 and Glu57 at both
ends of the interface. The Lys45-Glu57 salt bridge is repeated along the length of the fibril, creating an electrostatic zipper. (B) The wild-type rod polymorph
forms a pseudo-2; symmetric dry steric zipper interface comprised of residues His50-E57 from the preNAC region (residues 47-56). (C) The wild-type twister
polymorph forms a pseudo-2; symmetric dry steric zipper interface comprised of residues Val66-Ala78 from the NACore (residues 68-78). In all panels, the

single asterisk indicates the location of residue 46.

observe that the removal of phosphate from the buffer condi-
tions disallows this juxtaposition of lysine residues, facilitating
the formation of the E46K-like polymorph they term 2a. This
finding emphasizes again the sensitivity of a-syn fibril structure
to perturbations in sequence or growth environment and that
both of these factors play a role in producing varied folds. Fur-
ther, our cross-seeding experiments demonstrating that E46K
fibrils can seed wild-type monomer and the fact that the resulting
fibrils have different ThT binding ability compared to unseeded
wild-type—indicative of a different underlying structure—sug-
gests that the E46-K80 salt bridge can also be disrupted by
templated aggregation with seeds of a different structure (S/

3598 | www.pnas.org/cgi/doi/10.1073/pnas.1917914117

Appendix, Fig. S54). Together, these findings indicate that the
force exerted by the E46-K80 salt bridge is relatively small and
can be overcome by different buffer conditions or templated
aggregation. However, these small forces have a large influence
in selecting the polymorph because they are exerted early in the
aggregation pathway.

Interestingly, Guerrero-Ferreira et al. also reconstruct a low-
resolution density map of E46K a-syn grown in phosphate buffer
that resembles the 2a polymorph and our E46K structure de-
termined here (32). This is identical to the buffer they used
previously to grow fibrils of wild-type, C-terminally truncated a-syn
that produced a rod polymorph similar to the one we determined
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A Cellular Aggregation Seeded Differentiated PC12 Cells Treated
by Sonicated Fibrils with Sonicated Fibrils
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Fig. 5. Biochemical analysis of E46K vs. wild-type fibrils. (A) Fibrils of E46K
and wild-type a-syn were sonicated and transfected into HEK293T a-syn-
AS53T-YFP biosensor cells, and aggregation is measured by the normally
soluble and diffuse intracellular a-syn-A53T-YFP forming discrete puncta,
which are then quantified through fluorescent image analysis (25). At all
concentrations but 20 nM, E46K fibrils are significantly more powerful seeds
than wild-type fibrils. Error bars represent the SD of four technical replicates.
(B) In order to assay the toxicity of E46K and wild-type fibrils, we treated
PC12 cells with sonicated fibrils and measured mitochondrial activity with an
MTT assay (27, 28). E46K fibrils require a lower concentration to significantly
impair mitochondrial activity compared to wild-type fibrils. Error bars rep-
resent the SD of 7 to 14 technical replicates. ****P value < 0.0001. ***P
value < 0.001 *P value < 0.05 ns, P value > 0.05. P values were calculated
using an unpaired, two-tailed t test with a 95% ClI.

(9, 19). This is similar to the case we describe here in which we grow
EA46K fibrils using identical buffer conditions as those used to grow
fibrils of the wild-type rod polymorph, and the E46K mutation re-
sults in a different fold. Taking these results together, this implies
that, under identical buffer conditions, E46K acts as a switch to shift
the fibril folding pathway, likely through the disruption of the E46-

Barrier increased by
A K46-K80 electrostatic repulsion

Barrier lowered by
E46-K80 salt bridge

Energy

Rod polymorph

K80 kinetic trap discussed above, thereby unlocking a more stable
polymorph.

Initial studies examining the effect of the E46K mutation on
recombinantly assembled o-syn fibrils further emphasize the
importance of fibril growth conditions on selecting polymorphs.
Whereas we find that E46K a-syn forms fibrils more slowly than
wild-type a-syn (SI Appendix, Fig. S54), Choi et al. found that
the E46K mutation accelerates o-syn fibril formation (16).
However, the fibrils formed in their study appear to have a dif-
ferent morphology than our E46K fibrils (16). Specifically, the
E46K fibrils prepared under their conditions have a faster twist
and greater variation in width along the fibril, indicative of a
different underlying molecular structure. This distinction is most
likely due to the differences in buffer conditions between our two
preparations: Choi et al. (16) grew their fibrils in Mops buffer
whereas we grow our fibrils in water and tetrabutylphosphonium
bromide, a fibrillation agent we identified in our initial screening
to identify wild-type fibrils suitable for cryo-EM structure de-
termination (9). The observed differences in fibril morphology
and aggregation kinetics again highlight the sensitivity of o-syn
fibrillation to growth conditions and hints at the ability of E46K
a-syn to form still further polymorphs not determined in
this work.

The Folding Landscape of Amyloid Proteins. As mentioned above,
amyloid polymorphism is likely due to a flat protein folding
landscape in which many local minima exist. This landscape
contrasts with that of most proteins whose sequences have
evolved to encode one structure with the lowest free energy in a
funnel-shaped protein folding landscape (33, 35). The prodigious
polymorphism observed not only in a-syn structures determined
in our work but in other amyloid structures hints that evolution

Barrier independent of charge on residue 46
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« = = « Not Observed
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Wild-type
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__________________ =
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>
>
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Fig. 6. Proposed misfolding landscape of a-syn rod and compact polymorphs. The E46-K80 salt bridge of the wild-type sequence (A) lowers the transition-
state barrier to the rod polymorph. Thus the salt bridge kinetically favors formation of the rod polymorph, rather than the hypothetical, compact wild-type
structure (B). That is, the compact polymorph we observe here is not observed for the wild-type sequence because the E46-K80 salt bridge acts as a kinetic
trap, diverting the sequence to fold into the rod structure. The E46K mutation thereby serves to raise the transition state energy of forming the rod
polymorph via electrostatic repulsion between K46-K80 (C), thus facilitating the formation of the compact polymorph (D).
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has not played a role in specifying pathogenic amyloid structures.
Therefore, many factors, such as concentration and intrachain
interactions, may guide the sequence to forming a nonevolved
structure. The E46-K80 salt bridge may represent one of these
intrachain interactions that diverts wild-type a-syn into a local
energy minimum (i.e., a kinetic trap), and the E46K hereditary
mutation unlocks this constraint, allowing a more stable struc-
ture to form.

The release of local constraints leading to lower free energy
structures could be a mechanism by which other hereditary
mutations operate as well. This hypothesis is in line with our
previous studies showing that pathogenic mutations and post-
translational modifications can lead to more stable amyloid as-
semblies (36-38). That work was done on shorter peptide
segments, however, and may not have captured all of the inter-
actions present in a full-length amyloid fibril. Therefore, future
work is needed to compare structures of full-length wild-type and
hereditary mutant or posttranslationally modified amyloid fibrils
to identify the possible mechanisms by which hereditary muta-
tions and posttranslational modifications (PTMs) can alter am-
yloid protein pathogenicity. We have previously shown that the
H50Q hereditary mutation alters a-syn’s protofilament assembly,
resulting in more pathogenic fibrils—a first step in understand-
ing the role of hereditary mutations in fibril structure and activity
(39). Recently, a pair of studies demonstrated that N-terminally
acetylated a-syn has different ThT binding ability and different
seeding properties compared to nonacetylated o-syn although
the structures of nonacetylated and acetylated a-syn fibril cores
remain largely similar (21, 26). Further, ssNMR studies of a-syn
hereditary mutants A30P, which lies outside the fibril core of
a-syn structures determined to date, and AS3T, which lies at the
protofilament interface of wild-type rod polymorphs, suggest
only local perturbations compared to the wild-type fibril struc-
ture (15, 40). Also, hereditary mutations in transthyretin have
been discovered that serve to destabilize transthyretin’s native
fold, thereby promoting fibril formation (41). Together, these
data indicate that other modes of mutationally or PTM-encoded
pathogenicity may exist, including effects localized to regions
outside the fibril core or effects on the monomeric protein
structure. Indeed, PTMs such as phosphorylation, oxidative stress,
and truncation, have varying effects on a-syn aggregation and
toxicity (42).

Conclusion

In summary, we have determined a 25-A resolution re-
construction of recombinantly assembled E46K a-syn fibrils that
provides the atomic structure of this hereditary mutation initially
discovered in a family with a clinical diagnosis of parkinsonism
and Lewy body dementia (14). The fibril structure of E46K a-syn
greatly differs from, and has a lower free energy than, wild-type
structures, and we attempt to use the structure to rationalize its
higher seeding capacity and mitochondrial impairment com-
pared to wild-type. We posit that, due to fibril a-syn’s unevolved
nature, the E46-K80 salt bridge in wild-type fibrils represents a
local constraint that prevents the formation of the lower free en-
ergy fibril fold; E46K alleviates this constraint, allowing refolding
to a more stable structure. The release of local constraints to allow
repacking into more stable, pathogenic fibrils may be a mechanism
by which other hereditary mutations operate in a-syn and other
amyloid proteins.

Materials and Methods

Protein Purification. Full-length a-syn wild-type and E46K mutant proteins
were expressed and purified according to a published protocol (9). Trans-
formed bacteria were induced at an OD600 of ~0.6 with 1 mM IPTG for 6 h
at 30 °C. The bacteria were then lysed with a probe sonicator for 10 min in
an iced water bath. After centrifugation, the soluble fraction was heated in
boiling water for 10 min and then titrated with HCl to pH 4.5 to remove the
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pellet. After adjusting to neutral pH, the protein was dialyzed overnight
against Q Column loading buffer (20 mM Tris-HCl, pH 8.0). On the next day,
the protein was loaded onto a HiPrep Q 16/10 column and eluted using
elution buffer (20 mM Tris-HCl, 1 M NaCl, pH 8.0). The eluent was concen-
trated using Amicon Ultra-15 centrifugal filters (10 NMWL; Millipore Sigma)
to ~5 mL The concentrated sample was further purified with size-exclusion
chromatography through a HiPrep Sephacryl S-75 HR column in 20 mM Tris,
pH 8.0. The purified protein was dialyzed against water, concentrated to
3 mg/mL, and stored at 4 °C. The concentration of the protein was de-
termined using the Pierce BCA Protein Assay Kit (cat. No. 23225; Thermo
Fisher Scientific).

Fibril Prep and Optimi Both wild-type and E46K fibrils were
grown under the same condition: 300 pM purified monomers, 15 mM tet-
rabutylphosphonium bromide, shaking at 37 °C for 2 wk.

Fibril Seeding Aggregation in Cells. We performed the biosensor cell seeding
assay based on a previously published protocol (25). Briefly, the assay works
as follows: Exogenous, unlabeled fibrils are transfected into HEK293T cells
expressing a-syn-A53T-YFP. Seeded aggregation of endogenously expressed
a-syn-A53T-YFP is monitored by formation of fluorescent puncta. The puncta
represent intracellular aggregation of a-syn-A53T-YFP as a result of seeding
by exogenous E46K or wild-type fibrils.

Human embryonic kidney FRET Biosensor HEK293T cells expressing full-
length a-syn containing the hereditary A53T mutation were grown in
DMEM (4 mM r-glutamine and 25 mM p-glucose) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin. Trypsin-treated HEK293T cells
were harvested, seeded on flat 96-well plates at a concentration of 4 x 104
cells per well in 200 pL of culture medium per well and incubated in 5%
CO; at 37 °C for 18 h.

a-syn fibrils were prepared by diluting with Opti-MEM (Life Technologies,
Carlsbad, CA) and sonicating in a water bath sonicator for 10 min. Fibril
concentration was determined as monomer-equivalent concentration. The
fibril samples were then mixed with Lipofectamine 2000 (Thermo Fisher
Scientific) and incubated for 15 min and then added to the cells. The actual
volume of Lipofectamine 2000 was calculated based on the dose of 1 uL per
well. After 48 h of transfection, the cells were trypsinized, transferred to a
96-well round-bottom plate, and resuspended in 200 pL of chilled flow
cytometry buffer (HBSS, 1% FBS, and 1 mM EDTA) containing 2% para-
formaldehyde. The plate was sealed with Parafilm and stored at 4 °C for
imaging. Fluorescent images were processed in ImageJ to count number of
seeded cells.

Mitochondrial Activity Assay. The addition of sonicated fibrils to nerve growth
factor-differentiated PC12 cells is a well-established assay to measure cyto-
toxicity of amyloid fibrils (9, 27, 28, 39). Use of this neuron-like cell line al-
lows us to obtain a biologically relevant assay for cytotoxicity. For our MTT
(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) mitochon-
drial activity assay, the protocol was adapted from the Provost and Wallert
laboratories and was performed in an identical manner to our previous work
(39, 43). Thiazolyl blue tetrazolium bromide for the MTT cell toxicity assay
was purchased from Millipore Sigma (M2128-1G; Burlington, MA). PC12 cells
were plated in 96-well plates at 10,000 cells per well in DMEM (Dulbecco’s
modification of Eagle’s medium; 5% fetal bovine serum, 5% heat-inactivated
horse serum, 1% penicillin/streptomycin, and 150 ng/mL nerve growild-typeh
factor 2.55 [Thermo Fisher Scientific]). The cells were incubated for 2 d in an
incubator with 5% CO; at 37 °C. The cells were treated with different con-
centrations of monomer-equivalent a-syn fibrils (200 nM, 500 nM, 1,000 nM,
and 2,000 nM). After 18 h of incubation, 20 pL of 5 mg/mL MTT was added to
every well, and the plate was returned to the incubator for 3.5 h. With the
presence of MTT, the experiment was conducted in a laminar flow hood with
the lights off, and the plate was wrapped in aluminum foil. The media was
then removed with an aspirator, and the remaining formazan crystals in each
well were dissolved with 100 pL of 100% DMSO. Absorbance was measured at
570 nm to determine the MTT signal and at 630 nm to determine background.
The data were normalized to those from cells treated with 1% SDS to
obtain a value of 0%, and to those from cells treated with PBS to obtain a
value of 100%.

In Vitro Aggregation and Seeding Assay. a-syn wild-type or E46K monomers
(100 pM) were mixed with 60 uM thioflavin-T (ThT) and transferred into a 96-
well plate. The signal was monitored using the FLUOstar Omega Microplate
Reader (37 °C with 600 rpm double orbital shaking, ex. 440 nm, em. 490 nm;
BMG Labtech). For the seeding groups, preformed wild-type or E46K fibrils
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(10 pM) after 10 min of water-bath sonication were added to the wild-type
a-syn monomers immediately before beginning the aggregation assay.

SDS Stability Assay. The wild-type and E46K aggregated a-syn samples at the
end of the ThT assay were treated with addition of 10% SDS to reach SDS
final concentration of 0.5%. The ThT signal was measured after 5 min of
incubation at 37 °C with 600 rpm double orbital shaking. The addition of
SDS and ThT measurement was repeated with increments of 0.5% to a final
SDS concentration of 3.5%. The initial ThT signals at 0% SDS were used for
normalization.

Cryo-EM Data Collection and Processing. Two microliters of fibril solution was
applied to a baked and glow-discharged Quantifoil 1.2/1.3 electron micro-
scope grid and plunge-frozen into liquid ethane using a Vitrobot Mark IV
(FEI). Data were collected on a Titan Krios (FEI) microscope equipped with a
Gatan Quantum LS/K2 Summit direct electron detection camera (operated
with 300-kV acceleration voltage and slit width of 20 eV). Counting mode
movies were collected on a Gatan K2 Summit direct electron detector with a
nominal physical pixel size of 0.843 A per pixel with a dose per frame 1.2 e/A% A
total of 30 frames with a frame rate of 5 Hz were taken for each movie,
resulting in a final dose of 36 e/A? per image. Automated data collection was
driven by the SerialEM automation software package, with image shift
induced-beam tilt correction (23).

Micrographs containing crystalline ice were used to estimate the aniso-
tropic magnification distortion using mag_distortion_estimate (44). CTF es-
timation was performed using CTFFIND 4.1.8 on movie stacks with a
grouping of three frames and correction for anisotropic magnification dis-
tortion (45). Unblur (46) was used to correct beam-induced motion with dose
weighting and anisotropic magnification correction, resulting in a physical
pixel size of 0.838 A/pixel.

All particle picking was performed manually using EMAN2 e2helixboxer.py
(47). All fibril particles were first extracted using 1,024-pixel box sizes and a
10% interbox distance and then subjected to two-dimensional (2D) class
averaging. 2D class averages reveal that E46K a-syn forms fibrils of a single
morphology with a pitch of ~800 A (SI Appendix, Fig. S2B). We next
extracted all fibrils with a 686-pixel box size and 10% interbox distance and
again performed 2D class averaging. 2D class averaging of 686 pixel boxes
resulted in clear separation of beta-strands along the length of the fibril. 2D
class averages and their corresponding simulated diffraction patterns to-
gether indicate that the helical rise is ~4.8 A with a C,, rotational symmetry
due to the presence of a meridional reflection (S/ Appendix, Fig. S2B). Due to
the two-fold mirror symmetry present in the 2D class averages, we reasoned
that the fibril had a C; rotational symmetry. Using a calculated helical twist
of 178.92° (given pitch of 800 A and rise of 4.8 A) and C, rotational sym-
metry, we carried out three-dimensional (3D) class averaging with a single
class and a featureless cylinder created by relion_helical_toolbox as an initial
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model (48). The featureless cylinder was refined to a reasonable model where
separation of beta-sheets in the x-y plane of the fibril could be visualized. This
model was then used to separate good and bad particles with a 3D class av-
eraging job with three classes. Fibrils contributing to the best class in the
previous 3D classification were reextracted with a 400-pixel box size and 10%
interbox distance and phase flipped for subsequent classification and high
resolution refinement. An additional 3D class averaging job was performed,
and a final subset of 114,260 helical segments were selected for gold-standard
auto-refinement in RELION. Refinement yielded a final 2.5-A reconstruction (S/
Appendix, Fig. 52C). We sharpened the map using phenix.auto_sharpen with a
sharpening factor of —140 A? and a resolution cutoff of 2.5 A (49).

Atomic Model Building. We used phenix.map_to_model with an input
sequence corresponding to E46K o-syn to build an initial model (49).
Phenix.map_to_model correctly built a segment of the N terminus of
the fibril core, and we manually built the rest of the structure into the density
map in COOT (50). We generated a five-layer model to maintain local contacts
between chains in the fibril during structure refinement. We performed
automated structure refinement using phenix.real_space_refine (49). We
employed hydrogen bond distance and angle restraints for backbone atoms
participating in p-sheets and side chain hydrogen bonds during automated
refinements. We performed comprehensive structure validation of all our final
models in Phenix.

Energetic Calculation. The standard free energy of stabilization of a given
amyloid chain is computed as the difference in atomic solvation energy of a
pseudoextended, solvated chain and the folded chain in the center of five
layers of the known structure of a protofilament (51). The atomic solvation
parameters are those of Eisenberg et al. (52), with additional terms to de-
scribe the entropy change of side chains on folding, as calculated by Koehl
and Delarue (53), scaled by the percentage of side chain surface area buried.

Data Availability Statement. All structural data have been deposited into
the Worldwide Protein Data Bank (wwPDB) and Electron Microscopy Data
Bank (EMDB) with the following accession codes: PDB 6UFR and EMDB
EMD-20759.
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Supporting Information

Supplementary Figures:

Wild-type Rod
Polymorph (6CU7)

Wild-type Twister
Polymorph (6CU8)

E46K Polymorph
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Supplementary Figure 1 Schematic representation and free energy of stabilization maps for the

wild-type and E46K polymorphs

a-c) (left) Schematic representation of fibril structures with amino acid side chains colored as
follows: hydrophobic (yellow), negatively charged (red), positively charged (blue), polar,
uncharged (green), and glycine (pink). (right) Solvation energy maps of fibril structures. The

stabilizing residues are red; the de-stabilizing residues are blue.
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Supplementary Figure 2 Cryo-EM Data Collection and Processing

a) Representative cryo-EM image and power spectrum. Scale bar 50 nm. b) 1024 pixel box class
averages reveal a helical pitch of ~800 A. 686 pixel box class averages and corresponding
simulated diffraction patterns reveal a rise of ~4.8 A and a C> rotational symmetry. ¢) Gold-

standard half-map-half-map FSC and map-to-model FSC.

Supplementary Figure 3 Atomic model and density map highlight resolution of reconstruction

and hydrogen bonding networks.
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Wild-type Rod Polymorph
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E46K
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Supplementary Figure 4 Pairwise interaction analysis of wild-type and E46K protofilament folds

a-c) Protofilament fold and calculated buried surface area (top) and fibril core primary and
secondary structure with pairs of interacting residues connected by half-circles (bottom) for a)
wild-type rod, b) wild-type twister, and c) E46K polymorphs. E46K polymorph has a different
set of interacting residues highlighting the difference in protofilament fold compared to wild-
type. The E46K polymorph also has a larger number of interactions, which is reflected in its

higher buried surface area.
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Supplementary Figure 5 Cross-seeding of wild-type a-syn by E46K fibrils and SDS fibril

stability assay

a) Seeding of wild-type a-syn by wild-type fibrils results in a modestly reduced lag-time while
seeding by E46K fibrils eliminates the lag phase. In addition, both unseeded and self-seeded
wild-type a-syn have similar ThT binding ability shown by their similar ThT aggregation curves;
on the other hand, wild-type a-syn seeded by E46K fibrils has a different ThT fluorescence
intensity, indicating a different underlying structure. Unseeded wild-type a-syn has a shorter lag
phase and higher max ThT signal than E46K o-syn. Breaks in the ThT curves originate from the
microplate-reader being interrupted and re-started to allow other experiments to be performed in

separate wells in the same microplate. Due to normalizing the initial reading to zero, the E46K
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lag phase dips below zero fluorescence AU. The reason for this slight dip after the initial ThT
reading is unknown; however, the classical nucleation-elongation sigmoidal growth curve is still
demonstrated for E46K a-syn. b) E46K and wild-type fibrils were heated to 37 °C and incubated
with varying concentrations of SDS. E46K fibrils are more resistant to SDS than wild-type
fibrils. Individual triplicate measurements are shown and the plotted line represents the average

of the triplicates.
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CHAPTER 5

Structural exploration of a-synuclein fibril from Parkinson’s disease

Brain seeded aSyn fibrils

Dr. Virginia Lee’s lab at University of
Pennsylvania kindly provided the brain
extracted seeded aSyn fibrils. Resembling to
previously characterized recombinant aSyn
fibrils using EM, the brain seeded fibrils
showed similar 5Snm and 10 nm width (Fig.
la). However, non-twisting ribbon appeared
to be the major fibril polymorph, unlike the
recombinant wildtype aSyn fibrils, where b
twisting fibrils (twister and rod) consisted of
major species. To further elucidate the

structural details of the brain seeded fibrils,

180,000 fibril particles extracted from 7000
cryo-EM micrographs yielded major 2D

classes (Fig. 1b). In fact, none of the

discernible 2D class showed any twist. This

Fig. 5.1 Cryo-EM images (a) of and 2D
classifications (b) of aSyn fibrils seeded by patient
extracted aggregates.

further confirmed the non-twisting nature of
the major species with symmetry units
aligned along the perfect two-one screw axis. Although the ribbon polymorph is not uncommon

in the recombinant fibrils, it was significantly enriched in the brain seeded fibrils.
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One might argue that the difference in fibril growing condition may contribute to the contrasting
fibril polymorphs (wildtype fibrils: 15 mM tetrabutyl-phosphonium bromide; brain seeded
fibrils: 50 mM Tris-HCI1 pH 7.4, 750 mM NaCl, 10 mM NaF, 5 mM EDTA). Although no aSyn
fibril structure determination was conducted using the exact same buffer condition, some
experiments may provide some hints. Y. Li. et al.,’s fibril structure was solved in 50mM Tris-
HCI 150mM KCIl, with the structure almost identical to our rod polymorph. Another cryo-EM
structure from Guerrero-Ferreira et al., also revealed a rod polymorph using high-salt (2.66 mM
KCl, 1.47 mM KH2PO4, 137.93 mM NacCl, 8.06 mM Na2HPO4). Therefore, neither the Tris
buffer nor high salt condition would contribute to the all ribbon polymorphs found in the brain
seeded fibrils.

Brain extracted aSyn fibrils

Pathological aSyn fibrils were extracted from the brain tissue of PD patients provided by
Virginia Lee Lab at UPenn and CNDR brain bank. In order to improve the fibril quality, rounds
of optimizations in each step were performed to reach the highest possible extraction turnover
(Fig. 2). Handling brain extracted fibrils were tricky comparing recombinant fibrils. The brain

extracted fibrils @ B B
. . gf\ﬁjj tissue
Sequential Extraction by : D o
were unstable. * High-salt buffer

* 1% Triton X-100
* 1% sarkosyl

High pulse of
. . /‘q\
probe sonication > /_'T\.
&) 0
was essential to Immunoprecipitation Centrifugati
Pulse sonication en r' Agation
Syn9027 mAb enrichment
— Supernatant — ] —
break the Y, o
Sarkosyl-insoluable Eluate EM Data Collection

fraction

inclusion

. Fig. 5.2 Protocol of aSyn fibril extraction from PD brain
aggregates in
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order to release fibrils, but long duration of sonication could break the fibrils into unworkable
smaller pieces. Proteinase K treatment was less controllable and cannot replace the sonication.
Unlike the recombinant fibrils, the brain extracted fibrils could disintegrate at room temperature,
so the sample was always kept on ice and stored in freezer.

Brain extracted fibrils are 10 nm wide and 80 nm long on average (Fig. 3ab). The 2D
classification resulted in non-twisting ribbon polymorphs (Fig. 3¢), which is comparable with the
brain seeded fibrils (Fig. 1b). On the 2D classes with structural details, the aSyn repeats relate by
a perfect 21 screw symmetry with a typical 2.4 A rise of amyloid fibril.

Preferred Orientation Problem
All the previous aSyn structures
determined by cryo-EM have
helical pitch ranging from ~400
A to ~900 A, which is relative to
the box size of the 2D
classification. This helicity
provides sufficient information of

protein unit in every orientation,

necessary to guide the 3D il S e
L s ko i e s i

reconstruction. Lack of helicity

poses a challenge for structural

reconstruction of amyloid fibril.

To circumvent the inherent Fig. 5.3 Cryo-EM data of aSyn fibrils extracted from PD patients.
Negative-stained (a) and cryo-EM (b) images. (¢) 2D classification of
problem, we collected another non-twisting ribbon polymorph. (d) Preferred-orientation problem of

the ribbon polymorph hinders a reasonable reconstruction.
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cryo-EM dataset with a 40° tilt. The idea is to combine the tilt dataset with the untilt dataset in
reconstruction, hoping to gain more information with the angle. However, this attempt was not
able to produce a reasonable 3D map (Fig 4d).

Due to the limitation of current cryo-EM methodology, solving the structure of amyloid fibril
with non-twisting ribbon polymorph remains challenging. Here to suggest a few possible
solutions that can be explored in the future. Seuring et al., demonstrated the presence of salt may
induce the flat ribbon species while absence of salt would produce twisted fibrils. Despite of
different morphologies, the monomer structure remains the same in both conditions'. If the
extracted fibrils could be turned into a twisting polymorph with the same protofilament structure,
it would solve the problem. However, the buffer condition was tested during in vitro fibril
growth, which may or may not apply to the extraction of preexisted brain fibrils. Another
possibility is to process current dataset with the guidance of cryo-electron tomography (cryo-
ET). The advancement in cryo-ET has pushed the resolution to 12 A in biological application?.
Obtaining a fibril structure in similar range would serve as an initial model to guide the 3D
reconstruction of the cryo-EM data, possibly revealing the high-resolution structure of non-

twisting ribbon.
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