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SUMMARY

Over 500 amyloid structures have been solved to date to near-atomic resolution. This has highlighted an
enormous diversity of fibril structures conforming to the canonical cross-f§ amyloid fold. Using a-synuclein
and tau amyloid structures as models, we show that they can be hierarchically clustered into topologically
distinct fold families. Despite their different topologies, fibrils display remarkably similar energy profiles,
as determined by FoldX, with the same regions providing stability among different polymorphs. We found
that the regions that stabilize the amyloid core pair in different ways to generate distinct topologies. The re-
sults provide a framework to classify newly solved fibril structures as belonging to an existing class or form-
ing a new topological cross- fold. Furthermore, the analysis facilitates comparisons between fibrils found in
disease and those formed in vitro, including their nearest structural neighbors. The workflow has been auto-
mated, enabling users to interrogate new amyloid structures as they emerge.

INTRODUCTION

Amyloid fibrils are supramolecular structures comprising
stacked monomers folded into B-strands that are organized in
a cross-p array.' Amyloid fibrils can comprise a single filament
or, more commonly, two or more protofilaments, stabilized by in-
terlocking sidechains at the protofilament interface(s).” These
supramolecular structures are of relevance to disease, with
aberrant accumulation of amyloid deposits in the brain being a
hallmark of neurodegeneration,® and localized or systemic depo-
sition of amyloid in the viscera associated with diseases affecting
the heart, kidney, pancreas, and other regions.” In other cases,
amyloid may be functional.” The protein involved in each amyloid
disease is different. In general, amyloid deposition of amyloid-f
(A)®° and tau’ are found in Alzheimer’s disease, tau is involved
in other tauopathies,' and a-synuclein® is in Parkinson’s disease
and other synucleinopathies.

The first atomic resolution amyloid structure of the
140-residue protein a-synuclein was solved in 2016 using
solid-state nuclear magnetic resonance (NMR) on fibrils formed
in vitro.® Two years later, the first a-synuclein amyloid structures,
again generated in vitro, were solved using cryo-electron micro-
scopy (cryo-EM)."”"" Recent advances in cryo-EM have
increased the rate of amyloid structure elucidation, with the Pro-
tein DataBank now containing 506 amyloid structures (as of
September 2024).>'? Of these, a striking 101 are cryo-EM-
derived a-synuclein amyloid structures assembled under various
solution conditions and/or containing different mutations
(Figure S1),'® while 68 cryo-EM structures have been deposited

2

of amyloid formed from tau variants (4R and 3R+4R)
(Figure S2)."® These include structures of a-synuclein amyloid
from individuals with Parkinson’s disease (PD), dementia with
Lewy bodies (DLB),"* multiple system atrophy (MSA),"® or juve-
nile onset synucleinopathy (JOS),'® as well as tau amyloid puri-
fied from the brains of donors with Alzheimer’s disease or other
tauopathies.'’ 22

Solving multiple structures of amyloid fibrils formed from the
same protein is vital to understand how and why a polypeptide
sequence can adopt different amyloid structures, a phenomenon
known as polymorphism.? Improved understanding of which fac-
tors govern the formation of the adopted amyloid fold, and the po-
tential differing biological impact of each structure, is of clinical
relevance as amyloids solved from ex vivo samples can display
disease-specific polymorphism.® With the growing body of solved
amyloid structures and the scientific and clinical interest in under-
standing polymorphism, a computational approach is required to
quantify the degree of variation among amyloid folds.

Here, inspired by the classification of globular protein folds
into different families and hierarchies, using CATH>>?* and
SCOP,?® we set out to classify the 101 a-synuclein amyloid
structures and 68 4R and 3R+4R tau cryo-EM amyloid structures
into different hierarchical classes. From this, we determined the
number of different structural classes that can be formed from
the same, or similar, protein sequence. These proteins were cho-
sen for our analysis since together they comprise >33% of all
amyloid structures deposited to date.

Structural classification was achieved by hierarchical clus-
tering of the root-mean-squared deviation (RMSD) between
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Figure 1. A schematic of the analysis pipeline
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PDB entries of the amyloid of interest are retrieved from Amyloid Atlas.'® Any intra-PDB variation between the structures of protofilaments that form a single
amyloid fibril is determined. Unique protofilament structures are then aligned and the Ca-Ca distances are calculated across all well-resolved residues in their
cores. The calculated RMSD scores are then used to cluster PDBs based on their amyloid fold similarity. In addition, whole fibrils with 10 layers are analyzed by
FoldX?’ to calculate the per-residue free energy for each structure (omitting the top and bottom layer of each fibril (STAR Methods)).

aligned protofilament structures. This revealed eleven distinct
classes for a-synuclein and eleven for tau amyloids. We then
investigated how the stability of the amyloid fibrils in the different
classes compare, to explore how thermodynamic stability influ-
ences polymorphism. This builds on a previous study that
analyzed 107 amyloid structures from a wide range of pathol-
ogies.?® Consistent with the previous example, we show that
amyloid polymorphism arises from different pairing of the same
stabilizing regions in different a-synuclein/tau protofilament
folds, resulting in fibrils that are structurally distinct, but thermo-
dynamically approximately isostable.

Our results highlight the importance of kinetic selection in
determining the pairing of stabilizing regions during amyloid for-
mation and hence the selection of which amyloid fold is formed.
They also rationalize the sensitivity of the amyloid structures to
the solution conditions employed. In addition, our analysis pipe-
line enables the rapid comparison of newly solved structures to
the expanding database of pre-existing amyloid folds for a given
protein of interest, enabling comparison of new structures to pre-
viously determined amyloid folds.

RESULTS

Analysis pipeline

To characterize the extent of polymorphism in tau and
a-synuclein amyloid fibrils, a comprehensive list of the published
structures to date was obtained from the Amyloid Atlas.”'® This
excellent resource collates amyloid structures solved to near
atomic resolution. Given that the number of solved amyloid
structures is increasing rapidly, our analysis pipeline is designed
to scrape a list of PDB codes matching the desired protein of in-
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terest from the Amyloid Atlas before running the fully automated
downstream analysis. This enables the pipeline to run in a high-
throughput manner and can be easily repeated as new struc-
tures are published and become available online.

A graphical summary of the analysis pipeline is shown in
Figure 1. Briefly, PDB codes are obtained from Amyloid Atlas,
the number of protofilaments in each structure is counted, and
the number of unique folds within each PDB structure is deter-
mined. If the different protofilament monomers in a single PDB
file adopt an identical structure (defined by their radius of gy-
ration (Ry)), it is classed as having a single distinct protofila-
ment fold. As a single fold can represent all of the chains in
the given PDB, a single chain is taken for subsequent analysis.
If the different protofilaments adopt distinct folds, a single
chain from each distinct protofilament is taken for further
analysis.

To identify distinct amyloid folds, structures are aligned and
Ca-Ca RMSD values calculated for atoms in shared regions of
the sequence (STAR Methods). These RMSD values are used
in Euclidean distance hierarchical clustering to group PDBs by
their amyloid fold similarity (STAR Methods). To calculate stabil-
ity, the thermodynamic contribution of each residue (AG° per
residue) is calculated using FoldX.?” We exemplify this pipeline
below with analysis of the 101 and 68 cryo-EM amyloid struc-
tures of a-synuclein and tau (4R or 3R+4R), respectively (as of
September 16, 2024), but the pipeline can readily be applied to
any amyloid protein for which there are sufficient deposited
structures. We chose to classify only full length 4R or 3R+4R
tau structures as our analysis requires comparisons between
equivalent Ca atoms which can be difficult when using fragments
or 3R isoform structures.



Structure

Quality control

FoldX is more accurate at assigning free energy values for high
resolution crystal structures compared to solution structures ob-
tained using nuclear magnetic resonance (NMR). This may be
due to the propensity for NMR structures to adopt improbable
backbone dihedral angles and/or over-training of FoldX param-
eters on crystallographic structures.”®?” Therefore, the two
ssNMR a-synuclein structures (2n0a® and 8fpt*®) were removed
from our analysis (details of all PDB entries used are given in
Table S1 (a-synuclein) and S2 (3R+4R and 4R tau)).

For the remaining 101 a-synuclein and 68 tau cryo-EM amyloid
structures, we wanted to ensure only well-resolved, high-resolu-
tion structures were included in our analysis. Using the published
Q-scores, a measurement of the resolvability of individual atoms
in cryo-EM maps,® structures with an overall low resolution (Q-
scores <0.39 for a-synuclein and <0.43 for tau) were removed
(Figures S3A and S4A). Six a-synuclein structures (7nci,>° 8gf7,°"
7ynl,®? 8cyr,*® 7nch®® and 7ncj®® with a Q-score range of 0.39 to
0.18) and five tau amyloid structures (7mkg,** 7mkh,** 7u0z,*°
7upg®® and 503t'” with a Q-score range of 0.41 to 0.40) were
removed. For the remaining highly resolved structures, single
residues/regions with poor resolvability were removed from sub-
sequent analyses (Figures S3B, S3C, S4B, and S4C). The tau
amyloid structure 6tjo®> was removed and it is not shown in
Figure S4A as it had no published Q-score data. From these con-
siderations, 95 a-synuclein and 62 tau amyloid structures were
selected for downstream analysis.

To validate the use of FoldX to calculate the per residue stabil-
ity of a-synuclein and tau fibrils, we compared these values to the
solvation free energy, calculated as described by Eisenberg and
colleagues®’*® (STAR Methods). Comparing the mean FoldX
and the mean solvation free energy scores for each residue
across all 95 unique a-synuclein and 62 tau structures showed
significant agreement (Pearson correlation coefficients of 0.77
and 0.79, respectively (Figures S5 and S6)). Hence, FoldX was
used in subsequent analyses.

Polymorphism

Before the degree of structural polymorphism can be character-
ized, the total number of folds adopted across the 95 remaining
a-synuclein and 62 tau amyloid structures was determined. To
achieve this, the radius of gyration (Rg) of all the monomeric
sub-units in these structures were calculated:

(Cy — CoM,)*+ (Cyi — CoM,)*+ (C, — Col,)?

Mz

i=1

Rg = N
Z MW,‘

i=1

where N is the total number of residues in the ordered fibril core,
Mw is the molecular weight, and the 3D coordinates for the
respective Ca and center of mass are given by C and CoM
respectively.

If the Ry between two protofilaments from the same PDB
differed by > 5% of the given PDB’s mean Ry the two protofila-
ments were deemed as distinct folds, and both protofilament
folds were taken for further analysis. If the Ry variation was
<5% of the mean R, a single protofilament structure was taken
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to represent all monomers in the PDB entry (Figure S7).
Comparing the change in Rq to the percentage of the mean Rg
enables the analysis to deal with proteins of varying size. From
this analysis, five amyloid structures were identified as contain-
ing two distinct protofilament folds for a-synuclein (6pes,*®
6xyo,'® 6xyp,'® 6xyq'® and 71c9%®). Hence, 100 protofilament
folds were used to represent the entirety of polymorphism in
the 95 a-synuclein amyloid structures. For tau, no fibrils have
different protofilament folds, resulting in the total remaining at
62 distinct amyloid structures.

To quantify the degree of variation, the monomers from the
different structures for each amyloid were aligned using PyMol.*°
The Ca-Ca distance between shared residues in the ordered
fibril cores was calculated:

Ca-Ca Distance = \/(X2 — x1)2+(y2 — y1)P+(z2 — 21)?

where X, y, and z represent the coordinates of the two points in
3D space.

Finally, the root-mean-squared deviation (RMSD) was calcu-
lated from Ca-Ca distances to give a single value representing
the amyloid protofilament fold similarity of residues in the struc-
tured core between two structures:

N

Z (Vi —
RMSD = | =

2
wa) 2+ (Vi — wy) + (v — wi)?

N

where N is the total number of residues resolved at high resolu-
tion. The two monomers being compared are denoted as v and
®, and x, y and z donate the coordinates of the respective Ca
in 3D space.

Using the RMSD values as a measurement of amyloid fold
similarity, a single PDB can be chosen as the reference and
used to identify which amyloid structures it is most similar (or dis-
similar) to (Figures S8A and S9A). Furthermore, the degree of
variation amongst all the amyloid folds in the dataset can be visu-
alized in a heatmap of RMSD values (Figures S8B and S9B). To
better visualize these distinct groups, hierarchical clustering was
performed on the RMSD scores. After manually assigning the cut
height and testing its robustness (Figure S10) (STAR Methods),
the 100 a-synuclein monomers can be classified into eleven
distinct groups corresponding to distinct amyloid polymorphs
(Figure 2). For the 62 tau structures, 11 distinct structural classes
resulted (Figure S11A). Note that the regions of the sequence
forming the ordered amyloid cores for each of these proteins
are highly conserved (Figures S3D and S4D), despite belonging
to different structural classes, consistent with recent findings
from other groups using these, and other, amyloidogenic
proteins.?54!

Thermodynamic analysis

After classifying a-synuclein and tau amyloid fibrils with distinct
polymorphs, we next investigated how the differences can be
quantified and easily visualized. Previous work has shown that
the diverse polymorphic folds adopted by a protein are all stabi-
lized by a few short sequence segments which remain surpris-
ingly invariant from polymorph to polymorph.?®*' Inspired by

Structure 33, 1793-1804, October 2, 2025 1795




¢? CellPress

OPEN ACCESS

Structure

25
|

20

15

In Vitro Seeded from In Vitro

Ex Vivo Seeded from Ex Vivo

10

Euclidean Distance

6I1t
6l1u
8pk4
8adv
8adu
8adw

Group 1 ==p
Group 2 ==

I ’_.rﬁ:l.-'.:_r‘rn

S el MM [N o
NNNNQQwQNNmmaganQ?wag g#nwmﬁ“gg
S5 S & N~

Group 8 t e t
o 2 F

3

=3 o

582 5

26 3

o

o o

Figure 2. Euclidean distance hierarchical clustering of amyloid fold similarity between solved PDB structures of a-synuclein based on RMSD

values

Eleven structural classes (Group 1-11) result with branches shown in different colors. The PDB code for each structure is given below colored black (in vitro), blue

(ex vivo), red (seeded from ex vivo) and green (seeded from in vitro).

this work, we determined the per-residue contribution to amyloid
stability across the 95 a-synuclein and 62 tau well-resolved am-
yloid fibril structures in our dataset (Figures 3A and S11B). To
quantify the similarity of the thermodynamic profiles of each
structure, a pairwise correlation matrix was created which re-
vealed a median Pearson correlation of 0.61 for a-synuclein
and 0.61 for tau fibrils (Figure S12) (consistent with values previ-
ously obtained using a smaller number of sequences®®). Hence,
despite significant differences in their structure, there is a com-
mon, polymorph-independent, conservation of the regions of
the protein sequence that contribute to the stability of each pro-
tein’s amyloid fold.

Next, we investigated which types of amino acids are enriched
in stabilizing (mean — 1 standard deviation (SD)) or destabilizing
(mean + 1SD) regions of each a-synuclein or tau amyloid struc-
ture. The number of times a specific amino acid was found in
either the stabilizing or destabilizing regions was counted and
normalized by the total number of occurrences. This showed,
in each case, that stabilizing interactions are mostly driven by hy-
drophobic or aromatic amino acids (Figures 3B and S11C),
whereas destabilizing residues are mostly charged or polar
amino acids (Figures 3C and S11D).

Given that the distinct polymorphs of a-synuclein and tau amy-
loid are stabilized by common regions of the protein sequence,
their different polymorphs must arise by different pairings of these
regions. To identify stabilizing regions (STAR Methods), we first
calculated the mean AG* at each residue position and the mean
AG° across all residue positions and structures. Next, we
smoothed the AG* per residue values by a sliding window of three
residues and found the local negative and positive maxima. Be-
tween each local positive maximum, residue positions with a
AG?° lower than the mean AG? for all residues from each structure
was used to denote stabilizing regions (Figure S13). This revealed
11 regions of the a-synuclein sequence and 17 regions of tau
that positively contribute to stabilizing their fibril folds. For
structures within each RMSD cluster group, the number of times
stabilizing regions containing a Ca atom within <10.8 A of a Ca
from a different stabilizing region was then calculated,
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revealing regions that stabilize the amyloid core by non-local
interactions.

We used <10.8 A as our distance threshold as this is approx-
imately the Ca-Ca spacing across p-sheets.****> While p-strand
propensity for each residue has been used to compare amyloid
polymorphs,*" we instead adopted a thermodynamically driven
approach. Although p-strands forming regions and stabilizing re-
gions largely overlap, not all 3-strands confer the same degree of
stability. Therefore, by opting for a thermodynamically driven
approach, we can separate the presence of p-strands from their
contribution to fibril stability (Figure S14).

Diagrams displaying stabilizing regions as nodes and contacts
as edges enables visualization of the pairings of stabilizing re-
gions between the different cluster groups obtained using their
RMSD, which we define here as different “structural families”
of polymorphs (Figures 3D and S11E). The width of the edges
connecting each pair of nodes denotes how many structures
that contact occurs in and shows clear differences for each poly-
morph family. Focusing on the two largest groups (4 and 8)
(Figure 4), both contain a highly prevalent contacts between sta-
bilizing regions 5 and 9. However, three strong contacts in group
4 (stabilizing regions 4 to0 9, 5 to 8 and 2 to 10) are absent in clus-
ter group 8, which instead contains prevalent contacts between
regions 6-9 and 8-11. Hence, different pairings of stabilizing re-
gions can be used to classify and define each amyloid fold.
Similar results for the tau amyloid are shown in Figures S11E
and S15. While these network diagrams are useful for rapid
side-by-side comparisons of the different pairing of stabilizing
regions, they do not report the connections at the single residue
level. Accordingly, a more detailed network diagram showing the
contacts within <10.8 A for each individual residue in each of the
amyloid fold families can also be output and analyzed (examples
for a-synuclein and tau are shown in Figures S16 and S17,
respectively).

The fibril structure(s) that are observed during amyloid
formation are exquisitely sensitive to the solution conditions
employed. For example, changing pH from 5.8 to 7.0 during
a-synuclein amyloid formation results in distinct polymorphs
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(A)Plot of AG° per residue for published a-synuclein structures after Q-score validation. The blue line denotes a AG® per residue of 0, with positive values
indicating a destabilizing contribution and negative values indicating stabilizing residues.

(B and C) Bar charts showing the normalized number of times each amino acid was found to be either stabilizing (B) or destabilizing (C).

(D) Network diagrams showing the number of times stabilizing regions are found within <10.8 A of each other. Nodes represent the stabilizing regions and are
colored as in Figure S13A. The intra-protofilament (within a single layer) and inter-protofilament contacts are shown by black and red lines, respectively. The width
of the lines indicates the number of times a contact between the stabilizing regions occurs across all members of the group. The a-synuclein structures are
separated into distinct polymorphs based on the cluster groups identified in Figure 2. The percentage of structures involved in each contact within a group is

presented in Table S3.

residing in groups 2 and 4 (8pk4 vs. 8pjo RMSD 25.4 A).** In
addition, small changes in sequence (e.g., truncations, point mu-
tations, phosphorylation at specific sites) in both a-synuclein and
tau have contributed to the different amyloid structures ob-
tained.*>*>°* This raises the possibility that the growth condi-

tions, and/or changes in the protein sequence, might steer amy-
loid formation into the different fold clusters. We also questioned
whether the fibrils found in disease might be more stable, or
involve different stabilizing regions/residues, than their counter-
parts formed in vitro. The different resolutions of the fibril
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structures and sparse population in number of entries for

some groups makes statistical analysis of significance
difficult. Nonetheless, these calculations suggest that there is
no gross difference in stability of ex vivo a-synuclein fibrils'*~'®
compared to those formed in vitro (no seed) (Figure S18A). Simi-
larly, the different ex vivo (or seeded from ex vivo) structures of
tau also have similar stability'” 224365561 (Figure S18C).
Lastly, we compared the overall stability for each polymorph be-
tween each RMSD cluster group (Figures S18B and S18D).
Again, we found no large differences between cluster groups,
although we note that some groups are so sparsely populated
that firm conclusions cannot be drawn until more examples of
fibril structures in the currently lowly populated classes are
obtained.

Disease relevant polymorphism

a-Synuclein

Using the data presented above, we grouped 95 high-resolution
structures from the 101 solved cryo-EM structures of a-synuclein
amyloid (Figure S1) into their respective RMSD clusters (Figure 5)
showing the location of the 11 stabilizing regions defined in
Figure S13A. This analysis highlights the utility of the structural or-
ganization and classification and provides insight into how
sequence modifications or solution conditions can result in a pro-
tein forming amyloid in a similar or highly distinct structural class.
Furthermore, for structures with a common topology, it can assign
which entries are structurally most closely related.

Starting with the structures of amyloid obtained from individ-
uals with Juvenile-Onset Synucleinopathy (JOS) (8bgv and
8bqw), ' the analysis shows that the protofilament folds fall into
the largest group (cluster group 8) (Figure 5, red box) and hence
they adopt an amyloid topology related to those solved from
many in vitro studies. The closest related in vitro amyloid structure
to the JOS amyloid structures is 8pk2** (formed at pH 7 in phos-
phate buffered saline (PBS)) with an average RMSD 2.3 A

The amyloid fibrils purified from individuals with MSA (6xyo, '®
6xyp,'® and 6xyq'®) contain two different protofilament struc-
tures within the same assembly. The first protofilament structure
is located in RMSD cluster group 7 (6xyo_1, 6xyp_1, and
6xyqg_1)"® (Figure 5, green box). It has a distinct structure with
an extended N-terminal region that includes stabilizing region 2
that forms a contact with stabilizing region 3 (Figure S19)
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Figure 4. Visualization of stabilizing regions
using network diagrams and protofilament
folds for example a-synuclein structures

Shown are two example structures: 6SST** and
6CU7° taken from the two largest cluster groups
(Figure 2), group 4 and group 8, respectively. Both
structures are formed from two protofilaments.
For each structure, a single protofilament has
been labeled with its stabilizing regions denoted
by small, numbered circles and contacts within
<10.8 A shown as solid lines. For both the network
diagrams and the annotated structures, the intra-

protofilament (within a single layer) and inter-pro-
tofilament contacts are shown by black and red
lines, respectively. For simplicity, the second

mmmm |ntra-molecular

=== |nter-molecular

protofilament for each structure is unlabeled
except for instances of inter-protofilament
contacts.

(average RMSD to the nearest in vitro structure, 8hzb®* of
12.2 A). The second MSA protofilament structure, found in group
8 (Figure 5, green box), extends in the C-terminal region
including stabilizing region 11 forming contacts with stabilizing
regions 8, 9 and 10 (Figure S19). While 6xyo_2 remains distinct
from the other MSA amyloid protofilament folds, 6xyp_2 and
6xyq_2'° show high structural similarity to some structures
formed from wild-type a-synuclein in group 8 formed in vitro,
with the closest being 7nck®® and 9euu® (both with an average
RMSD of 2.8 A). Interestingly, both 7nck®® and 9euu® were pro-
duced by incubating wildtype a-synuclein monomers with MSA
seeds. While both 7nck®® and 9euu®® closely resemble the
MSA folds, 7nck®® only recapitulates the fold with the shorter
fibril core and is unusual in that this entry contains only a single
protofilament (81 out of 95 of the well-resolved a-synuclein am-
yloid structures contain >2 protofilaments). In 9euu,® both pro-
tofilaments adopt the shorter fibril core fold of MSA polymorphs.
Hence, creating polymorphs in vitro with structures identical
(rather than topologically related) to those of ex vivo MSA fibrils
remains a challenge, even with seeded assembly.

Similarly, 8a91'* is the sole member of cluster group 9
(Figure 5, blue box), solved from an ex vivo PD sample. This
structure is unique and has yet to be reproduced in vitro. The
closest related structure to 8a91'* is 717h°® in group 5 (RMSD
of 9.9 A) which was produced by incubating a-synuclein
in vitro in the presence of tau monomers.

The analysis presented can be used to investigate the impact
of different growth conditions on the adopted amyloid structure.
For example, six structures of a-synuclein amyloid assembled in
the presence of lipid have been solved to date. Three lipidic
structures, 8adu,®” 8adv®” and 8adw,®” are found in group 3
(Figure 5, purple box). The other three structures formed in the
presence of lipid are in cluster group 4 (Figure 5, purple box),
all 3 of which are closely related (8a4l°” and 8ads®’) (RMSD
0.2 A), with 8aex®” being the most dissimilar with an average
RMSD of 2.8 A.

Next, we analyzed the impact of familial mutations on the
adopted a-synuclein polymorph. The familial variants A53E
(7uak®™), A53T (BIrg"” and 7wnz*®) and H50Q (6peo and
6pes_1°° and 6pes_2°9 (all formed in vitro) are found in group
8 (Figure 5, dashed boxes) and are structurally similar to the
MSA type 2 and JOS ex vivo structures. One exception is
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7w00,%® an A53T variant, which is found in group 4 (Figure 5,
green dashed box box). The E46K variant (structures 6l4s*
and 7¢1d®%) and the G51D variant (7e0f°") are found in cluster
group 10 (Figure 5, black/purple dashed boxes, respectively. It
is also noteworthy that E46K has also been shown to form an
amyloid polymorph (6ufr*®) similar to 7ncg®® (RMSD 2.0 A) and
8pjo™** (RMSD 0.8 A) formed from wild-type a-synuclein in cluster
group 4 (Figure 5, black box).

Tau

The 62 high resolution structures from the 68 solved cryo-EM
structures of 3R+4R and 4R tau amyloid shown in Figure S2 are
grouped into their respective clusters in Figure S20. Notably, the
largest cluster group (group 3) contains all the 3R+4R tau
structures (Figure S11A), while 4R tau structures are distributed
across multiple groups, including group 3. Akin to the analysis
for a-synuclein fibrils, classification of the different tau fibril folds
also enables comparisons of the effects of fibril growth conditions,
mutations and fibrils purified from individuals with different tauopa-
thies to be readily compared. For example, analyzing the clustering
of classes by disease showed that structures from the following
tauopathies clustered together in the largest cluster group (group
3): Alzheimer’s disease (503l,'” 8azu,®® 8bgs,'® 8bgv,'® 8uq7,°
8fug,”® 7nrv,%” 7upe,®® 7upf*® and 7nrx®’), Down syndrome
(9bxi,*® 9bxq,”® 9bx0°® and 9bxr>®), Alzheimer’s disease with
Down syndrome (8seh”® and 8sei°®), cerebral amyloid angiopathy
(7mkf**), Age-related tauopathy (7nrq,®” 7nrs®” and 7nrt®’), amyo-
trophic lateral sclerosis with Parkinsonism dementia complex
(8otj,?" 80ot6," 8otg,’ 8otc,”' 8oth®' and 80t9°"), chronic trau-
matic encephalopathy (Gnwp,'® 8byn,*® 6nwq'® and 8oti®'), and
subacute sclerosing panencephalitis (8caq®® and 8cax’®). Each
of the aforementioned structures display great structural similarity
with the largest RMSD value occurring between 8bgs'® and 8oti®’
of 5.9A.

Interestingly, we found that a subset of diseases form structural
classes that are distinct from other tauopathies, but are closely
related to each other. Group 6 is solely comprised of structures
from corticobasal degeneration (CBD) (6tjx°” from ex vivo sam-
ples, 8orf®® and 8org®® from cell extracts seeded with ex vivo
CBD fibrils) and argyrophilic grain disease (7p6d°" and 7p6e°’).
The largest RMSD score for group 6 is 11.9 A between 6tjx*?
and 8orf.° Similarly, group 8 contains structures from progres-
sive supranuclear palsy (PSP) (7p65°"), globular glial tauopathy
(7p66,°" 7p67°" and 7p68°") and limbic-predominant neuronal in-
clusion body tauopathy (7p6a,®' 7p6b°" and 7p6c°') amyloids.
The largest RMSD score for group 8 is 10.4 A between the PSP
structure, 7p65,°" and the globular glial tauopathy fold, 7p67,°"
showing that fibrils with a related topology can differ significantly
in atomic detail. In other cases, tauopathies that are clinically
similar but neuropathologically distinct, such as both CBD and
PSP, have different topological folds that are clustered in the
structural classes of group 6 and group 8, respectively.®’""

Looking at mutant tau structures, V337M (9eo7,°* 9eoh,””
9eoe,” and 9e09°%), R406W (9eog®) and D395G (9erm,°*
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9ern®® and 9ero°®) comprise the remaining structures in group
3. Other structures of mutants result in distinct topologies that
become sole members of their RMSD cluster group: S202E +
T205E + S208E (8ttl°%) in group 2, S396E + T403E + S404E
(8ttn>?) in group 7 and P301L (8wcp’?) in group 10. The point mu-
tation, P301S, is of particular interest as it forms two amyloid
structures that are not only distinct from each other (RMSD for
8092'° and 8q96'° is 42.2 A) but also from the other published
4R and 3R+4R tau structures. The closest structure to 8q92'°
is 9eoh® with an RMSD score of 24.3 A. 8q92'° forms its own
distinct cluster (group 5) whereas 8q96'° is in group 11, but ap-
pears visually distinct from the only other member, 6gjh”® (RMSD
17.2 A). Hence, single residue substitutions can drive assembly
to a different amyloid fold, highlighting the sensitivity of the as-
sembly process to small sequence changes (and presumably
therefore also to post-translational modifications in vivo).

DISCUSSION

Classifying protein structures into different, or structurally
related, families of folds has been vital to understand protein
function.?*° In these approaches, protein folds that belong to
the same class are grouped and further divided into sub-classes
based on additional metrics such as evolutionary origin,
sequence conservation, topology, and the arrangement of sec-
ondary structure elements. We have shown here that a similar
strategy can be used to interrogate amyloid structures, espe-
cially those for which sufficient different sequences have been
solved to near-atomic resolution. This enables the similarity of
their folds (the topological class, defined by the proximity of sta-
bilizing elements of structure) and their relatedness within a to-
pological class (defined by RMSD) to be clustered and classified.
The high-throughput nature of our analysis pipeline enables the
rapid comparison of newly solved structures to the expanding
database of pre-existing topological classes for a given protein
of interest. The scripts written for this analysis are available on-
line (see data and code availability).

We demonstrate our strategy for a-synuclein, 3R+4R tau,
and 4R tau amyloids. The results highlight that the current
a-synuclein amyloid structures can be clustered into 11 distinct
classes, in which two (clusters 4 and 8) contain the vast majority
of structures solved to date (81 of the 95 well-resolved structures
considered here). For tau, 11 structural classes are observed,
with one (group 3) containing 40 of the 62 well-resolved tau
amyloid structures deposited to date. The different ex vivo tau
amyloid structures occupy 3 of the 11 topological classes.

Another striking finding from our analysis is that all 95 amyloid
structures of a-synuclein have similar per-residue stability profile
(Figure 3A) and have a similar overall stability in the fully formed
fibril (Figures S18A and S18B). This result was recapitulated for
tau (Figures S18C and S18D). This suggests that the fibrils
observed are perhaps being those that are kinetically most
able to nucleate and/or elongate,** rather than being those

Figure 5. High-resolution cryo-EM «-synuclein structures grouped into RMSD clusters and colored by stable regions

Solid blue, red and green line boxes denote structures solved from ex vivo samples from Parkinson’s disease dementia (PDD), MAAAEKT insertion JOS, and MSA,
respectively. Structures formed in the presence of lipid are indicated by solid purple outlines. Dashed boxes are structures solved from familial variants of a--
synuclein: H50Q (blue), A53E (red), A53T (green), E46K (black), and G51D (purple). The order in which structures are shown in each group is based on their fold
similarity, matching the order of the dendrogram in Figure 2 from left to right. Stable regions are colored as shown in Figures 3D and S13A.
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that are most stable thermodynamically. In contrast with the
folding of globular proteins, therefore, the ultimate fold of amy-
loid fibrils is determined by the assembly process, rather than
the amino acid sequence alone. Recent findings which show
that amyloid fibrils formed early in assembly differ structurally
from those observed at steady state also raise the possibility
that the amyloid structures formed in vitro that have been solved
to date may not represent the endpoints of an assembly reaction,
but could be assembly intermediates.”*”® Further experiments
in which the influence of mechanism of assembly (the balance
of primary versus secondary events), the solution conditions
(titration of different ligands, e.g., lipids, metal ions, metabolites
and others) and changes in the sequence (truncations, mutations
and relevant post-translational modifications) are tracked over
the time-course of assembly will be needed to better understand
how amyloid formation is funneled toward a specific polymorph
and to address the gross differences in polymorphism in amyloid
fibrils formed in vitro compared with those observed ex vivo.

Identifying growth conditions that recapitulate disease-spe-
cific polymorphs will provide further insight into the factors that
govern the amyloid fold adopted, as well as allowing the repro-
duction of disease-relevant amyloids for use in in vitro and in-
cell experiments. The classification of amyloid structures into
different topological groups, ordered by their closest structural
neighbors, enables the identification of solution conditions that
result (or most closely result) in the formation of a particular am-
yloid fold of interest. Our analysis shows that for a-synuclein, the
JOS protofilament fold can be recapitulated in vitro, whereas
those for the MSA and PD polymorphs remain limited to
ex vivo samples, at least to date.

Finally, we have also shown that the per-residue thermody-
namic profile of a-synuclein and tau amyloid folds is consistent
across polymorphs, with the same, or very similar, regions of
the sequence contributing to fibril stability. The different amyloid
structures thus result from the differential pairing of these stabi-
lizing regions into an amyloid fold. The thermodynamic stability
of the amyloid fold, hence, does not define the product of assem-
bly (at least over the timescales currently tested and structures
currently available). Instead, the amyloid structure that is
observed must result from the kinetic search for the amyloid
fold. Factors that reduce kinetic barriers, alter solubility, or tip
what must be a shallow energy landscape with deep energy
wells, will determine which amyloid fold(s) result.
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METHOD DETAILS

Collating a-synuclein structures

The analysis pipeline employed in this work was designed to enable high-throughput analysis of amyloid structures. As new struc-
tures are being solved at an increasingly high rate, we created a web-scraping Python’® script that retrieves the PDB codes for a
given protein of interest directly from the amyloid atlas. This way, the analysis pipeline can be repeated upon the release of new struc-
tures. The structures analysed in this work incorporate all published cryo-EM structures of a-synuclein listed on Amyloid Atlas as of
September 2024 and are curated in Tables S1 and S2.

Quality control and validation

Structures with low resolution were removed before structural and thermodynamic analysis to account for differential quality and res-
olution amongst the published structures. The quality of each structure was determined using their Q-scores.?® To retrieve the
Q-scores, a web scraping script was written in Python’® to extract the Q-scores for each structure from the Electron Microscopy
Data Bank.”” First, the average Q-score for each individual structure is determined. Structures with an overall low quality (determined
as the mean minus one standard deviation from the average Q-score from all published structures) were removed from the analysis
(Tables S1 and S2) (Figures S3A and S4A). As FoldX requires high-resolution structures for accurate calculations, we removed poorly
resolved individual residues from an overall well-resolved structure. As before, the mean Q-score for each residue from all structures
was calculated. Residues with a Q-score lower than the mean minus one standard deviation were removed from thermodynamic
analysis (Figures S3B, S3C, S4B, and S4C).

RMSD clustering

The R’® package dendextend’® was used for hierarchical cluster analysis of amyloid fold similarity using the calculated RMSD
scores. The Euclidean distance between datapoints was calculated and the dendrogram was constructed using average-linkage.
To assign the cut height, scree plots were generated for both a-synuclein and tau (Figure S10). From this a cut height was assigned
and manually adjusted to create groups with visibly distinct amyloid folds. The assigned cut heights were 6.7A and 5.5A for
a-synuclein and tau, respectively.

Calculating AG° per residue
The FoldX version 5 force field”” was used to calculate the overall contribution of each residue to the total free energy (AG®) for high-
resolution a-synuclein and tau structures. To account for published structures differing in the number of layers, each structure was
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extended to a layer depth of 10 (i.e. each fibril contained a stack of 10 monomers). Only the internal 8 layers were used for FoldX
calculations with the terminal monomers being ignored to account for the loss of stabilizing head-to-tail stacking interactions.
Most published structures do not include water molecules, so all water atoms were removed prior to thermodynamic analysis. Res-
idue 35 from the a-synuclein structure 7v4a®° was removed from Figure 3A as an outlier due to incorrect modelling of the side chain
(AG® per residue = 9.54 kcal.mol™).

A Python’® script using the pyFoldX package®' was used to automate FoldX calculations of AG® allowing for high-throughput anal-
ysis. First, the command RepairPDB is used to minimise the energy of the structure by rearranging the side chains to find a new en-
ergy minimum. Next, the script runs the command, SequenceDetail, which returns the FoldX calculated energy terms averaged for
each residue. SequenceDetail calculates the total AG° contribution for each residue as follows:

AG® = AG,,, + AGy+AGy,p+AG,, + AGr, o+ AGZ + AG,,, + AGZg, + ASmc + ASse

wdw kon

The total contribution to free energy for each residue is calculated by summing the following individual energy terms; the sum of
Van der Waals contributions (AG®,qw), the solvation energy for apolar (AG°s.vn) @and polar groups (AG°sowp), Water bridges (AG®yp),
hydrogen bonding (AG°hpong), €lectrostatic interactions (AG°)), @ second metric measuring the electrostatic interactions between
different polypeptide chains (AG°xon), steric clashes (AG°qash), and the entropy of the main (AS,,c) and side chains (ASgc). The total
contribution to free energy does not include the backbone van der Waals clashes.

Calculating solvation free energy

Calculating the solvation free energy was achieved using methods developed by the Eisenberg group.®”**® Firstly, each PDB amyloid
structure is extended to a layer depth of 10 and all hydrogen atoms are removed. Next, 1000 points are evenly distributed on the
surface of each atom using the golden spiral algorithm. Using these points, the solvent accessible surface area (SASA) of each
atom in the fibrillar state is calculated. The SASA for each residue in the unfolded state is calculated using isolated tripeptides.
For residue i in the unfolded state, all atoms except for the main chain atoms of residues i + 1 and i - 1 are removed and SASA is
recalculated. Using the folded and unfolded SASA values and the atomic solvation parameters (ASP) reported previously,*”*® we
can calculate the solvation energy using the following formula:

n
AGS = Ao ZfA, — UA;
i=1
where the solvation energy (AGy) is given as the sum across all atoms (n) of the dot product of the ASP (Ac) and the area buried. The
area buried is calculated from the difference in SASA from the folded (fA) and unfolded states (UA).

Defining stable regions

To define stabilizing regions within each amyloid structure, the AG° at each residue position was calculated using FoldX and aver-
aged for all structures giving a single value representing the mean AG® per residue at each position. The data were smoothed using a
sliding window average with a window size of 3. In addition, the mean AG* for all residue positions from all structures was calculated
and used as the threshold for determining stabilizing regions.

The local minima and maxima were calculated by employing the turnpoints function within the R package pastecs.®” Consecutive
residues between two local maxima with a mean AG° per residue lower than the assigned threshold were defined as a stabilizing
region. This process was repeated between all local maxima peaks (Figure S13). This analysis identified 11 stabilizing regions of
a-synuclein comprised of the following residues: 2-5, 15-17, 26-27, 36-40, 48-50, 52-55, 63-65, 69-72, 74-78, 88-89 and 93-95.
For tau, 17 such regions were observed: 275-283, 285-287, 296-301, 306-314, 317-319, 327-331, 336-340, 343-345, 350-351,
353-354, 358-364, 375-377, 391-395, 397-399, 405-411, 423-427 and 435-438.

p-strand assignment

A Ramachandran plot was generated for each structure and, using the thresholds specified by Wilmot and Thornton, 1990,%°
each residue was classed as either B-strand or non-f-strand. In addition to phi psi angles, residues were only considered to be
in a p-conformation if they belonged to a continuous p-strand of >4 residues (Lp > 4). As previously described,”’ we counted
the number of times a given residue occurred in a p-conformation across all chains from all structures. Taking the number of
B-conformation occurrences and the total number of occurrences, we calculated the fraction in p-conformation for each residue
(Figure S14).

Programs and packages

Work with PDB structures was conducted using Python’® and the molecular visualisation tool PyMol.*® Web scraping was written in
Python using the BeautifulSoup4®* library. Data analysis was performed using R”® in RStudio.®® Data visualisation employed the R
package ggplot2®® with the exception of network diagrams which were produced using the R package igraph.®”-%¢
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QUANTIFICATION AND STATISTICAL ANALYSIS

Pearson correlation was performed to compare the outputs of AG° per Residue and Solvation Free Energy calculations (described in
the legends of Figures S5 and S6). Pearson correlation was also performed to compare the similarity of AG® per residue profiles of all
a-synuclein structures and all Tau AG® structures (described in Figure S12 legend). A non-parametric Wilcoxon rank sum test was
used to test whether for significant difference in the thermodynamic stability of a-synuclein and tau amyloid fibrils formed under
different conditions, (described in Figure S18 legend).
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