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Abstract

Hydration plays a crucial role in the refolding of intrinsically disordered proteins into amyloid
fibrils; however, the specific interactions between water and protein that may contribute to this
process are still unknown. In our previous studies of alpha-synuclein (aSyn), we have shown that
waters confined in fibril cavities are stabilizing features of this pathological fold; and that amino
acids that hydrogen bond with these confined waters modulate primary and seeded aggregation.
Here, we extend our aSyn molecular dynamics (MD) simulations with three new polymorphs

and correlate MD trajectory information with known post-translational modifications (PTMs) and
experimental data. We show that cavity residues are more evolutionarily conserved than non-cavity
residues and are enriched with post-translational modification sites (PTM). As expected, the
confinement within hydrophilic cavities results in more stably hydrated amino acids. Interestingly,
cavity PTM sites display the longest protein-water hydrogen bond lifetimes (HBL), three-fold
greater than non-PTM cavity sites. Utilizing the deep mutational screen dataset by Newberry et. al.
and the Thioflavin T aggregation review by Pancoe et. al. parsed using a fibril cavity/non-cavity
definition, we show that hydrophobic changes to amino acids in cavities have a larger effect on
fitness and aggregation rate than residues outside cavities, supporting our hypothesis that these
sites are involved in the inhibition of aSyn toxic fibrillization. Finally, we expand our study to
include analysis of fibril structures of tau, FUS, TDP-43, prion, and hnRNPAL; all of which
contained hydrated cavities, with tau, FUS and TDP-43 recapitulating our PTM results in aSyn
fibril cavities.
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Introduction

Amyloid fibril formation and deposition is correlated with the onset and progression of
several neurodegenerative disorders including but not limited to Parkinson’s, Alzheimer’s,
and prion diseasel®. Fibrils from various proteins associated with neurodegeneration have
been found in post-mortem brain histological samples and are neurotoxic when added
exogenously in both cell and animal models’~19, Recent studies have established the
connection between fibril polymorphism—the variety of conformations that arise from a
unique or similar protein sequence—and pathology1:12, One example of this are the unique
tau fibril conformations identified from brain samples from patients with chronic traumatic
encephalopathy, corticobasal degeneration, progressive supranuclear palsy and argyrophilic
diseasell.

Despite the vast evidence linking amyloid fibrils to pathology, few studies have
characterized the differences and similarities across fibril structures from different protein
sources and diseases using molecular dynamics (MD). Sawaya et al’s seminal article
reviewed structures and summarized common amyloid motifs, folding patterns and predicted
stabilities based on calculated solvation energies from the structures alonel3. This study
shed light on the commonalities between amyloid folds and the possibility of investigating
them using computational methods. Recently, using MD simulations, we showed that waters
that infiltrate cavities in both the NAC nanocrystal and Greek-key fold of aSyn are highly
stabilizing features that play a crucial role in maintaining the amyloid conformation4.
Furthermore, we demonstrated this effect in a set of experiments with aSyn fibrils, where
we found that the amino acids that interact with cavity waters (most notably threonine

72) are capable of eliminating monomer seeding onto wildtype (WT) fibrils and enhancing
primary fibril growth extent when mutated to more hydrophobic residues!®. Other groups
show that a subset of threonine residues that are located within the cavities of these

fibril structures are actively O-GIcNACYylated in the human brain, suggesting a role of
modifying enzymes on the modulation of aSyn conformation and aggregation propensity.
Indeed, the recent Parkinson’s disease familial mutant T72M demonstrates both loss of
post-translational modification (PTM) capability and enhanced aggregation relative to WT
aSyn, leading to pathology6-18, Interestingly, cavities have been observed in many other
amyloid structures (not just aSyn) and its been suggested that these are packing defects that
can be alleviated by ligands®. The presence of PTM sites within fibril cavities suggests an
alternative hypothesis, whereby modification of local hydration at cavity sites can lead to the
modulation of conformation, aggregation propensity and toxicity.

In a seminal paper by Newberry et. al.20, they performed a deep mutational scan of full-
length human aSyn, in which every single amino acid in the WT sequence was mutated
to the other 19 natural amino acids, revealing the full sequence-fitness landscape of aSyn.
Using an unbiased, model-independent approach, the periodicity in the sequence-fitness
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landscape suggested an alpha-helical structure-fitness relationship2. The publishing of this
thorough dataset provides the framework for the investigation of alternative structure-fitness
relationships; allowing us to test our hypothesis that cavity sites are more sensitive to
chemical modifications (probed via mutagenesis) than non-cavity sites.

Using MD simulations of 8 aSyn fibril structures and published datasets, we tested the
hypothesis that amino acids in aSyn fibril cavities are enriched with PTMs and regulate its
aggregation and toxicity profile; where we show that cavities contain functionally relevant
PTM sites such as O-GIcNAc and are more sensitive to hydrophobic changes that lead to
higher toxicity and aggregation rates. We then simulated 5 additional neurodegenerative
disease-associated proteins and show that the cavity enrichment of PTM extends to other
amyloid fibrils, suggesting a common role of PTMs in highly hydrated fibril cavity sites. In
total, we simulated 20 distinct fibril protofilaments from 6 unique proteins (aSyn, tau, FUS,
hnRNPA1, TDP-43 and prion protein)?1-36 for a total of 6 us of all-atom explicitly solvated
simulations.

aSyn fibril cavities are present across 8 distinct polymorphs

In our recent paper, we determined the presence of hydrophilic fibril cavities in the
recombinant rod (polymorph 1a, PDB: 6CU7) , twister (polymorph 1b, PDB: 6CU8) and
A53T (PDB: 6LRQ) fibril structures, as well as the brain-derived MSA Type IA and IB
polymorphs (PDB: 6XY0)!®. Here, we expanded our simulations to three new recombinant
aSyn fibril structures: H50Q (PDB: 6PES) and E46K (PDB: 6UFR) mutant fibrils, and the
WT aSyn polymorph 2b (PDB: 6SST). As shown in Figure 1, we detected hydrophilic
cavities in the new aSyn polymorphs (Figure 1F-H) as indicated by the volumes in gray,
green and red, which were identified using the last 25 ns of simulation with the Analysis of
Null Areas (ANA2) package developed by Barletta et. al®’.

Amino acids in fibril cavities of aSyn are evolutionarily conserved and contain PTM sites

The persistence of these hydrophilic cavities across aSyn fibril polymorphs from multiple
genotypes (WT, A53T, H50Q and E46K) suggests that this motif is conserved. Using

the ConSurf-DB server38:39 (which determines evolutionary conservation using sequence
homologues from several species), we tested this hypothesis by comparing the degree of
evolutionary conservation of amino acids inside and outside cavities of the 8 distinct aSyn
fibrils (Figure 2A). The average conservation score of amino acids in aSyn cavities is
approximately ~14% higher than amino acids outside of cavities (~5.6 to ~6.4).

Evolutionarily conserved motifs of mammalian proteins have been shown to contain PTM
sites that regulate function and stability; and are capable of modulating disease phenotypes
when mutated®?. Thus, we proceeded to map known aSyn PTM sites to the resolved residues
in the fibril structures to determine whether residues within these cavities are enriched in
PTMs. All tabulated PTMs are summarized in Supplemental Table T1 and were identified
by literature mining of published reviews (a list of pathogenic mutations obtained from

the NCBI ClinVar Database and reviews is also included)18:41-50, For each structure, we
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calculated the baseline percentage of residues that are PTM sites, which accounted for ~27%
of fibril residues. When parsed by cavity or non-cavity residues, ~33% of cavity residues are
PTM sites, whereas only ~20% of non-cavity residues are PTM sites (Figure 2B). Notably,
we observe PTMs such as ubiquitination (K43), O-GIcNAcylation (T54, T59, T64, T72,
T81, S87) phosphorylation (S87) and truncation (K58, V74, K80, G84, A89) in cavity sites.

PTM sites within aSyn fibril cavities have largest hydrogen bond lifetimes to solvent water

One of the most notable PTM sites within aSyn fibril cavities is T72 (present in

cavities across all structures except polymorph 2b, PDB: 6sst), which is known to be
O-GIcNAcylated by the O-GIcNAc transferase (OGT) enzyme in vivo. Interestingly, via
all-atom MD simulations, we have shown that this site has incredibly long hydrogen bond
lifetimes (HBLs) with confined solvent waters. Using REMD simulations and free energy
calculations, we show that the removal of these waters, which are cocrystallized and interact
with T72 and T75, lead to the de-stabilization of aSyn’s amyloid corel415,

This led us to hypothesize that PTM sites within cavities have longer HBLs than other
residues in the fibril structure. First, we calculated residue-water HBLs for the last 25 ns
of each of the triplicate simulations. As expected, amino acids in cavities have on average
larger HBLs than amino acids outside cavities (Figure 3A), displaying approximately a
4-fold increase in protein-water HBL (from ~10 ps to ~38 ps). Interestingly, when we
parse amino acids by both cavity and PTM, we found that PTM sites within cavities have
significantly longer HBLs (>50 ps) than all other residues (Figure 3B). We validated our
previous results on T72 and T75, two sites of O-GlcNAcylation found in human brains
known to inhibit the aggregation propensity of aSyn /n vitroand in primary neuronal
cultures1®17. As mentioned previously, T72 is also a site of mutation (T72M) linked to
Parkinson’s diseasel8. In addition, we detected T59 and S87, another two O-GlcNAcylation
sites found in human brain samples and known to reduce the aggregation capacity of
aSyn /n vitro*’:51:52_ |nterestingly, S87 can alternatively be phosphorylated, and a recent
study showed that modifying this site with either O-GIcNAc or phosphorylation leads to
two unique amyloid conformations, highlighting the importance of cavity PTM sites in
determining the amyloid fold and stability®3.

Since most PTMs occur at hydrophilic amino acids such as threonines, we calculated

the average Kyte-Doolittle hydropathicity of each cavity and non-cavity group (where
hydrophobic > 0 and hydrophilic < 0)%4. Figure 3C shows that PTM sites in cavities have
very similar average hydropathicities to residues in the other three groups, suggesting that
overall hydropathicity is not the defining characteristic for this effect.

Hydrophobic and not hydrophilic mutations in aSyn fibril cavities cause enhanced toxicity

Newberry et. al. performed an impressive study employing a deep mutational scan of aSyn
in yeast and determined a fitness metric to quantify aSyn induced toxicity relative to WT for
all 19 other amino acid at each residue positionZC. In Newberry’s analysis, they utilized the
a-helical structure of aSyn to explore the structure-fitness relationship, acknowledging that
although the a-helical conformation is the dominant species in the yeast synucleinopathy
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model, the amyloid and disordered oligomeric conformations may be present and contribute
to toxicity20.

Using this dataset, we imposed an amyloid fibril structure-fitness model and compared the
effects of mutating amino acids inside and outside of aSyn’s fibril cavities. As shown in
Figure 4A-B, we observe a lower overall relative fitness for mutations at cavity residue sites
than non-cavity sites when mutated to hydrophobic amino acids (W, F, L, I, V, M, C, A)
(Figure 4A-B), supported by an odds ratio of observing lower fitness of ~12 (Supplemental
Figure S1A). In contrast, there is an increase in fitness relative to WT when sites are mutated
to polar residues (Y, G, S, T, N, Q, H, R, K, D, E) for both cavity and non-cavity residues,
with no difference observed between the two groups.

As an important comparison to understand the relevance of cavities to the overall structure-
fitness relationship, we calculated and compared the fitness of non-amyloid beta component
(NAC) and non-NAC amino acids. The NAC domain (residues 61-95)°° has a high degree
of overlap with cavities and is known to be sufficient for robust aSyn aggregation and
toxicity®6, making it a useful reference scale to explore our hypothesis. When we group
residues by non-NAC and NAC, no statistical difference for either hydrophobic or polar
mutations (Figure 4C-D) was observed. However, we found an odds ratio of ~3 of
observing lower fitness in NAC residues relative to non-NAC, further confirming the known
importance of this domain (Supplemental Figure S1A).

Despite the overlap between cavity and the NAC residues, we observed a 4-fold higher
odds ratio of observing low fitness upon hydrophobic mutations in cavity/non-cavity amino
acids relative to NAC/non-NAC (~12 vs. ~3), suggesting a unique contribution of specific
amino acids that localize to cavities. In fact, when we compare the fitness of cavity unique
(n=9), NAC unique (n=8) and cavity/NAC overlapping (n=27) residues, we observe that
cavity unique and cavity/NAC overlapping residues have lower average fitness relative to
NAC unique residues (Supplemental Figure S2). Interestingly, the residues with lowest
fitness in the cavity unique group are K43 and T54, known to undergo ubiquitination and
O-GIcNAcylation, respectively; and G51, known to be mutated to G51D in Parkinson’s
disease?149. These results suggest that, similar to the NAC domain, aSyn fibril cavities are
relevant structural motifs that contribute to toxicity.

Mutations within aSyn fibril cavities are more sensitive to increases in hydrophobicity

We then grouped all residues that were defined as cavity in at least 1 of the 8 aSyn fibril
structures and performed a global linear regression of KD hydropathicity vs. fitness. Figure
5A shows that amino acids in cavities have a stronger negative correlation between KD
hydropathicity and fitness. Across the hydropathicity scale, mutating an amino acid in a
cavity results in a greater reduction in fitness relative to similar mutations in non-cavity
residues. In addition, the hydrophobicity threshold at which a mutation becomes more toxic
than WT aSyn is lower for cavity residues compared to non-cavity residues (x-intercept for
cavity regression is roughly ~2 compared to ~4.2 for non-cavity). This result agrees with the
observed increase in HBL for PTM sites within cavities; and supports our hypothesis that
amino acids in fibril cavities are regulatory of the toxic fibrillization of aSyn potentially via
hydration and steric effects.

Proteins. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nathan Kochen et al.

Page 6

Recently, Pancoe et. al. summarized the Thioflavin T aggregation rate of all published aSyn
mutations (both familial and artificial) as of 202251, Mutants were scored on a discrete
scale ranging from —2 to +1 where increasing scores correspond to faster aggregation

rates relative to WT aSyn. Using this dataset, we determined the correlation between KD
hydropathicity and aggregation rate for both cavity and non-cavity site aSyn mutants. Figure
5B shows that amino acids in cavities have a positive correlation between hydropathicity
and aggregation rate. In contrast, amino acids outside cavities had a slope close to zero. It
is important to note that the number of mutants reported by Pancoe et. al. is far less than
those in the Newberry et. al. dataset—only covering ~5% of the mutational landscape for
aSyn—resulting in the increased 95% confidence interval for the aggregation global linear
regression. Supplemental Figure S3 provides the distributions of mutations by amino acid
type included in the toxicity and aggregation linear regressions presented in Figure 5A-B.

Cavities with PTM sites are present in other neurodegenerative disease-related amyloid

fibrils

Our findings with aSyn led us to investigate whether these features are present in other
amyloidogenic proteins associated with neurodegenerative disease. To test this, we simulated
an additional 12 structures from the neurodegeneration-related proteins tau, prion, FUS,
TDP-43 and hnRNPAL. All of these proteins contain hydrophilic cavities of varying sizes
that possess either PTMs or disease associated familial mutation (FM) sites (Figure 6A-E
and Supplemental Figure S4). Three of the five additional proteins (tau, FUS and TDP-43)
contained PTM sites within the identified cavities. For both FUS and TDP-43, the average
HBL of cavity residue PTM sites were comparable to the average HBL of PTM sites in
aSyn fibril cavities (Figure 6F). In contrast, tau cavity PTM sites had a lower average HBL
than what was observed in aSyn, but still much larger than water-water HBL (~2 ps). A

full cataloging of the PTM/FM sites and fibril cavity properties (e.g., volumes, average KD
hydropathicity, average humber of hbonds, average HBLs and amino acid content are shown
in detail in Supplemental Tables T1 and T2 and Supplemental Figures S5 and S6).

In the case of tau, phosphorylation sites S356, T263, T361; methylation site K267 and
caspase-2 proteolytic cleavage site D314 have stable HBLs with water. Cleavage at

D314 by caspase-2 has been shown to yield a tau fragment that resists fibrillation and
misdirects tau towards dendritic spines causing memory deficits and neurodegeneration in
mice®’. Methylation at K267 has been reported to be present in paired helical filament
(PHF) isolates from Alzheimer’s disease (AD) brains using both mass spectrometry and
immunohistochemistry on hippocampal AD brain sections®8. Phosphorylation at T263 has
been not studied extensively, but it has been detected in seeding competent tau aggregates
isolated from AD brains, and it is commonly found to be phosphorylated concomitantly
with S262, a well-defined site that decreases binding affinity to microtubules upon
modification®®. Phosphorylation at S356 leads to a decrease in the Thioflavin S positive
aggregation of tau and is also implicated in the early onset frontotemporal dementia familial
mutation S356T60-62, Phosphorylation at T361 has been detected in post-mortem AD brains
and is modified by casein kinase 1 lambda (CK18), which is elevated in AD patients®3.64,
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In FUS, we observe elevated HBLs at S57, S127 and S135, three known sites of
phosphorylation, which have been shown to increase the liquidity of FUS condensates

and prevent the formation of irreversible aggregates#2:65-67_ In addition, S57 and S135 are
sites of ALS familial mutations (S135G and S57del), two modifications that eliminate the
phosphorylation sites®8:69, Finally, we observe a single PTM site with long HBL inside

the TDP-43 fibril cavities, which corresponds to S409, a site of phosphorylation in the
C-terminus of the protein. Modification at this site has been shown to be increased in
pathological TDP-43 inclusions in brain tissue samples of patients with FTD, ALS and other
neurodegenerative diseases’®.

Discussion

This study builds upon our previous work with aSyn and identifies a relationship between
PTMs and aSyn fibril cavity amino acids. We show that aSyn fibril cavities are hydrated
with confined waters and that changing these sites to hydrophobic amino acids which
eliminate potential PTMs and reduce hbond propensity results in higher toxicity and
aggregation rate relative to similar changes to residues outside cavities. It is important to
note that waters within hydrophilic cavities experience elevated HBLs due to confinement.
However, at the sites of cavity PTMs we observed even higher HBLsS, suggesting that
changes in the solvation of these residues will have a larger contribution to fibril stability.

Our analysis from simulations of FUS, TDP-43 and tau fibrils suggest that this phenomenon
may extend to other neurodegenerative disease associated proteins, as we revealed at least
one PTM site with exceptional solvent hbonding properties within the cavities of each one
of these amyloids. Although we did not observe PTM sites in the fibril cavities of prion and
hnRNPAL, the presence of familial mutation sites supports the hypothesis that cavity amino
acids influence the stability and toxicity of amyloidogenic proteins. Our results warrant
future /n vitroand in cellulo experimental studies to validate the relevance of the identified
PTM sites within hydrophilic cavities.

The results here support our hypothesis that cavities in disease-associated fibrils of aSyn
are locations where PTMs are capable of inhibiting the fibrillization cascade and are
conserved to reduce the possibility of toxic protein aggregation. In the cell, aSyn adopts
multiple conformations depending on function (e.g., alpha-helix classically associated with
membrane binding) or pathology (e.g., oligomers and fibrils associated with misfolding).
As shown by Newberry et. al.2%, mutants that modulate aSyn’s toxicity under the alpha-
helix structure-fitness model may correspond to loss of native function; whereas those that
modulate toxicity under a fibril structure-fitness model could represent a gain of toxic
function. The crossover between these two models may inform on residues that are relevant
to both loss and gain of function events and should be conserved at all costs. For example,
a fibril cavity residue that is also solvated in the alpha-helix (e.g., T72) likely plays an
essential role in regulating aSyn’s conformational state; whereby deviation from WT (e.g.,
T72M or T72-O-GIcNAC) can bias towards toxic or non-toxic ensembles.

From a disease etiology standpoint, it will be crucial to study whether the disruption of PTM
enzymes or their regulatory pathways are dysfunctional upstream of protein aggregation.
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From a therapeutic standpoint, these results could be leveraged to rationally activate or
inhibit PTM enzymes with small molecules as to globally modulate the modification

of amyloid-forming proteins. Tools such as proximity-directed engineered PTM enzymes
could be employed to modify sites predicted to have high water h-bonding activity with
bulky hydrophilic modifications as to efficiently block aggregation and evade functional
monomer conversion to toxic oligomers and fibrils. Proximity directed modification has
been successfully utilized to introduce highly polar O-GlcNAc modifications to aSyn

in cellulo in a specific manner by tethering the O-GIcNAc transferase (OGT) to a C-
terminal aSyn-specific nanobody’1. Alternatively, small molecules or peptides modified
with proteasomal, chaperone-mediated autophagy or PROTAC signals could be designed to
initially engage fibrils by binding to solvent accessible cavities, and subsequently directing
aggregates to protein clearance pathways.

Although we only focused on neurodegeneration-related proteins, preliminary inspection of
fibril structures of proteins associated with non-neurological disorders, such as transthyretin
(ATTR amyloidosis), lambda light chain 1 (AL amyloidosis) and serum amyloid A protein
(AA amyloidosis) "2, suggest that these cavities may be a common feature of fibril
structures— independent of source protein, sequence, tissue type or associated disease.

MD simulations of amyloid fibrils

MD simulations were conducted following the exact workflow detailed previously1®.
Briefly, we simulated fibrils in NAMD version 2.12 under the CHARMM 36 force field
with 10mer fibrils that we replicated along the z-axis’6-78, Each structure was fully solvated
in TIP3P water with a final concentration of 150 mM NaCl, which includes counter-ions for
charge neutralization.

Each system was energy minimized and equilibrated via sequential 0.1 ns minimizations
with fixed backbone constraints, followed by a 0.1 ns of NVT ensemble run, 0.5 ns
harmonic constraint applied to backbone atoms, 0.2 ns harmonic constraint release, and

a 1.0 ns NPT equilibration run. All simulations were conducted in triplicate with random
initial velocities seeded from a Maxwell distribution at 310 K and simulated for a production
run of 100 ns with a 1 fs time step. A full detail of protein, PDB entry, origin (recombinant
vs. brain derived), genotype (wildtype vs. mutant), fibril formation conditions, structure
determination method and resolved residues for each protein is presented in Supplemental
Table T3. Upon completion, trajectories were re-centered and checked for the absence of
self-interactions across the periodic boundary. In addition, root mean squared deviation
(RMSD) convergence was verified, (shown in Supplemental Figure S7). Global and per
residue RMSDs were calculated in VMD using the original 10mer structure as reference.

Cavity amino acid detection, volume, KD hydropathicity, hbonds and RMSD

Fibril cavities were detected using the Analysis of Null Areas 2’s (ANA2)37 pocket
discovery feature on the last 25 ns of simulation which we then used to build the cavity
amino acid content heatmap shown in Supplemental Figure S5A and Supplemental Table
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T2. Using the detected cavity residues, ANA2 was used to calculate volumes by sampling
5 equally spaced timepoints of the last 25 ns production run (75-100 ns of simulation) in
triplicate.

Average cavity RMSD was calculated by averaging the per residue RMSD of lining amino
acids in a given cavity. Similarly, average KD hydropathicity cavity scores were calculated
by averaging the KD hydropathicity of lining residues in a given cavity.

Hydrogen bond analysis

Cavity hydrogen bond counts were calculated using the VMD Hydrogen Bonds tool by
selecting waters within 5 A of cavity residues and counting the number of unique hbonds
between water and residues with distance and angle cutoffs of 3 A and 30°. Average cavity
hbonds were calculated by averaging the hbond contribution from each cavity residue. For
hbond counting we sampled the last 25 ns production runs every 0.2 ns for a total of 125
frames analyzed per simulation replicate.

Hydrogen bond lifetimes between residues and solvent water molecules were calculated in
MDAnalysis as previously described>79, Briefly, we used a water sphere of 5 A around
each residue as the cutoff for water-residue interactions. We calculated time autocorrelations
for residue-water hbonds using a 30 ps sliding window across the entire last 25 ns
production run and recovered HBLs using Equations 1-3 in MATLAB. Cavity HBLs were
calculated by averaging HBLs from cavity residues.

c(t) = (h/(’o)hf(fom

hr/(’n)z
Equation 1.
) = A7+ (1 - A)e !/
Equation 2.
HBL = / C(t)dt
0
Equation 3.

Evolutionary conservation scoring using ConSurf-DB

Conservation scores for resolved amino acids in fibril structures were obtained using
ConSurf-DB38:39, Briefly, ConSurf-DB utilizes published homologue sequences to build

a phylogenetic tree that is used to estimate the evolutionary rates at protein sites (considering
both natural substitution rates for amino acids and the phylogenetic tree branch length
between species). These rates are mapped into discrete conservation scores (1-9) that reflect
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the rate of substitutions per site per evolutionary time, with low conservation scores being
the most variable sites and vice versa.

Newberry et. al. aSyn deep mutational scan in yeast data mining

We downloaded the deep mutational scan fitness data published in Newberry et. al.2%, and
calculated average fitness scores for hydrophobic (W, F, L, I, V, M, C, A) and polar (Y, G, S,
T,N, Q, H, R, K, D, E) mutations at cavity and non-cavity sites. In our analysis for Figure
4A-B, we included tyrosine as part of polar residues due to the hydroxyl group that readily
hbonds with solvent waters (tyrosine was counted as a hydrophobic residue in Newberry
et.al.20). Furthermore, we excluded proline from hydrophobic and polar definitions as done
by the authors of the original paper. For the linear regression analysis, we correlated the
Kyte-Doolittle hydropathicity scores of the 20 amino acids relative to their average fitness
across non-cavity and cavity residues using GraphPad Prism 9.

Pancoe et. al. aSyn mutant aggregation rate data mining

Aggregation rate scores of mutations at cavity and non-cavity amino acids (as assigned by
Pancoe et. al.>1) were correlated to KD hydropathicity by fitting a linear regression model in
GraphPad Prism 9.

Statistical analysis

Conservation scores and PTM enrichment in fibril cavities were tested using paired Student
T tests. Global HBL comparison between cavity and non-cavity residues was tested using
an unpaired two-tailed Student T test. HBL and KD hydropathicity comparison between
cavity PTM sites to other residues in the structures was tested with a one-way ANOVA
with post-hoc Bonferroni correction for multiple testing. Newberry et. al.20 fitness data
comparisons (both cavity/non-cavity and NAC/non-NAC groupings) were conducted with
two-tailed unpaired Student T tests. Statistical significance for variance differences in fibril
cavity properties grouped by protein type in Supplemental Figure S3 were analyzed by
conducting one-way ANOVAs.

Additionally, we calculated odds and likelihood ratios with 95% confidence intervals (Cls)
for the key findings shown in Figures 2A, 2B, 3A, 3B, 4A and 4C, and referenced the

results in corresponding figure captions. We parsed the data by non-cavity/cavity (2A,

2B, 3A and 4A) or NAC/non-NAC (4C) and dichotomized properties of interest (low/high
evolutionary conservation, PTM site count, low/high hydrogen bond lifetimes and low/high
fitness). Dichotomization was conducted by calculating global averages for conservation
scores, HBLs and fitness, which were then used to parse residues into low (< global average)
and high (> global average) groups.
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6XYO IB (WT) 6PES (H50Q) 6UFR (E46K) 6SST (WT)

= PTM site = Mutational & PTM site

Figure 1. Hydrophilic cavities across 8 unique aSyn amyloid fibril structures/polymor phs.
(A-H) Fibril renders taken from the last 25 ns of MD simulation for each aSyn polymorph

(PDB ID and genotype indicated below each fibril). Cavity residues are shown in stick
representation with the indicated PTMs (magenta), familial mutation (FM; gray), and
FM/PTM (green) sites. Cyan residues represent cavity sites that are neither a PTM nor
FM. Different color densities indicate distinct cavities identified using ANA2.
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Figure 2. aSyn fibril cavity residues are evolutionarily conserved and contain an elevated
percentage of PTM sites.

(A) ConSurf-DB average conservation scores of cavity and non-cavity residues. Each data
point represents a unique fibril structure. Statistic is a two-tailed paired Student T test (**p
= 0.0011). For this analysis, 117 different homologous sequences of aSyn were utilized by
ConSurf-DB to construct multiple sequence alignments and to calculate the evolutionary
conservation scores. (B) PTM probability in whole structure sequences, inside and outside
fibril cavities. Each data point represents a unique aSyn fibril structure. Statistics shown are
paired two-tailed Student T-tests. Odds and likelihood ratios for comparisons in (A) and (B)
are shown in Supplemental Figure S1.
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Figure 3. Protein-water HBL s are enhanced at fibril cavity PTM sites.
(A) Residue-water HBLs of cavity and non-cavity residues across all aSyn structures

simulated. Each data point represents the HBL between a unique amino acid and solvent
water. Statistic shown is an unpaired two-tailed Student T-test (****p < 0.0001). (B)
Residue-water HBL grouped by cavity/non-cavity and PTM/non-PTM categories. Statistic
shown is a one-way ANOVA with comparisons to the non-cavity non-PTM group with
Bonferroni correction (****p < 0.0001). (C) KD hydropathicity of amino acids in subgroups
shown in (B). Statistic shown is a one-way ANOVA with comparisons to the non-cavity
non-PTM group with Bonferroni correction (**p = 0.0076). Odds and likelihood ratios

for comparison between cavity vs. non-cavity PTM site HBLs are shown in Supplemental
Figure S1.
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Figure 4. Hydrophobic mutationsin aSyn fibril cavity amino acidsreducefitnessin yeast cells.

(A) Relative average fitness of non-cavity and cavity residues mutated to hydrophobic
residues (W, F, L, I, V, M, C, A). (B) Relative average fitness of non-cavity and cavity
residues mutated to polar residues (Y, G, S, T, N, Q, H, R, K, D, E). Each data point
represents a single amino acid. Statistics shown are two-tailed Student T-tests (**p =

0.0022). (C-D) Comparison of fitness using non-NAC and NAC amino acid grouping. Odds
and likelihood ratios for comparison in (A) and (C) are shown in Supplemental Figure S1.
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Figure 5. Hydropathicity changes strongly dictate toxicity and aggregation rate at cavity sites.
(A) Linear regression of Kyte-Doolittle hydropathicity and fitness for non-cavity and cavity

residues (slope difference between lines p = 0.0606; intercept difference between lines ***p
=0.003). (B) Linear regression of Kyte-Doolittle hydropathicity and aggregation rate for
non-cavity and cavity residues (only slope of cavity residues is statistically significant at *p
=0.018).
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Figure 6. Hydrophilic fibril cavities are present in other neurodegener ation-related

amyloidogenic proteins.

(A-E) Renders of a representative tau, prion, FUS, hnRNPAL and TDP-43 fibril simulated.
(F) Residue-water HBL for PTM site amino acids in fibril cavities of tau, FUS and TDP-43.
Black dashed line indicates average HBL of PTM sites in aSyn fibril cavities. Prion and
hnRNPAL cavities lacked sites with known PTMs. Data point labels indicate residue number

and fibril structure.
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