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ABSTRACT

Alpha-synuclein (aSyn) is a presynaptic protein associated with several neurodegenerative
diseases. While the non-amyloid component (NAC) region of the aSyn sequence (residues 65-90)
forms the core of all aSyn fibrils, recent findings suggest that the flanking regions play a key role
in initiating or preventing amyloid formation. Two motifs in the N-terminal region, named P1
(aSyn[36-42]) and P2 (aSyn[45-57]), have been shown to be key modulators of fibril formation,
with deletion of these regions, or single-point mutations in the P1 region inhibiting amyloid
formation of full-length aSyn. In this study, we use the coarse-grained molecular dynamics
package DMD/PRIME20 to simulate the self-assembly of the P1 and P2 regions, alongside longer
segments P3 (aSyn[36-57]) and P3Next (aSyn[27-57]), and single-point mutations: focusing
primarily on L38M, L38A, and V40A, and additionally examining Y39A and S42A as secondary
variants, all of which have different effects on fibril formation of the full length protein in vitro.
The results show that P1, P2 and P3 have a high propensity to form parallel B-sheets while P3Next
tends to form B-hairpins within fibrillar structures. The L38M substitution reduces the formation
of both parallel B-sheets and B-hairpins, consistent with the inability of full-length aSyn containing
L38M to form amyloid fibrils in vitro at neutral pH and to aggregate in vivo in C. elegans. In
contrast, simulations of L38A and V40A show no such effect, consistent with their minimal impact
on full-length aSyn fibrillation. The simulation results suggest that the presence of P1/P2 hairpins
are required to unleash the amyloid potential of aSyn and offer a structural explanation of how

L38M mutation in this region protects the protein from amyloid formation.
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LIST OF FIGURE LEGENDS

Figure 1 aSyn regions and the peptide fragments that were simulated herein. The amphipathic N-
terminal (green) contains residues aSyn[1-60]. The central non-amyloid component (NAC) region
(red) contains residues aSyn[61-95]. The acidic C-terminal region (orange) covers the last 45
residues. P1 and P2 are short motifs in the N-terminal region (light green). The sequences of P1,
P2, P3, P3Next, and Clext are listed. Note the charges on the termini are blocked in the simulation
(see Methods).

Figure 2 Snapshots at different times during the early stage of fibril formation of P1-WT fragments
from one simulation. See also Supplementary Movie 1.

Figure 3 (a) Simulation snapshot of final conformation and schematic representation of U-shaped
and S-shaped conformation of P2 fibrils. Red indicates G51 and green shows all other residues.
(b) Simulation snapshots of P3 fragments at the end of each run show mixed fibrils with different
percentage of parallel residues within the fibrils. As P3 contains both P1 and P2, the color code is
used to display the position of P1 (red), P2 (green), and the in-between residues aSyn[43-44]
(blue). (c) Total interaction energy vs time for the four runs of P3-WT.

Figure 4 Conformational variability and B-hairpin statistics of P3Next-WT across seven
independent simulations. (a) Snapshots at the ends of the simulations of P3Next-WT fragments
reveal that the number of B-hairpins varies in the P3Next-WT fibrils. A color code is used to
display the position of P1 (red), P2 (green), the in-between residues aSyn[43-44] (blue), and the
additional residues in P3Next compared to P3 (orange). Enlarged section from the snapshot of Run
7 shows B-hairpins in the fibril. (b) Distribution of B-hairpin content for each of the seven
independent P3Next-WT trajectories, shown as violin plots. Each violin displays the full

probability density of B-hairpin counts during a run, with horizontal bars marking the mean and



vertical lines indicating extrema. (c) Pooled histogram of -hairpin content across all frames from
all seven WT trajectories shows that distribution is centered around 3—5 B-hairpins.

Figure 5 (a) Snapshots of final configurations of P1 peptide simulations with the sequence
substitutions L38M, L38A or V40A, as well as the wild-type P1 (P1-WT). Although all four
sequences formed multi-layer fibrils, the number of parallel and antiparallel -strands are different.
Each fibril is shown from two different angles through separate snapshots.

Figure 6 (a) Snapshot of B-hairpin formation in all P3Next variant fibrils. (b) The percentage of
B-hairpins formed in each fibril. The average percentage of B-hairpins in P3Next-L38M fibril is
less than in the fibrils of the other variants. P3Next-WT and L38M aggregated in all seven runs,
L38A and V40A did not aggregate in all simulations. The dashed lines and the numbers above
them indicate the average percentage of -hairpins formed by each variant. The figure also displays
probability values indicating statistical significance at the top.

Figure 7 (a) A possible mechanism for aSyn-FL-WT aggregation 2°. (b) A possible mechanism
for L38M inhibition of aSyn-FL. L38M affects aSyn-FL by reducing -hairpin formation in P1/P2
region and by inducing antiparallel structures. The colored blocks indicate the regions that are

simulated: P1 (red), P2 (green). The rest of the aSyn-FL protein is gray.



1 INTRODUCTION
Amyloid formation by a-synuclein (aSyn), a presynaptic neuronal protein, is associated

with several neurodegenerative diseases known as synucleinopathies'

, including Parkinson’s
disease (PD)>*, Parkinson’s disease dementia®, dementia with Lewy bodies®, and multiple system
atrophy®. aSyn fibrils are the major constituents of Lewy bodies and Lewy neurites- the cytosolic
filamentous inclusions found in neuronal cells of people with synucleinopathies’. Since the
connection between aSyn aggregation and PD pathology was established in 19978, researchers
have focused on understanding the aggregation pathways, fibrillar structures, and toxicity of aSyn,
with the aim of designing potential therapeutics.

Human oSyn is a 140—-amino acid protein that modulates neurotransmitter release’!”.

11,12

Under physiological conditions, it exists as disordered soluble monomers’ '~, membrane-bound

1314 "and oligomers'>"!7. Full-length aSyn comprises three regions (Figure 1):

(helical) monomers
the N-terminal domain (aSyn[1-60]), the central hydrophobic NAC region (aSyn[61-95]), and the
C-terminal domain (aSyn[96—140]). Although the NAC region forms the fibril core in all resolved
oSyn amyloid structures'®, the N- and C-terminal regions play critical roles in regulating
nucleation and aggregation kinetics'® 2>,

Multiple lines of evidence implicate the N-terminal region in promoting aSyn self-
assembly. Six of the seven familial PD mutations are found within aSyn[46-53]%*, and
modifications to the imperfect KTKEGV repeats within aSyn[9-30] strongly modulate
aggregation’*. The PreNAC fragment (aSyn[47-56]) forms steric-zipper protofilaments in
isolation?®. The formation of transient p-hairpins in residues aSyn[37-54] is suggested to be an

important element in initiating oligomerization by acting as intermolecular binding elements?®,

Multiple experimental approaches that target this same motif have been shown to inhibit aSyn full-



length (aSyn-FL) oligomerization and fibrillation. In one approach, B-wrapin proteins (AS6927,
AS10?®) bind specifically to the aSyn[37—54] region and stabilize B-hairpin conformations,
forming complexes that sequester this aggregation-prone motif and prevent its participation in
fibril growth. In another approach, double-cysteine mutants within this region®-*° stabilize p-
hairpins and restrict conformational flexibility, thereby inhibiting fibril elongation of aSyn-FL?*-°,

Two motifs in the N-terminal region of aSyn were identified by Doherty et al.2

as key
modulators of amyloid formation in oaSyn-FL: Pl (G3VLYVGS4) and P2
(K4sEGVVHGVATVAES7). Deletion of P1, or of both P1 and P2, or substitution of these regions
with alternating glycine—serine sequences, inhibits aSyn aggregation in vitro. Deletion of P1 alone
prevents amyloid formation at neutral pH, whereas at lower pH deletion of both P1 and P2 is
required to achieve the same. Mutational analysis of P1 shows that mutation L38M inhibits the
nucleation phase of aSyn-FL amyloid formation but does not prevent fibril elongation from wild-
type seeds’!. More recent research and analyses have reinforced the central role of P1 in oligomer-
to-fibril conversion'” and demonstrated that targeting this region with nanobodies suppresses fibril
formation®?,

We investigate the self-assembly mechanisms of the P1 and P2 motifs to understand their
roles in aSyn-FL amyloid formation and to clarify how the L38M mutation inhibits fibrillation.
The spontaneous aggregation of a-synuclein peptide fragments was studied using discontinuous
molecular dynamics (DMD) simulations with the coarse-grained PRIME20 force field, which
employs a three-bead backbone with directional hydrogen bonding and residue-specific side-chain
interactions to capture secondary structure formation and sequence specificity>>=¢. We focus on a

series of fragments of increasing length: P1 (aSyn[36-42]), P2 (aSyn[45-57]), and P3 (aSyn[36—

57]), which span P1, P2 and their connecting residues. In addition to L38M, two non-inhibitory



mutations, L38A and V40A, were simulated for comparison. We also studied P3Next (aSyn[27—
57]), which extends P3 toward the N-terminus to assess the influence of flanking residues on P1/P2
assembly. We also simulate Clext (aSyn[14-35]), an extended peptide sequence derived from the
C1 motif (aSyn[14-20]) which was selected as a control to mimic the characteristics of the P1
peptide by Doherty et al?. They reported that deletion of the C1 motif in full-length aSyn did not
produce the same inhibitory effect as deletion of the P1 motif in the same experimental conditions.
The Clext sequence was extended to match the length of P3 to assess whether PRIME20

overpredicts aggregation in aSyn-derived peptides. All peptides are summarized in Figure 1.

Amphipathic N-terminal region Central region  Acidic C-terminal region

45 57 (NAC)
1 36| |42 60 95 140
V40A
L38M or L38A
P1 - [G35VLYVGS,,]
P2 - [K4sEGVVHGVATVAE;]
P3 - [G35VLYVGS 4, KT[K,sEGVVHGVATVAE5;]
P3Next - A,;EAAGKTKE[G35VLYVGS,,]KT[K,;sEGVVHGVATVAES;]
and

Clext — [G,,VVAAAEKTKQGVAEAAGKTKE 4]

Figure 1 aSyn regions and the peptide fragments that were simulated herein. The amphipathic N-terminal (green) contains residues
oSyn[1-60]. The central non-amyloid component (NAC) region (red) contains residues aSyn[61-95]. The acidic C-terminal region
(orange) covers the last 45 residues. P1 and P2 are short motifs in the N-terminal region (light green). The sequences of P1, P2, P3,
P3Next, and Clext are listed. Note the charges on the termini are blocked in the simulation (see Methods).

2 RESULTS AND DISCUSSION

2.1 Wild-type aSyn Fragments Assemble into Fibrillar Structures in All Simulations.
The spontaneous self-assembly of aSyn peptide fragments was investigated using

discontinuous molecular dynamics (DMD) simulation with the coarse-grained PRIME20 (Protein

Intermediate-Resolution Model) force field. Systems containing 48 P1 peptides or 24 P2, P3, or



P3Next peptides were simulated individually under conditions which allowed the fibrillation
process to be completed within a reasonable time frame, resulting in well-ordered secondary
structures. Independent simulations were performed for each peptide under each condition
explored: three replicas for each P1 variant and for P2, four replicas for each P3 variant, and seven
replicas for each P3Next variant. Hence a total of 59 simulations were performed. Simulation
concentrations and temperatures are listed in Table 1. Each simulation started with a system of
peptides in random coil configurations. The systems were equilibrated at fixed temperatures,
chosen to have enough energy to escape local minima but not so much as to prevent fibrillation.
In the DMD/PRIME20 simulations, all the wild-type fragments (P1, P2, P3, and P3Next)
assembled into fibril-like structures with varying types of internal organization. In our simulations,
a fragment is considered to be “aggregated” if more than 50% of the runs yield a well-ordered

assembly rich in B-sheet structure.

Table 1 Simulation conditions for all sequences.

Sequences ‘ T (K) ‘ Concentration Number of peptides
P1 310 10mM 48
P2 307 10mM 24
P3 330 10mM 24
P3Next 330 10mM 24
Clext 330 10mM 24

The  simulations of P1-WT  show  that this sequence favors  parallel  arrangements of  B-
strands when forming a  B-sheet, which then tends to stack in an antiparallel arrangement.
Snapshots of a P1-WT simulation are shown in

Figure 2. At the beginning of the simulation, all P1-WT peptides were in disordered
configurations. As time evolved, seven peptides quickly formed a small, disordered cluster
(0.24ps) with two parallel layers stacking in antiparallel arrangement. This cluster then grew to

form a larger disordered oligomer (0.35us). The peptides in this oligomer then rearranged

9



themselves into a five-layer [-sheet-rich conformation (4.08us). The five-layer structure
dissociated and became a smaller four-layer structure (4.18us). By ~14ps, the P1-WT systems had
formed a four-layer fibril with parallel B-sheets stacked in an antiparallel arrangement; this
structure persisted until the end of the simulation (~32us). On average, 90 £ 3% of the residues in
the fibril adopted parallel B-strand conformations. Antiparallel strands appear randomly within the
P1-WT B-sheets. The time evolution of the percentage of residues in antiparallel B-strands (Figure
S1a) and potential energy (Figure S1b) reveals the coupling between structural organization and
energetic stabilization during aggregation. A rapid energy drop within the first few microseconds
coincides with a decrease in the number of residues in antiparallel B-strands. After approximately
5 us, both quantities reached steady values, indicating that the systems had attained stable

aggregated states.

Ous 0.24ps
A 2\; ; r
%3 ’ :t: !
w1 v
i 20 5
A o :
" s N
4.08us 4.18ps 14.00us
b
dass et Ty )
.4 V ‘wﬁf‘-xﬁ\»f‘
6"\* t - | ‘tﬂl W

Figure 2 Snapshots at different times during the early stage of fibril formation of P1-WT fragments from one simulation. See also

Supplementary Movie 1.
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In  contrast to the Pl peptides, P2 peptides formed single-layer parallel p-sheets that curved
into U-shaped or S-shaped fibrils (

Figure 3a; Supplementary Movies 2 and 3 ), which elongated (as opposed to stacking
into multilayer assemblies). This curvature arises from the presence of Gly51 near the center of
the sequence and the formation of an inward-facing hydrophobic core with charged residues
exposed to solvent. Consequently, fragments containing P2 exhibit a high tendency to form bent
structures, including B-hairpins. These results are consistent with experimental observations of the
PreNAC fragment (aSyn[47-56]), which forms a nanocrystal structure with antiparallel stacked
B-sheets. Each B-sheet contained in-register parallel B-strands with a slight bend at G51 on each
strand®. Figure S2 presents our simulated structures alongside the PreNAC region of the

nanocrystal structure to highlight similarities in key structural features.

The P3-WT peptides formed single-layer B-sheets containing mixtures of parallel and
antiparallel  strands, the relative proportions of which varied across simulations, indicating that P3-
WT can access multiple aggregation pathways. This observation is consistent with the
polymorphic  behavior  observed  experimentally in  oSyn-FL  oligomers®®. As shown in Figure 83,
simulation runs in which antiparallel [-sheets remained dominant for extended periods tended to
exhibit slower fibril aggregation compared with runs that rapidly transitioned from antiparallel to
parallel ~ PB-sheet  arrangements. @ The  aggregation  process of P3-WT Run 3 is recorded in
Supplementary Movie 4. In contrast to full-length  a-synuclein, where intramolecular interactions

between the domains®’, intermolecular interactions between proteins®®, and protein-solvent
interactions®® facilitate repeated dissociation and re-association during fibril maturation, our
fragment simulations emphasize local aggregation within the P1/P2 motifs. Early in the

simulations,  peptides  undergo  frequent  association and  dissociation  events, reflected by large
energy fluctuations (

11



Figure 3c). Once oligomers formed, peptides generally remained stably associated, with fewer pathways for complete dissociation
due to the absence of long-range interdomain and solvent-mediated interactions. Local rearrangements and occasional peptide
dissociation still occurred to optimize packing, as evidenced by energy fluctuations (

Figure 3c), hydrogen-bond dynamics (Figure S4), and Supplementary Movies.
Consequently, our simulations primarily capture early aggregation kinetics and local structural
reorganization of the P1/P2 motifs, rather than long-timescale fibril maturation. To ensure that we
do not over-predict aggregation of P3-WT, we also simulated fragment Clext in the same
conditions as for the P3 system. Clext is an extension of fragment C1 that was predicted to have
low amyloid propensity by the Zyggregator method®®. Clext did not aggregate in any of our

simulations (Figure S5), consistent with the prediction.

(a) P2 fibrils: U-shaped (left) and S-shaped (right)
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(b) P3-WT fibrils

Run 1 Run 2 Run 3 Run 4

-1000

-2000

-3000

-4000

Potential Energy, kJ/mol

-5000

-6000 |
0 5 10 15 20 25 30 35 40 45

Time, microseconds

—Run 1-52% parallel—Run 2 - 65% parallel
~—Run 3 - 78% parallel—Run 4 - 61% parallel

Figure 3 (a) Simulation snapshot of final conformation and schematic representation of U-shaped and S-shaped conformation of
P2 fibrils. Red indicates G51 and green shows all other residues. (b) Simulation snapshots of P3 fragments at the end of each run
show mixed fibrils with different percentage of parallel residues within the fibrils. As P3 contains both P1 and P2, the color code
is used to display the position of P1 (red), P2 (green), and the in-between residues aSyn[43-44] (blue). (c) Total interaction energy
vs time for the four runs of P3-WT.
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Simulations of P3Next-WT produced 3-sheet fibrils with diverse morphologies, all of

which contained B-hairpin motifs (

Figure 4a; Figure S6). Analysis of B-hairpin counts across seven simulations shows
consistent distributions with similar ranges and averages, indicating reproducible

behavior rather than kinetic trapping (

Figure 4b). Across all seven simulations, B-hairpins counts are most frequently
observed between three and five, with values spanning from near zero to approximately

eight, demonstrating broad conformational sampling (

Figure 4C). The average percentage of B-hairpins formed within a single fibril was 23+1%.

Supplementary Movie 5 displays the aggregation process of P3Next-WT in Run 4.
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Simulations of various aSyn-WT motifs reveal structural tendencies that favor parallel -
sheets and B-hairpin formation, both of which are associated with enhanced aSyn-FL
fibrillation?>2%443_ In the simulations of P3-WT, the fibrils with higher numbers of parallel
residues aggregated faster than those with fewer parallel residues, consistent with previous finding
that antiparallel transient interactions delay fibrillation*? and must rearrange to form stable parallel
fibrils**. Our P3Next-WT (aSyn[27-57]) simulations predicted P-hairpin formation in all
simulations. In comparison, Yu et al.?® found that B-hairpins formed within the P1/P2 region of
aSyn-FL act as intermolecular binding elements that promote on-pathway parallel oligomer
formation, and that the isolated fragment aSyn[36—55] has an intrinsic propensity to form B-
hairpins. However, because our peptide extends further toward the N-terminus than theirs does,
the resulting hairpins display differences in geometry and in the positioning of specific residues
within the loop, with residue 38 often located at or near the turn. This extension provides an
important advantage, as it enables us to capture how single-point mutations at sites such as L38

and V40 alter the local structure — an issue addressed in the following section.

(a) (b)

P3Next-WT: B-hairpin distributions per run

10 1 - -

Number of B-hairpins

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7
Trajectory
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(©)

Distribution of B-hairpin content (P3Next-WT, 7 runs pooled)

0.20 4

e
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|

0.00
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Figure 4 Conformational variability and $-hairpin statistics of P3Next-WT across seven independent simulations. (a) Snapshots at
the ends of the simulations of P3Next-WT fragments reveal that the number of B-hairpins varies in the P3Next-WT fibrils. A color
code is used to display the position of P1 (red), P2 (green), the in-between residues aSyn[43-44] (blue), and the additional residues
in P3Next compared to P3 (orange). Enlarged section from the snapshot of Run 7 shows B-hairpins in the fibril. (b) Distribution of
B-hairpin content for each of the seven independent P3Next-WT trajectories, shown as violin plots. Each violin displays the full
probability density of B-hairpin counts during a run, with horizontal bars marking the mean and vertical lines indicating extrema.
(c) Pooled histogram of B-hairpin content across all frames from all seven WT trajectories shows that distribution is centered around
3—5 B-hairpins.

2.2 Effect of Single-point Mutations L38A, V40A, and L38M on the Self-assembly of

Fragments P1, P3, and P3Next.

We next investigated the effect of single point amino acid substitutions, L38A, V40A, and
L38M on amyloid formation of aSyn fragments. Previous experiments’! showed that the
substitutions L38A and V40A have no effect on the kinetics of amyloid formation of aSyn-FL, but
that L38M inhibits aSyn-FL amyloid assembly (fibrils were not observed at neutral pH over the

time course of the experiment). As no experiments have been performed on the equivalent
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fragments (substitutions in P1, P2, P3, and P3Next), DMD/PRIME20 simulations were performed
on these fragments containing these amino acid changes (Table 2) under identical conditions to
those used for the wild-type equivalents (Table 1). To assess -sheet formation, we classified each
peptide variant as 'aggregates' if B-sheets formed in more than 50% of simulations, 'inconclusive'
if 35-50% formed B-sheets, and 'doesn't aggregate' if fewer than 35% of simulations showed any

B-sheet formation.

Table 2 PRIME20 simulation results for all aSyn sequences. The term “aggregates” in the table means that $-sheets formed.

Sequences PRIME20 Simulations
P1-L38A aggregates
P1-V40A aggregates
P1-L38M aggregates
P3-L38A doesn’t aggregate
P3-V40A inconclusive
P3-L38M aggregates

P3Next-L38A aggregates
P3Next-V40A aggregates
P3Next-L38M aggregates

Simulations of all P1 variants (WT, L38A, V40A, and L38M) resulted in multilayer fibril
formation, but with distinct morphologies (Figure 5a and S7) and B-strand arrangements (Figure
5b). P1-L38A formed prism-like fibrils composed of parallel B-sheets, with reduced antiparallel
content (2 = 0%) relative to WT (10 = 3%). The irregularity in P1-L38A fibrils resulted from a
bend at V40 that created an exposed gap between stacked B-sheets, allowing monomeric P1-L38A
to bind at this site and extend into a new B-sheet (Figure S8). P1-V40A consistently formed
ordered two-layer fibrils with antiparallel stacking between parallel B-sheet layers and an
antiparallel content similar to WT (10 +4%). In contrast, P1-L.38M fibrils contained fewer parallel

17



strands and exhibited a significantly higher proportion of antiparallel residues (35+2%). These
results demonstrate that single-point mutations within P1 alter fibril structures and [B-strand

arrangements, with L38M uniquely promoting antiparallel arrangements.
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Figure 5 (a) Snapshots of final configurations of P1 peptide simulations with the sequence substitutions L38M, L38A or V40A,
as well as the wild-type P1 (P1-WT). Although all four sequences formed multi-layer fibrils, the number of parallel and
antiparallel B-strands are different. Each fibril is shown from two different angles through separate snapshots. (b) Average
percentage of antiparallel residues within a fibril.
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We next examined how sequence alterations affect the self-assembly of P3. In all four
simulations, P3-L38M formed single-layer fibrils composed of mixed parallel and anti-parallel
strands, similar to P3-WT. In contrast, P3-L38A failed to aggregate in three of four runs, even
when simulations were extended to ~39us (Figure S9). The results obtained for P3-V40A were
inconclusive as two runs formed mixed fibrils, while all peptides remained as random coils in the
other two runs (Figure S9). Overall, both L38A and V40A reduced the aggregation propensity of
P3 relative to WT. These trends differ from experimental observations for aSyn-FL, where L38A
and V40A do not affect fibrillation and L38M inhibits aggregation®!. In contrast, P3-L38M
aggregated consistently in our simulations. This prompted us to consider a peptide that extends
beyond P3 toward the N-terminal, P3Next (aSyn[27-57) (Figure 1). Note that extension at the C-
terminus was not considered as this region incorporates NAC. The increase in peptide length
allows assessment of the effect of N-terminal flanking residues. The different behaviors of P3 and
P3Next arise from the positions of the mutated residues relative to the B-hairpin—forming region.
In the P3 peptide, residues 38 and 40 lie at the N-terminus and cannot participate in the backbone
hydrogen-bond network or sidechain packing that stabilizes B-hairpins. Extending the sequence to
P3Next places these residues within or adjacent to the turn/strand regions, allowing them to

directly influence local backbone geometry, inter-strand packing, and hairpin nucleation.

Simulations of single-point substitutions in P3Next also show that the L38M mutation
reduces B-hairpin formation in fibril structures. Final snapshots are shown in Figure 6a and Figure
S10-S12. To quantify the impact of sequence variation, we measured the percentage of B-hairpins
in the fibrils formed at the end of each simulation (Figure 6b). Although all P3Next-L38M
simulations formed fibrils, the average B-hairpin content (16£2%) was lower than that of P3Next-

WT (23+1%). The percentage of B-hairpins in fibrils differs significantly between P3Next-L38M
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and -WT (p=0.009). In contrast, P3Next-L38A and P3Next-V40A exhibited higher average B-
hairpin content (46+8% and 36+6%, respectively), although these differences were not statistically
significant relative to that for WT (p =0.052 and 0.103). To assess whether differences in B-hairpin
content among P3Next variants could arise from limited sampling, we performed a statistical
power and sample size analysis*. For each comparison to P3Next-WT, standardized effect sizes**
were calculated, and the number of simulations required was estimated (Table S3; see
Supplementary Information for details). Variants with large effects, such as P3Next-L38M and
P3Next-L38A, require only 4-5 simulations, indicating that our seven simulations are sufficient.
P3Next-V40A, which has only moderate effect, requires 9 simulations. These results indicate that
the current sampling adequately captures large mutation-induced differences in B-hairpin
formation and that additional simulations are unlikely to alter the qualitative conclusions. The
finding that P3Next-L38M has a lower propensity to form B-hairpins compared with P3Next-
L38A, -V40A, and -WT is consistent with previous reports suggesting that B-hairpin formation

involving P1/P2 could be an important factor in initiating self-assembly of aSyn-FL?%%
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Figure 6 (a) Snapshot of B-hairpin formation in all P3Next variant fibrils. (b) The percentage of B-hairpins formed in each fibril.
The average percentage of B-hairpins in P3Next-L38M fibril is less than in the fibrils of the other variants. P3Next-WT and L38M
aggregated in all seven runs, L38A and V40A did not aggregate in all simulations. The dashed lines and the numbers above them
indicate the average percentage of B-hairpins formed by each variant. The figure also displays probability values indicating
statistical significance at the top.
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In simulations of L38A and V40A in the P3 and P3Next variants, a small number of
simulated systems failed to aggregate, suggesting either kinetic trapping or reduced
thermodynamic stability. To distinguish between these possibilities, non-aggregating systems were
subjected to a brief temperature-elevation step followed by annealing back to the original
simulation temperature, similar to a simulated annealing®. Several previously non-aggregating
samples reorganized into B-sheets after this perturbation (Figures S13-14), indicating that their
initial failure to aggregate arose from kinetic traps. In contrast, a subset of samples remained
disordered, suggesting thermodynamic effects. These systems were then simulated at lower
temperatures (325 K and 320 K) and results showed enhanced aggregation, with shorter lag times
at 320 K (Figures S15-17). Comparison across temperatures shows that the L38A and V40A
mutations reduce the effective fibrillization temperature relative to the wild type. These results
indicate that the non-aggregating behavior observed for these variants arises from a combination

of kinetic trapping and mutation-induced changes in thermodynamic stability.

In addition to the mutations L38M, L38A, and V40A, we simulated two additional variants,
Y39A and S42A, which have been reported to increase lag times and to result in the formation of
trapped oligomers in o-synuclein fibrillation!”?!. All the simulation conditions and results are
listed on Table S2. For P1, both Y39A and S42A exhibited higher antiparallel B-strand content
than P1-WT, -L38A, and -V40A, but lower than -LL38M, consistent with our overall conclusions.
The average percentage of antiparallel content for P1-Y39A and -S42A are 30+2% and 14+1%,
respectively (Figure S19). However, P3Next-Y39A and -S42A did not show the reduction in -
hairpin formation that is observed in L38M (Figure S22). Structural analysis indicates that Y39A,
which is located at the B-hairpin turn, tightens the turn and enhances B-hairpin formation (30 +

3%) compared with L38M (16 £ 2%) and WT (23 + 1%). S42A, which is positioned on the B-
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strand away from the turn, has little effect; therefore, its average B-hairpin content (23 + 3%) is
similar to that of WT. These results highlight the importance of mutation position in modulating

B-hairpin structure and aggregation behavior.

Our findings should be interpreted within the scope of the coarse-grained PRIME20 model,
which captures the essential physics of peptide aggregation while enabling efficient sampling.
PRIME20 was parameterized against 711 PDB protein structures and has successfully reproduced
aggregation pathways and fibril morphologies of multiple amyloidogenic peptides in prior
studies*®**>°, Because PRIME20 does not include explicit solvent or full atomistic interactions,
we interpret our results in terms of structural tendencies—such as B-strand registry and B-hairpin
formation—rather than absolute thermodynamic stability. To assess the physical stability of
representative DMD-predicted fibrils at atomistic resolution, one P1-WT and one P1-L38M fibril
were reconstructed to all-atom resolution using PULCHRA (Protein Chain Reconstruction
Algorithm)® and subjected to explicit-solvent molecular dynamics simulations. Across six
independent 500-ns trajectories, the reconstructed fibrils retained their B-sheet architectures
(Figures S23 and S28), with most peptide chains exhibiting stable Ca. RMSD values (<2 A)
(Figures S24-26 and S29-31) and no sustained loss of B-sheet content (Figures S27 and S32).
The absence of significant B-sheet loss of content indicates that the atomistic system preserves the

DMD-predicted fibril arrangements.

3 DISCUSSION and CONCLUSIONS

Although aSyn is involved in many neurodegenerative diseases, the mechanism of its
amyloid assembly and the role of the N- and C-terminal domains in fibrillation remain unclear.
Combining experimental and computational methods can provide insights into molecular

interactions that drive or inhibit amyloid formation, including the effects of amino acid
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substitutions. For aSyn, oligomerization is thought to be initiated by the formation of B-hairpins
within the PreNAC (P2) region?®. Conversion/growth of the oligomer to the fibril is accelerated
by the presence of parallel as opposed to antiparallel conformations***>, We have shown that
deleting P1 and P2?°, or mutating Leu 38 to Met (L38M) in P13! inhibits aSyn-FL amyloid
formation through different effects. In this paper, we use DMD/PRIME20 simulations to provide
insight at the molecular level into the impact of these regions on the fibrillation of aSyn fragment
variants (P1, P2, P3, P3Next, including both WT and mutated sequences).

Overall, we draw two conclusions from evaluating the fibrillar structures that are formed
in the simulations of the peptide variants (WT and mutated). First, WT fragments have a high
propensity to form fibrillation-prone structures such as parallel B-sheets and B-hairpins. Second,
the mechanism by which L38M prevents the aggregation of aSyn-FL is not by reducing the
aggregation propensity of the sequence itself, but by altering its propensity to form the fibrillation-
prone structures in the early stages of amyloid formation. The simulations showed that the L38M
substitution in the peptide fragment reduces the formation of parallel B-strands for P1 variants and
B-hairpins for P3Next variants compared to the WT fragments. In contrast to L38M, the other
single-point substitutions, P1-L38A and P1-V40A, increased parallel B-fibril formation for P1
variants and had higher percentages of B-hairpins in their P3Next fibrils. Based on our conclusions
and the suggested aggregation mechanism by Yu et al.?® (Figure 7a), we propose two possible
inhibition pathways for the L38M point mutation, as illustrated in Figure 7b.

The first inhibition pathway shown in Figure 7b suggests that the L38M mutation reduces
B-hairpin formation in the P1/P2 region which is proposed to act as an intermolecular binding site
during the early stages of oligomerization?® (Figure 7b2.1). This reduction in B-hairpin formation

may also hinder the oligomer from adopting conformations necessary for fibril conversion. This
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aligns with the recent report by Santos et al.!”, which suggests that the P1/P2 region adopts a folded
or partially-folded conformation with specific structural characteristics crucial for oligomer-to-
fibril conversion. Although the 38th residue is observed in the hairpins formed by all variants in
the simulations, its relative position and the loop length differ between L38M and the other
variants. In simulations of P3Next-L38M, residue 38 is typically located within the loop region,
occupying either the first or second loop position. In contrast, in P3Next-L38A, V40A or -WT,
residue 38 is frequently positioned at the start of the loop or remains part of the B-strand
immediately preceding the loop. Although targeting different mutations on the P1/P2 regions from
us, Agerschou et al.?? suggest that the precise position of the B-hairpin is critical to the inhibitory
efficiency. An additional observation from our simulations is that the loop in the P3Next-L38M B-
hairpin is likely to contain four residues, while the B-hairpins of other variants generally contain
three residues. Studies have shown that a shorter loop length stabilizes the -hairpin structure and
accelerates hairpin formation due to a tighter hydrophobic core’”-*8. The preference of L38M for a
longer loop length compared to the other variants may reflect methionine’s bulkier side chain
relative to leucine and alanine, causing it to need additional space within the loop.

The second inhibition pathway suggests that L38M increases antiparallel oligomers
(Figure 7b2.2), potentially slowing amyloid formation by requiring rearrangement into
fibrillation-prone parallel oligomers (Figure 7b3.1). Alternatively, it could prevent aSyn-FL
fibrillation by stabilizing unproductive oligomers trapped in an antiparallel state (Figure 7b3.2).
This interpretation is supported by multiple experimental studies showing that antiparallel
oligomers are typically associated with off-pathway or prefibrillar species rather than mature aSyn
fibrils. Wu and Baum®** described off-pathway antiparallel oligomer conformations that were

incompatible with fibril growth. Celej et al.”” demonstrated that toxic oligomers can adopt
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1.59

antiparallel B-sheets which differed from the observed amyloid fibrils. Chen et al.”” characterized

1.4 reported structural

kinetically trapped oligomers that failed to grow to fibrils. Williams et a
polymorphism among oligomers showing that varying differences in p-strand orientation
determine whether an oligomer can convert into a fibril or remain trapped in oligomeric states. In

1.2 reviewed antiparallel-rich intermediates, linking them to off-fibrillation

addition, Guzzo et a
pathways. Taken together, these studies provide precedents for interpreting panel b4 as off-

pathway antiparallel oligomers that hinder productive fibril assembly.

(al) aSyn-FL- (a2) P1-P2 (a3) f-hairpins (ad) On-pathway
WT monomer forms (-hairpin enhance dimerization parallel oligomer

(a) Pnssil‘)lc
aggregation
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-
/' (b2.1) P1-P2 does not
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Figure 7 (a) A possible mechanism for aSyn-FL-WT aggregation 2. (b) A possible mechanism for L38M inhibition of aSyn-FL.
L38M affects aSyn-FL by reducing B-hairpin formation in P1/P2 region and by inducing antiparallel structures. The colored blocks
indicate the regions that are simulated: P1 (red), P2 (green). The rest of the aSyn-FL protein is gray.

4 MATERIALS AND METHODS
4.1 Discontinuous Molecular Dynamics (DMD) and PRIME20 Force Field
Discontinuous molecular dynamics (DMD) is an event-driven simulation approach that

employs discontinuous interaction potentials, enabling efficient sampling at constant temperature



using the Andersen thermostat®. PRIME20 is an implicit-solvent, intermediate-resolution coarse-
grained protein model developed for use with DMD simulations®**>3661:62 Each amino acid is
represented by four beads, with explicit treatment of backbone geometry, stereochemistry,
terminal caps, and directional hydrogen bonding, allowing secondary structure elements such as
a-helices and B-sheets to emerge without the use of biasing potentials.?>-¢

PRIME20 was parameterized using a knowledge-based approach against native structures
from 711 proteins in the Protein Data Bank and validated by its ability to discriminate native folds
from decoys®®. DMD/PRIME20 has been validated extensively through comparisons with
experimental data. Prior studies reproduced fibril formation of AB16-22%, crowding-accelerated
aggregation®, prion nucleation pathways®, and the thermodynamic phase diagram of AB16-22
aggregation®. More recent work combined PRIME20 with atomistic MD to investigate the effect
of anionic amino acids on co-assembly dynamics and nanofiber structure*®. The model has also
been applied by other groups to study protein folding and aggregation in confinement® ¢,

universal aggregation scaling laws®®’

, and single polypeptide chain folding in Monte Carlo
simulations’™. Collectively, these studies demonstrate that PRIME20 reliably captures

experimentally relevant aggregation behavior and is broadly applicable to protein folding, self-

assembly, and disease-related amyloid systems.

4.2 Relating Reduced Units to Real Units in DMD/PRIME20 Simulations

The PRIME20 model measures time and temperature in terms of reduced units. The real
temperature (T, Kelvin) is a linear function of the reduced temperature in PRIME20. The
correlation T* = (T+115.79)/2288.46 was obtained by matching the folding temperature of
alanine-rich polypeptides in DMD/PRIME20 simulations to experimental values*’. Conversion to

real-time was performed by comparing self-diffusion coefficients of specific peptides in PRIME20

28



simulations to simulations of the same peptides computed in atomistic simulation at the same
concentration. Wang et al. did this conversion using AB(16-22) and found that 1 unit of the reduced
time in PRIME20 equals approximately 0.96ns in real-time’!.
4.3 Simulation Procedure

All DMD/PRIME20 simulations started from random coil conformations; the peptides
aggregated spontaneously to form equilibrium structures®>#¢>°. Simulation temperatures were
selected heuristically, consistent with prior PRIME20 studies*=%*. For each wild-type peptide,
trial simulations were performed over a range of reduced temperatures (0.175-0.200) to identify
conditions that allowed efficient sampling and formation of ordered aggregates within feasible
simulation times, while avoiding kinetic trapping in disordered states. All mutant peptides were
simulated at the same reduced temperature as their corresponding wild-type sequence to enable
direct comparison of mutation effects. Although replica-exchange methods’? could provide a more
systematic approach, they are not readily compatible with event-driven DMD simulations. This
pragmatic strategy is consistent with established practice in coarse-grained aggregation studies.
Each simulation started at a high temperature of 1028K. Once all the peptides in the simulated
system were relaxed into random coils, the temperature was reduced gradually to the desired
simulation temperature. The production simulation then proceeded for at least 15us. For systems
that didn’t aggregate or hadn’t formed a stable structure, simulations were extended to over 35us.
P1, which is only 7 residues long, was simulated in systems with 48 peptide chains (twice the size
of other peptide systems) so that the B-sheet alignment and stacking in P1 fibril could be better

observed. Details of simulation systems are listed on Table 1.
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4.4 Quantification of secondary structures

Quantification of parallel and antiparallel residues:

The number of parallel and antiparallel residues in the system was determined using the
Define Secondary Structure of Proteins (DSSP) algorithm”7#. This method is implemented within
our DMD/PRIME20 software suite, which enables identification of hydrogen bonds between
backbone atoms. Our algorithm applies the elementary hydrogen-bond patterns for parallel and
antiparallel B-bridges, as defined by DSSP, to determine the hydrogen-bonding motif for each
residue.

Quantification of f-hairpins:

Secondary structure assignments were obtained using Visual Molecular Dynamics
(VMD)”> with the STRIDE algorithm’®. These assignments were used to identify B-hairpins and
B-strands. A B-hairpin was defined as a strand containing a turn of 25 residues, with each turn
residue located at least seven residues from either terminus and flanked by at least three
consecutive “extended beta” residues on each side. This criterion avoids misidentifying strand
termini as turns and ensures the presence of two -strand segments connected by a turn. A B-strand
was defined as a segment containing at least four consecutive “extended beta” residues that
participate in a B-sheet. The percentage of B-hairpins was calculated as the total number of B-
hairpins divided by the total number of B-strands, multiplied by 100.

Statistical analysis of f-hairpin formation:

Statistical significance of differences in the percentage of B-hairpin formation between
each P3Next mutant and WT was evaluated using Welch’s t-test’’. P-values were calculated using
the T.TEST function in Microsoft Excel (two-tailed, type = 3), which accounts for unequal
variances and unequal sample sizes. A two-tailed test was used to detect differences in either
direction relative to the wild-type. Differences were considered statistically significant at p <0.05.
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SUPPLEMENTARY MATERIAL

Supplementary material is provided in the file “Supplementary Material for the Publication
of in silico peptide self-assembly reveals the importance of N-terminal motifs and the inhibition
mechanism of L38M mutation in a-synuclein fibrillation”, which includes Supplementary
Figures showing final snapshots and structural analyses from DMD/PRIME20 simulations of
wild-type and mutant a-synuclein fragments. Simulation conditions, peptide sequences, and [-
hairpin content for each run are summarized in Supplementary Table S1 and S2. Five
supplementary movies illustrating representative aggregation processes are available at the
provided GitHub links.
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