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Abstract 18 

Amyloid formation of the protein α-synuclein (αSyn) is a hallmark of pathogenesis in Parkinson’s 19 

disease, Multiple System Atrophy, and Dementia with Lewy bodies. Research has predominantly 20 

focused on the 140-amino acid αSyn sequence, yet the SNCA gene can be alternatively spliced to 21 

generate several different isoforms, including αSynΔ3, αSynΔ5, and αSynΔ3Δ5. Here we have 22 

used experimental and computational approaches to characterise these splice variants, in addition 23 

to the full-length αSyn, in terms of their monomer conformation and amyloid propensity as a 24 

function of changes in ionic strength. Kinetic analysis of amyloid formation, flow-induced 25 

dispersion analysis, and coarse-grained molecular dynamics simulations reveal a striking 26 

correlation between monomer conformation and the rate of secondary nucleation of amyloid 27 

formation, and we show that this is governed by both global conformation of the polypeptide chain 28 

and local contacts in the hydrophobic core domain and acidic C-terminal domain. By combining 29 

changes in amino acid sequences and ionic strength, our analysis reveals the importance of local 30 

contacts and long-range electrostatic interactions in driving the kinetics of amyloid formation of 31 

αSyn. 32 

 33 

 34 

 35 

 36 

 37 

 38 
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Introduction 39 

Parkinson’s disease (PD), Multiple System Atrophy (MSA), and Dementia with Lewy 40 

bodies (DLB) are conditions categorised as ‘synucleinopathies’, which exhibit hallmark 41 

intracellular aggregates of α-synuclein (αSyn)1. Given the prominence of these amyloid aggregates 42 

in synucleinopathies, they are hypothesised to play a role in disease2–4, and are key markers of 43 

pathogenesis. Despite many efforts to develop therapeutics that target αSyn aggregation, none have 44 

been successful to date5, highlighting that a better understanding of the molecular mechanisms 45 

underlying the aggregation of αSyn into amyloid and the aetiology of synucleinopathies are 46 

needed. Attempts to develop this understanding have included studying the role of familial disease 47 

variants6,7, disease-relevant truncations8–10, membranes11–16, variants that have been designed 48 

based on in silico predictions of aggregation17–19, and the addition of chaperones20,21, 49 

nanobodies22,23, and other αSyn-binding peptides24 in the mechanism of amyloid formation. 50 

The full-length 140-amino acid αSyn protein is comprised of three domains: an amphipathic 51 

N-terminal domain (residues 1-60) that is required for membrane-binding25,26 and facilitates the 52 

physiological function of αSyn in membrane vesicle fusion at the synapse27–29; the hydrophobic 53 

core domain (residues 61-95, commonly referred to as the non-amyloid β component (NAC)30), 54 

which is necessary and sufficient to form amyloid31; and the highly acidic C-terminal domain 55 

(residues 96-140), which binds metal ions32,33, functions in SNARE complex assembly34, and is 56 

thought to protect αSyn from amyloid formation8,9. The three biochemically distinct regions of 57 

αSyn, which together facilitate functional ‘promiscuity’35, results in a protein with a polarised 58 

sequence that is prone to self-assemble into amyloid fibrils. 59 

The role of sequence length variation in the self-assembly and disease-context of a number 60 

of amyloidogenic proteins has been widely investigated hitherto, these include examples such as 61 
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the 3R and 4R splice variants of tau being implicated in different diseases36, the processing of 62 

amyloid-β to between 39 and 43 amino acids controlling its amyloidogenicity and involvement in 63 

disease37, and naturally-occurring C-terminal truncations of αSyn dramatically accelerating the 64 

rate of amyloid formation8,9,38. Although most research characterising the mechanisms of αSyn 65 

amyloid formation have focused on the 140-amino acid sequence, the gene encoding αSyn, SNCA, 66 

can be spliced to generate at least three alternative isoforms39,40 (Figure 1). Specifically, exon 3 67 

(encoding residues 41 to 54) and exon 5 (encoding residues 103 to 130) can be spliced in or out of 68 

the final transcript to generate either full-length αSyn (αSynFL, which contains residues encoded 69 

by both exons 3 and 5) or αSynΔ3, αSynΔ5 and αSynΔ3Δ5. The expression levels of the alternative 70 

splice variants across different brain regions and diseases (as revealed by mRNA levels) have been 71 

characterised in several publications41–46 (Table S1). While some of these results indicate that the 72 

expression levels are changed in disease, others report similar levels between disease and control 73 

tissue samples. Furthermore, it should be noted that the presence of these variants in the 74 

pathological lesions of synucleinopathies (Lewy bodies or glial cytoplasmic inclusions) has not 75 

yet been reported, and their impact in disease aetiology remains to be determined. Despite this, 76 

recent work has demonstrated that these variants display distinct aggregation propensities47–49 and 77 

MSA-associated single nucleotide polymorphisms in the non-coding regions of the SNCA gene 78 

lead to upregulation of αSynΔ550. Along with evidence that this variant is indeed translated in the 79 

brain51, this highlights the importance of better understanding of the amyloid formation 80 

mechanisms of these variants and their roles in the pathogenesis of synucleinopathies.  81 

  82 
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 83 

Figure 1. Alternative splice variants of αSyn used in this work. (a) Schematic representation of 84 

SNCA. The boxes represent exons (1-6) and the solid lines represent introns. Dark grey boxes are 85 

constitutively spliced in, but light grey boxes are cassette exons. Boxes surrounded by dashed lines 86 

show exons that are not translated, boxes with solid lines show exons that are translated. αSynFL 87 

is generated by the splicing path indicated by the black dashed lines above the exons/introns. 88 

Alternative splicing is achieved by exon skipping (shown by coloured dashed lines) of either exon 89 

3 (red), exon 5 (blue), or both exons 3 and 5 (yellow). Note that although an additional exon has 90 

been identified in the 5’ untranslated region of SNCA (NCBI accession number NG_011851), 91 

previous publications have continued to refer to the exons as outlined in (a), so we have upheld 92 

this nomenclature for ease of comparison. (b) Representation of the proteins generated from 93 

alternative splicing of SNCA. Where cassette exons are included in the protein they are labelled 94 

with their exon number. (c) Amino acid sequence of αSyn, with the corresponding exons in which 95 

they are encoded displayed above and the domain indicated to the left (N = N-terminal domain, 96 

NAC = hydrophobic core domain, C = C-terminal domain). Negatively charged residues are 97 

coloured in red, and positively charged residues are coloured in blue.  98 

 99 
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Here, we set out to investigate how the monomer conformation of αSyn splice variants 100 

influences their amyloidogenicity. Given the distinct sequence patterning of the three domains of 101 

αSyn (Figure 1c), and the fact that αSynFL is known to form transient long-range intramolecular 102 

electrostatic interactions in its monomeric state52–55 that must be significantly perturbed by deletion 103 

of residues encoded by exons 3 and/or 5, we examined the effect of ionic strength on the rate and 104 

mechanisms of amyloid formation of the different variant sequences. Supported by global 105 

conformational measurements using flow-induced dispersion analysis (FIDA)56 and coarse-106 

grained molecular dynamics (MD) simulations using the CALVADOS 2 force field57,58, we reveal 107 

a striking correlation between monomer conformation and the rate of amyloid formation that is 108 

consistent across all splice variants and ionic strengths. Our analysis shows that changes in the 109 

global conformations of αSyn are coupled to changes in local contacts; and furthermore, that 110 

interactions within the NAC and C-terminal regions critically alter the rate of secondary nucleation 111 

of amyloid formation. Together, these features rationalise the strikingly different amyloid 112 

propensities of the splice variants. 113 

 114 

Results 115 

Residues encoded by exons 3 and 5 of SNCA have distinct effects on amyloid formation  116 

To investigate the amyloid potential of the alternative splice variants of αSyn, we generated 117 

recombinant proteins in which the amino acid sequences corresponding to exon 3 118 

(41GSKTKEGVVHGVAT54) and/or exon 5 (103NEEGAPQEGILEDMPVDPDNEAYEMPSE130) 119 

are deleted (Figure 1). The rate of amyloid formation for each of these variants was then monitored 120 

using thioflavin T (ThT) fluorescence at starting monomer concentrations ranging from 20 μM to 121 

100 μM (Figure 2a). In accord with previous findings47, the time to reach half the maximal 122 
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fluorescence (T50, Experimental Section, Table S2) of αSynFL and αSynΔ3 are similar and 123 

concentration-dependent over this range (Figure 2b), and we find that the calculated scaling 124 

exponents (the gradient of the log T50 vs log [Syn], see Experimental section, Eqn 1) are -0.55 125 

and -0.49, respectively (Table S3). We then used the fitting platform AmyloFit to compare four 126 

different models of amyloid assembly for these two variants: elongation dominated, secondary 127 

nucleation dominated, fragmentation dominated, and  multi-step secondary nucleation dominated 128 

assembly59 (Figure S1) . For αSynFL, secondary nucleation, fragmentation, and multi-step 129 

secondary nucleation-dominated models achieved similarly good fits. For αSynΔ3, the model 130 

comparison favoured multi-step secondary nucleation. By contrast, αSynΔ5 and αSynΔ3Δ5 form 131 

amyloid more rapidly than αSynFL and αSynΔ3 and exhibited only minor changes in the rate of 132 

amyloid formation across the range of concentrations used (Figure 2a,b and Table S2), such that 133 

the scaling exponents for these variants is closer to zero (γ = 0.17 and -0.064 for αSynΔ5 and 134 

αSynΔ3Δ5, respectively (Table S3)) and for αSynΔ5 this concentration-independence is also 135 

observed at lower monomer concentrations (from 2.5 μM to 20 μM (Figure S2)). The lack of 136 

concentration-dependence of the rate of amyloid formation by αSynΔ5 and αSynΔ3Δ5 suggests 137 

saturation of primary and/or secondary nucleation, such that conformational conversion from the 138 

fibril-bound monomer to the fibrillar state, rather than binding to catalytic sites, is the rate-139 

determining step. For all variants, insoluble fibrillar material was formed at the end of the reaction 140 

as judged by a pelleting assay and negative stain EM (Figure 2c,d, Table S5).  141 

 142 

 143 

 144 

 145 

 146 
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 147 

Figure 2. De novo fibril formation at different protein concentrations for the alternative splice 148 

variants of αSyn. (a) ThT fluorescence versus time for each of the variants (variant name indicated 149 

at the top of the plot) at monomer concentrations ranging from 20 μM to 100 μM (see key) in PBS 150 

(137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4; pH 7.4). Data are 151 

normalised to the maximum fluorescence intensity of each variant at 100 μM protein 152 

concentration. (b) Time to reach 50% of the maximum fluorescence (T50) for each condition. 153 

Individual values from three repeats, each containing three replicates, are plotted. The mean is 154 
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represented by the bar height and the error bars show standard error of the mean (SEM). (c) Percent 155 

insoluble material at the end point of ThT reactions as quantified using a pelleting assay 156 

(Experimental Section), where each data point corresponds to a ThT repeat and the error bar is 157 

SEM. (d) Negative stain transmission electron microscopy (TEM) images of the material formed 158 

at the end of the ThT assay for each variant. Scale bar, 250 nm. 159 

  160 
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We next investigated the capacity of the alternative splice variants to cross-seed the assembly 161 

of αSynFL monomer into amyloid. The justification for this is that the SNCA mRNA isoform 162 

encoding αSynFL constitutes ~95-97% of all SNCA mRNA transcripts that are expressed in the 163 

brain60, but whether the lowly-populated splice variants, particularly the more amyloidogenic 164 

αSynΔ5 and αSynΔ3Δ5, are capable of triggering conversion of αSynFL into amyloid under the 165 

conditions of these experiments was unknown. To test this, amyloid fibrils formed at the end of 166 

the de novo self-assembly reactions of each variant (at 100 μM protein concentration) were 167 

collected and sonicated to generate short fibril seeds (Experimental Section). The preformed fibril 168 

fragments were then added to αSynFL monomers at a fibril seed concentration of 10% (v/v) 169 

(monomer equivalent) and ThT fluorescence was used to monitor fibril formation (quiescent 170 

conditions, wherein elongation is the dominant mechanism of seeded growth61). As a control, self-171 

seeding experiments (where the identity of the fibril seed was the same as the added monomer) 172 

were performed to show that the added fibrils could recruit their own monomer (Figure S3). 173 

Remarkably, and consistent with previous findings49, the only cross-seeding reaction that resulted 174 

in a significant increase in ThT fluorescence and the presence of fibrils at the end of the reaction 175 

was αSynFL monomer in the presence of αSynΔ5 fibril seeds (Figure 3, Table S6). Hence, the 176 

residues encoded by exon 3 (41GSKTKEGVVHGVAT54) are required for the αSyn variants to 177 

cross-seed fibril formation of the full-length protein monomers. These residues are form part of 178 

the fibril core in many of the resolved Syn amyloid structures62,63, potentially rationalising why 179 

SynFL is unable to adopt the same amyloid fold as αSynΔ3 or αSynΔ3Δ5 in the process of 180 

elongation. 181 

These results show that the residues encoded by exon 5 have a stronger impact on the rate 182 

of de novo amyloid formation than those encoded by exon 3, but those encoded by exon 3 modulate 183 
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recruitment of the αSynFL monomer to fibrils. Hence, the different regions of the αSyn sequence 184 

regulate different processes of amyloid formation, with the effect of removing one region being 185 

dependent on the context of the remaining sequence.  186 

 187 

Figure 3. Cross-seeding of the alternative splice variants of αSyn with αSyn monomer. (a) 188 

Representative ThT fluorescence traces of αSynFL monomer and the fibril seed (type indicated in 189 

the key) in PBS. Data are normalised to the maximum intensity of the well if seeding occurred 190 

(based on ThT fluorescence, pelleting assay, and negative stain TEM) or to the maximum intensity 191 

measured from all conditions if seeding did not occur. (b) Quantification of the percent insoluble 192 

material formed during the cross-seeding reaction and (c) representative negative stain TEM 193 

images of the material formed. Scale bar, 250 nm. 194 
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The ionic strength dependence of amyloid formation  195 

Long-range interactions between the amphipathic N-terminal domain and highly-acidic C-196 

terminal domain of monomeric αSyn have been reported to regulate its amyloid formation52–55. 197 

The splice variants have stark differences in their charge-related sequence properties (Table S7), 198 

suggesting that alternative splicing could affect the monomer conformation and thus the 199 

amyloidogenicity of αSyn. Specifically, there is a single His residue, one negatively charged and 200 

two positively charged residues in the 14-residue exon 3 (absent in αSynΔ3 and αSynΔ3Δ5), and 201 

ten negatively charged residues in the 28-residue exon 5 (absent in αSynΔ5 and αSynΔ3Δ5) 202 

(Figure 1c). To determine how the monomer conformation of the splice variants influences their 203 

amyloidogenicity, we next examined the effect of changing the ionic strength on the rate of the 204 

different pathways of amyloid formation for each splice variant. 205 

The ionic strength dependence of amyloid formation of the different splice variants are 206 

shown in Figure 4a. All variants formed amyloid under all conditions, except for αSynΔ3 in 0 mM 207 

NaCl. Empirical fitting of the ThT fluorescence curves using a previously established general 208 

equation for accumulation of amyloid fibril mass (Figure S4, Experimental section Eqn 2)64 was 209 

used to extract the macroscopic rate parameters λ and κ (Figure 4b, Figure S5, Figure S6, and 210 

Table S8), which describe the collective rate of the primary and secondary pathways of amyloid 211 

formation, respectively. The primary pathway is the sequence of primary nucleation and 212 

elongation by which de novo amyloid fibrils first form, whereas the secondary pathway is the 213 

positive feedback cycle of secondary processes (secondary nucleation and fragmentation) and 214 

elongation that results in exponential accumulation of fibril mass in the growth phase64.  While the 215 

rate of the primary pathway (λ) decreases approximately twenty-fold from 0 mM NaCl to 400 mM 216 

NaCl for αSynFL, there is little or no ionic strength dependence of λ for the other variants (Figure 217 
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S5, Table S8). By contrast, the rate of the secondary pathway (κ) of all variants increases at lower 218 

ionic strength for all variants and saturates at NaCl concentrations greater than 200 mM for all 219 

variants except for αSynΔ3 (Figure 4b). Our analyses of the fitting error (Figure S6) show us that 220 

we can be confident in the best-fit λ and κ values (Figure 4b and Figure S5). Despite this, there is 221 

a high degree of inter-replicate variability in λ, likely arising from confounding well-to-well 222 

experimental variation (e.g. the surface of the beads used to promote primary nucleation).  223 

The values of κ are notably different between the variants. While deletion of exon 3 can 224 

either increase or decrease κ depending on sequence context, deletion of exon 5 consistently causes 225 

an increase in κ, with an ~1.2-fold increase in κ across all ionic strengths for αSynΔ5 compared 226 

with αSynFL, and an >2.5-fold increase in κ for αSynΔ3Δ5 compared with αSynΔ3. The difference 227 

between αSynΔ3Δ5 and αSynΔ3 is more extreme at lower ionic strengths, with κ ten-fold higher 228 

for αSynΔ3Δ5 in 50 mM NaCl. As expected from these data, the percent of insoluble material 229 

formed at the end of the ThT assay for αSynΔ3 is also dependent on ionic strength, with no fibrils 230 

forming in 0 mM NaCl, while fibrils resulted in 50 mM NaCl (Figure 4c,d, and Table S9). Negative 231 

stain TEM also showed that whilst αSynFL forms long amyloid fibrils in 0 mM NaCl, the fibrils 232 

are visibly shorter in 400 mM NaCl (although length could not be quantified due to fibril 233 

clumping), supporting the kinetic data that the rate of secondary processes increases with ionic 234 

strength (Figure 4d).  The discrepancy between the rate of fragmentation and the measured rate of 235 

secondary processes in de novo assembly can be calculated from the ratio between the observed 236 

and expected absolute change in the rate of elongation, k, i.e. (0.072-0.036)/(7.10-0.036) for 237 

αSynFL and (0.061-0.036)/(0.325-0.036) for αSynΔ3. This shows that the rate of fragmentation is 238 

approximately 200-times (αSynFL) and 10-times (αSynΔ3) too low to explain the κ values 239 
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observed in de novo assembly, showing that secondary nucleation is the dominant process for 240 

αSynFL and αSynΔ3 under our conditions. 241 

αSynΔ5 and αSynΔ3Δ5 flocculate during amyloid formation – shown by the decrease in 242 

ThT fluorescence signal in the plateau phase (Figure 4a) and negative stain TEM images (Figure 243 

4d), consistent with previous observations with other C-terminal truncation variants9. As a 244 

consequence, we were unable to perform the same analysis for these variants, leaving open the 245 

possibility that fragmentation could play a more important role for these sequences. However, as 246 

κ follows the same trend with ionic strength between the splice variants, it is most likely that the 247 

same mechanism controls their behaviour. Hence, we propose that secondary nucleation, not 248 

fragmentation, is the specific secondary process that is governed by ionic strength. 249 

 250 
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 251 

Figure 4. Ionic strength dependence of amyloid formation of αSyn and its splice variants. (a) 252 

Representative ThT fluorescence curves for the four splice variants (as indicated above each plot) 253 

in 20 mM sodium phosphate (pH 7.4) at NaCl concentrations ranging from 0 mM to 400 mM 254 

(shown in key). The starting αSyn monomer concentration was 100 μM. Data are normalised to 255 

the maximum intensity of the well, excluding αSynΔ3 at 0 mM NaCl, as a plateau was not reached 256 

within the 42 hours of the experiment – in this case, data are normalised to the maximum intensity 257 
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detected for the entire αSynΔ3 dataset. (b) κ values derived from empirical fitting of the ThT 258 

curves using equation [2] (Experimental Section). Note that the error bars could not be plotted as 259 

they are smaller than the size of the symbol. The data are fitted using equation [8] (Experimental 260 

Section) and shown as the solid lines on the plots. The plotted ionic strength (I) is that of the total 261 

buffer. (c) Quantification of insoluble material at the end of the incubation period for each splice 262 

variant at each ionic strength. Each data point is the result of one biological repeat and the error 263 

bars are SEM. Note that in some case the SEM is too small to be seen on the plots. (d) 264 

Representative negative stain TEM images of the material formed during the ThT assays in 0 mM 265 

or 400 mM NaCl. Scale bar, 250 nm. 266 

  267 
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To better understand the underlying mechanism of the influence of ionic strength on 268 

secondary nucleation in fibril formation, the ionic strength dependence of κ was fitted to two 269 

plausible mathematical models applying Debye-Hückel theory to different steps of the fibril self-270 

replication process (Experimental Section and Supporting Information). In the ‘Brønsted-Bjerrum’ 271 

model, ions are assumed to stabilise monomer-fibril interactions, whereas in the ‘Free Energy 272 

Barrier’ model ions are assumed to stabilise a conformational transition state involved in templated 273 

conversion to the amyloid state. We note that these models do not mathematically distinguish 274 

between interactions/conversion on the fibril surface (i.e. secondary nucleation) or fibril ends (i.e. 275 

elongation), but as λ does not increase with ionic strength, we can conclude that the dominant 276 

change in interaction/conversion when interpreting these data is due to changes in the processes 277 

occurring at the fibril surface. Both models predict a positive relationship between κ and ionic 278 

strength, but only the ‘Free Energy Barrier’ model was able to reproduce the observed saturation 279 

of κ at higher ionic strengths (Figure 4b, Figure S8 and Table S10). This suggests that unfavourable 280 

electrostatic interactions, perhaps the alignment of like charges during fibril nucleation, contribute 281 

to the free energy barrier for templated conversion to the amyloid state (ΔG‡ = ΔG‡
charged + ΔG‡

non-282 

charged), and screening of these unfavourable electrostatic interactions is responsible for the increase 283 

in κ with increasing ionic strength. The existence of a limit on κ at high ionic strength, on the other 284 

hand, intuitively suggests that there are also non-electrostatic factors that limit the rate of 285 

secondary nucleation. 286 

Using this model, we were also able to investigate the differences between the variants, 287 

separating out the electrostatic (ΔG‡
charged) and non-electrostatic (ΔG‡

non-charged) contributions to the 288 

free energy barrier (Table S11). Most notably, the saturated (i.e. fully screened) value of κ is 289 

increased for αSynΔ3Δ5 relative to αSynFL and αSynΔ5 (Figure 4b). This suggests that the free 290 
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energy barrier that remains when any unfavourable electrostatic interactions are screened out is 291 

lower for αSynΔ3Δ5 than for αSynFL or αSynΔ5, implying that exon 3 makes additional 292 

unfavourable contributions to the free energy barrier that are independent of the electrostatics. In 293 

agreement with this, fitting with the favoured ‘Free Energy Barrier’ model suggested that 294 

αSynΔ3Δ5 has a smaller ΔG‡
non-charged than αSynΔ5 (ΔΔG‡

non-charged = -1.38 ± 0.16 RT). The lack 295 

of observed saturation up to κ = 2 hr-1 for αSynΔ3 suggests that the same is true for this variant, 296 

and the model analysis also suggested that αSynΔ3 has a smaller ΔG‡
non-charged than αSynFL, 297 

although the margin of error is much larger due to uncertainty regarding the exact limit that κ tends 298 

to at saturation (ΔΔG‡
non-charged = -4.52 ± 3.55 RT). Taken together, the results suggest that the 299 

residues encoded by exon 3 (41GSKTKEGVVHGVAT54) make an additional unfavourable non-300 

electrostatic contribution to the free energy barrier for conversion from fibril-bound monomer to 301 

the amyloid state, although the molecular origins of this effect remain unresolved. 302 

It is also striking that fibrils did not form for αSynΔ3 in 0 mM NaCl, whereas a quantitative 303 

(>87 ± 2%) conversion of monomer to insoluble material resulted at concentrations ≥50 mM NaCl 304 

(Figure 4c,d), and the κ values were globally smaller for this protein compared with the other 305 

variants at all ionic strengths (Figure 4b). The simplest explanation for this observation is that 306 

αSynΔ3 experiences additional inhibitory electrostatic interactions that either do not occur, or are 307 

adequately compensated for, in the other variants and are tunable by modifying the ionic strength. 308 

As αSynΔ3Δ5 also lacks the residues encoded by exon 3, yet does not display this behaviour, it 309 

suggests that the reduction in κ for αSynΔ3 results from the presence of a complete C-terminal 310 

region (containing exon 5) in addition to truncation of the N-terminal region (by deletion of 311 

residues encoded by exon 3), which would maximise charge imbalance. This demonstrates that the 312 
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consequence of exon splicing on the behaviour of αSyn is dependent on the context of the 313 

remaining residues. 314 

 315 

The ionic strength dependence of monomer conformational properties 316 

We next explored the influence of ionic strength on the conformational properties of the 317 

monomers of the alternative splice variants of αSyn. Using flow-induced dispersion analysis 318 

(FIDA) we measured the average hydrodynamic radii (Rh) of the αSyn splice variants at different 319 

ionic strengths (Figure 5a, Figure S9). At the highest ionic strength (400 mM NaCl), at which 320 

concentration most electrostatic interactions are expected to be screened, all four variants had Rh 321 

values that were ~0.3-0.4 nm smaller than predictions for fully unfolded proteins of the same 322 

lengths (Table S12)66, consistent with well-documented non-local interactions involving 323 

hydrophobic residues and/or transient secondary structure67,68. However, at low ionic strength (0 324 

mM NaCl), a further pronounced compaction was observed for αSynFL (consistent with previous 325 

investigations using paramagnetic relaxation enhancement NMR17,52,55) and for αSynΔ3, but not 326 

for αSynΔ5 and αSynΔ3Δ5 (Figure 5a, Table S12). For example, αSynFL compacted from an Rh 327 

of 3.28 ± 0.03 nm (400 mM NaCl) to 3.05 ± 0.02 nm (0 mM NaCl), whereas αSynΔ5 had 328 

corresponding Rh values of 2.91 ± 0.02 nm (400 mM NaCl) and 2.88 ± 0.01 nm (0 mM NaCl). 329 

This suggests that the residues encoded by exon 5 form non-local electrostatic interactions that 330 

drive global compaction of these variants at low ionic strength. This can be rationalised by the fact 331 

that ten negatively charged residues are encoded by exon 5. By contrast, inclusion or exclusion of 332 

the residues of exon 3 has little effect on the relationship between ionic strength and Rh.  333 

 334 
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 335 

Figure 5. Monomeric conformers of the alternative splice variants of αSyn. (a) Rh values of the 336 

alternative splice variants of αSyn at different NaCl concentrations. Average Rh values for each 337 

condition were determined experimentally by FIDA (Experimental Section). Mean of Rh values 338 

from at least eight Taylorgrams and the SEM are plotted. A one phase exponential decay was fitted 339 

to the data in GraphPad Prism 10.1.2. (b) Average Rg of alternative splice variants of αSyn at 340 

different ionic strengths in CALVADOS 2 simulations. Note that the ionic strength used for 341 

simulations is converted into equivalent NaCl concentration here, to aid comparison with a. (c) 342 

Classification of the conformational ensemble of the alternative splice variants of αSyn using 343 
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spectral clustering, alongside representative conformers. The structural class 1 is the most compact 344 

cluster, with many interactions between the N-terminal, NAC and C-terminal domains. Class 2 is 345 

characterised by a reduction in interactions between the C-terminal domain and the N-346 

terminal/NAC region. Class 3 has fewer interactions between the N-terminal domain and NAC/C-347 

terminal region. Class 4 contains the most expanded conformations, which have the fewest 348 

interactions between all three domains. Percentage of the frames of each simulation of the 349 

alternative splice variants in each of the four structural classes is shown. The width of the boxes 350 

represents the proportion of frames that were categorised as being in the corresponding class, with 351 

percentages of frames indicated in the boxes. Data used here were from simulations at 49 mM 352 

ionic strength (equivalent to 20 mM sodium phosphate, 0 mM NaCl). The most representative 353 

frame (Experimental Section), in terms of global inter-residue distances, for each cluster for each 354 

variant is displayed within each box, with the N-terminal domain coloured blue, hydrophobic core 355 

domain (NAC) coloured pink, and the C-terminal domain in red. 356 

  357 
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To characterise the conformational ensembles of the variants at different ionic strengths, and 358 

to better understand the link between sequence, monomer conformation, and the rate and 359 

mechanism of amyloid formation, we carried out coarse-grained molecular dynamics (MD) 360 

simulations using the CALVADOS 2 force field57,58. The CALVADOS 2 simulations predicted a 361 

change in compaction with sequence and ionic strength that shows a striking resemblance to the 362 

experimental FIDA data (Figure 5b, Table S13). In the simulation results, we characterised 363 

compaction using the radius of gyration (Rg) rather than Rh, as the former can be exactly calculated 364 

from analysis of simulation trajectories, whereas post-simulation analysis of Rh remains 365 

challenging69 (however, Rg and Rh are generally expected to scale closely with one another70,71). 366 

Analysis of the Flory exponents (ν), which provide a length-independent measure of chain 367 

compaction72, also confirmed a compact state (ν < 0.5) for αSynFL and αSynΔ3 at low ionic 368 

strength, but an intermediate degree of compaction (ν = 0.54) for αSynΔ5 and αSynΔ3Δ5 (Table 369 

S14). 370 

We next analysed the simulation trajectories to obtain intramolecular Cα-Cα contact 371 

probability maps, showing the proportion of time that each pair of residues spends within a 372 

threshold distance (20 Å) of each other. In agreement with previous experimental studies17,52,55,73, 373 

the contact maps of αSynFL and αSynΔ3 had strong contact probabilities between the N-terminal 374 

and C-terminal domains at low ionic strength (Figure S10). These interactions were abolished at 375 

higher ionic strengths (Figure S11) and were attenuated at all ionic strengths for the αSynΔ5 and 376 

αSynΔ3Δ5 variants, which lack exon 5 and thus 28 of the 45 residues of the C-terminal domain 377 

(Figure S10). In addition, αSynΔ3 had a mild attenuation of interactions between the C-terminal 378 

domain and residues ~20 to 40 that juxtapose the missing exon 3, although the overall effect on 379 

the N- to C-terminal domain interaction propensity was much smaller than that caused by deletion 380 
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of exon 5 (Figure S10). Thus, the simulations show that favourable electrostatic interactions 381 

between the amphipathic N-terminal domain and acidic C-terminal domain, which contains exon 382 

5, drive compaction of αSynFL and αSynΔ3 at low ionic strength. 383 

To explore in more detail how the conformational ensembles differ between splice variants, 384 

we used spectral clustering to classify conformers within the simulation trajectories based on the 385 

similarity of their Cα-Cα distances (Experimental Section). This allowed us to identify distinct 386 

compact, partially compact, and expanded species within the conformational ensembles of the 387 

αSyn variants (Figure S12 and S13). It is important to note that αSyn has a relatively smooth 388 

conformational energy landscape in our simulations, so that these states represent subdivisions of 389 

a spectrum of conformations in the energy landscape, rather than well-separated energy basins. 390 

Across all variants, we reproducibly identified four structural classes: a compact class involving 391 

N-C interactions; two partially compact classes with expanded N- or C-terminal domains; and an 392 

expanded class (Figure 5c). By quantifying the distribution of conformers (i.e. simulation frames) 393 

across each of these structural classes, we identified that at 49 mM ionic strength (equivalent to 20 394 

mM sodium phosphate buffer, pH 7.4, 0 mM NaCl) αSynFL and αSynΔ3 were in their most 395 

compact class in 43% and 40% of the frames, respectively, while αSynΔ5 and αSynΔ3Δ5 were 396 

only in their most compact class for 28% and 29% of the frames, respectively (Figure 5c, Figure 397 

S13). This suggests that the presence of exon 3 at low ionic strength skews the conformational 398 

distribution of αSyn towards an enhanced population of structurally inter-related compact species 399 

involving long-range N-C interactions.  400 

Overall, the results of the coarse-grained MD simulations suggest that a more expanded 401 

conformational ensemble with fewer long-ranged N-C interactions correlates with a higher rate of 402 

secondary nucleation and more rapid amyloid formation.  403 
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Monomer conformation correlates with secondary nucleation of αSyn amyloid formation  404 

We next explored whether, and how, the conformational properties of the different αSyn 405 

monomers correlate with changes in their amyloid-forming ability at different ionic strengths. We 406 

examined the correlation between the experimental self-assembly data and three measures of the 407 

compaction and shape of the different αSyn variants in the CALVADOS 2 simulations: the Flory 408 

exponent (ν), asphericity (Δ), and prolateness (S) (Table S14). We focused on these metrics as 409 

they are independent of chain length. Examples of conformations with different Δ and S are shown 410 

in Figure S14.  411 

We calculated these metrics for the different alternative splice variants across all ionic 412 

strengths tested and performed a Spearman’s rank analysis with the parameters extracted from the 413 

amyloid formation assays: rate of the primary pathway (λ), rate of the secondary pathway (κ), and 414 

the percentage of insoluble material at the end of the experiment (Figure 6, Figure S15). The results 415 

were striking, revealing a clear, strong correlation between monomer conformation and amyloid 416 

formation. Although this correlation was evident between all three of the conformational properties 417 

(Δ, S, and ν) and both κ and percentage of insoluble material, the strongest correlations were 418 

identified between the prolateness of the monomer (S) and secondary pathway of amyloid 419 

formation (κ), and also between the percentage of insoluble material and ν, which each have a 420 

correlation coefficient of 0.85. Interestingly, the primary pathway of amyloid formation (λ) 421 

correlated more weakly with Δ, S, and ν (correlation coefficients of 0.60, 0.68 and 0.32, 422 

respectively). Furthermore, for the latter correlations with λ, we note that when we consider 423 

individual variants, rather than the combined data, the correlations appear to disappear or even 424 

reverse (Figure S15), an example of Simpson’s paradox74. Importantly, the positive correlations 425 

between κ and the conformational properties of the monomer are consistent both within and upon 426 
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combining data for the different variants, so we can be more confident in interpretating these 427 

findings. Overall, this analysis suggests that the global link between monomer conformational 428 

properties and amyloidogenicity is specific for the secondary pathway of amyloid formation 429 

(specifically relating to the effect on secondary nucleation), and any relationship between ionic 430 

strength and the rate of the primary pathway is not shared between the four variants tested here.  431 

  432 
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 433 

Figure 6. Spearman’s ρ correlation coefficient heatmap of the parameters extracted from the ThT 434 

assay (λ, κ, and insoluble material) and those predicted based on the CALVADOS 2 simulations 435 

(Δ, S, and ν).  436 

  437 
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The calculated κ and predicted S values for αSynΔ5 and αSynΔ3Δ5 are larger than those for 438 

αSynFL and αSynΔ3 at all ionic strengths tested, which supports the notion that the C-terminal 439 

domain of αSyn protects against amyloid formation, perhaps by driving compaction and shielding 440 

the hydrophobic NAC domain8. It should be noted, however, that the results from this analysis do 441 

not explain the differences between αSynFL and αSynΔ3, as the fitted κ values indicate that 442 

secondary nucleation is consistently faster for αSynFL compared with αSynΔ3 at all ionic 443 

strengths tested, yet αSynΔ3 is predicted by CALVADOS 2 to be relatively more expanded than 444 

αSynFL across the same range of ionic strengths. This suggests that the residues encoded by exon 445 

3 (41-54) may play a role in regulating the rate of amyloid formation that is distinct from changes 446 

to the overall expansion of the protein, perhaps due to differences in the regions that form 447 

interactions more frequently (Figure S10).  448 

Finally, we performed a Spearman’s rank analysis to explore how inter-residue distances 449 

between all residue pairs correlate with the rate of the secondary processes, κ, for each variant 450 

across all ionic strengths (Figure S16).  To determine if these relationships are conserved between 451 

the splice variants, we performed this analysis on data relating to inter-residue pairs common to 452 

all four variants (residues 1-40, 55-102, and 131-140 – yielding 1953 unique residue pairs) at all 453 

six ionic strengths. This revealed distinct correlation patterns for different regions of αSyn (Figure 454 

7a). Of note, increased inter-residue distances within the hydrophobic NAC domain correlate 455 

positively with κ, supporting the notion that increasing solvent-exposure of NAC is associated 456 

with an increased rate of amyloid formation via secondary nucleation. The residue pair whose Cα-457 

Cα distance correlates most positively with κ is Q79-E83 (Figure 7b), although nearby residue 458 

pairs are also strongly correlated with κ. By contrast, the inter-residue distances within the C-459 

terminal domain correlate negatively with κ (i.e. closer distances are associated with an increase 460 
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in κ). A more complex picture is seen in the N-terminal domain, with a mixture of local compaction 461 

and expansion correlating with κ (Figure 7a), likely due to differences between the individual 462 

variants in this region (Figure S16). The residue pair distance that correlates most negatively with 463 

κ is Y133-A140 (Figure 7c), although the effect was broadly distributed across all C-terminal 464 

residues that were included in the analysis, and thus likely encompasses the acidic C-terminal 465 

domain as a whole. Together, this analysis demonstrates that local expansion of NAC (particularly 466 

between Q79-E83) and compaction of the C-terminal domain correlate with a high rate of the 467 

secondary pathway of amyloid formation, and vice versa, enabling us to visualise the 468 

conformations of monomers associated with either a low (Figure 7d) or high (Figure 7e) value of 469 

κ and hence more rapid fibril formation via secondary nucleation. 470 

 471 

 472 

 473 

 474 

 475 
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 476 

Figure 7. Inter-residue distances correlate with secondary nucleation in amyloid formation. (a) 477 

Spearman’s rank heatmap of the inter-residue distances between all residue pairs of the alternative 478 

splice variants of αSyn from CALVADOS 2 simulations with experimentally derived κ values. 479 

Residues encoded by exons 3 or 5 and residue pairs that cross potentially spliced out regions are 480 

masked to prevent confounding results. (b) κ versus the average distances derived from the 481 

CALVADOS 2 simulations for the residue pair Q79-E83, whose inter-residue distance correlates 482 

the most positively with κ. (c) As in (b) for the residue pair Y133-A140, the residue pair that 483 

correlates the most negatively with κ. (d) Representative low κ state conformation of αSynFL, with 484 

a low S, short distance between residues 79-83, and long distance between residues 133-140. (e) 485 

Representative high κ state conformation of αSynFL, with a high S, long distance between residues 486 

79-83, and short distance between residues 133-140. In (d) and (e), the N-terminal domain is shown 487 

in blue, the hydrophobic core domain shown in pink, and the C-terminal domain is shown in red. 488 

Residues 79 and 83 are shown in green and residues 133 and 140 are shown in yellow.  489 
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 490 

Discussion 491 

Alternative sequences, conformational ensembles, and rates of amyloid formation 492 

Here, using CALVADOS 2 simulations57,58, we provide a robust link between the global 493 

conformation of monomeric αSyn (as judged by the parameters: ν, Δ, and S) and the rate of the 494 

secondary nucleation of amyloid formation that is displayed by all alternative splice variants 495 

analysed here (Figure 8). The compaction of αSyn monomers at low ionic strength (Figure 8a) has 496 

been shown previously using paramagnetic relaxation enhancement NMR experiments17,52,55, and 497 

has been suggested to shield the NAC region and inhibit secondary nucleation75. In fact, 498 

αSyn(K6A;K10A;K12A), which attenuates electrostatic interactions between the N- and C-499 

terminal domains, has been reported to be more expanded than αSynWT and forms amyloid at a 500 

faster rate75. Furthermore, we note that the notion of monomer conformation being an important 501 

determinant of amyloid formation has been described previously for other amyloidogenic proteins, 502 

including tau whose conformational expansion is also associated with the acceleration of amyloid 503 

formation76, while compaction of the polypeptide chain resulting from Zn2+ binding (measured 504 

using ion mobility mass spectrometry) leads to an enhanced rate of amyloid formation for αSyn77. 505 

Our analyses support the model52 that global compaction is driven largely by interactions 506 

between the N- and C-terminal regions of αSyn, and demonstrate that a more expanded monomer 507 

(and one with higher prolateness) correlates with increased κ (Figure 8b). The strong correlation 508 

of prolateness with secondary nucleation is interesting, as prolate conformers are ‘stretched out’ 509 

and thus have an exposed NAC region (Figure 7e, Figure S14b). On the thermodynamic side, it is 510 

also interesting that the Flory exponent (ν) correlates most strongly with the percent insoluble 511 

material (Figure 6, Figure S15), as polymer theory predicts that ν depends on affinity of the 512 

polypeptide chain for itself rather than the solvent, and is thus closely related to solubility72. That 513 
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the increased prolateness associated with an increase in ionic strength does not also cause an 514 

acceleration of primary nucleation, as indicated by λ, is notable. For αSynΔ3, αSynΔ5, and 515 

αSynΔ3Δ5, we observe minimal changes in λ over the range of ionic strengths tested here, 516 

suggesting that an exposed NAC region is not needed to form the initial interactions involved in 517 

primary nucleation, and that electrostatics do not strongly affect the energy barriers for primary 518 

nucleation and elongation, at least under our conditions. The one exception to this is αSynFL, 519 

where there appears to be a weak inverse correlation between ionic strength and the rate of primary 520 

nucleation. This could reflect screening out of favourable inter-chain electrostatic interactions 521 

between the N- and C-termini of different monomers, which enable primary nucleation to occur. 522 

 523 

 524 
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Figure 8. The importance of monomer conformation in amyloid formation of the alternative splice 525 

variants of αSyn. (a) Under low ionic strength conditions, electrostatic interactions, particularly 526 

between the N- and C-terminal domains of αSyn cause compaction of the monomer. As ionic 527 

strength increases, these electrostatic interactions are screened, facilitating monomer expansion. 528 

(b) Amyloid formation of αSyn is achieved via primary nucleation from monomers, fibril 529 

elongation, and secondary nucleation. The more expanded monomers undergo secondary 530 

nucleation faster. (c) Summary of the findings on the roles of exons 3 and 5 in modulating the 531 

conformational ensembles of monomeric αSyn and the effects on amyloid formation kinetics. 532 

Exon 3 is required in the fibril for the recruitment of αSynFL monomers (Figure 3) and modulates 533 

the rate of secondary nucleation (Figure 4). Exon 5 regulates the overall rate of amyloid formation 534 

by protecting the NAC domain (Figure 2) and altering monomer shape and compaction (Figure 5). 535 

  536 
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We propose that the kinetic effects of changing ionic strength on amyloid formation of all 537 

four variants observed here occurs via a mechanism in which conformational changes in the 538 

monomer and/or fibril fuzzy coat result in a more amyloid-compatible conformations at higher 539 

ionic strength. The influence of ionic strength on the rates of amyloid formation by αSyn has been 540 

investigated previously9,78–83, and some studies have observed a reduction in secondary processes 541 

with increasing ionic strength78, or a low rate of secondary processes relative to primary 542 

nucleation61, in contrast to the observations presented here. Differences in pH79 (which affects the 543 

rates of both elongation and secondary nucleation61), or whether the experiments were shaking or 544 

quiescent (affecting fragmentation and secondary nucleation rates) could rationalise these 545 

differences. While an increase in the rate of the secondary pathway (κ) is observed at increased 546 

ionic strength, it should also be noted that this is accompanied by a decrease in the rate of the 547 

primary pathway (λ) for αSynFL (Figure S5), which likely explains the discrepancies with 548 

previous reports. Our observation that expansion of αSyn correlates with accelerated amyloid 549 

formation, although supported by other work52, also contrasts with previous reports that have 550 

shown (using Zn2+ binding and ion mobility mass spectrometry (IM-MS)) that compaction of αSyn 551 

by binding of metal ions is coupled with faster kinetics of amyloid formation77,84; suggesting that 552 

metal ion binding, sequence variants, and increasing NaCl concentrations differently affect the 553 

processes of amyloid formation. Hence, the nature of the local and global compaction appears 554 

crucial in determining the amyloid potential and pathways of αSyn aggregation. As such, the effect 555 

of ionic strength on the amyloid kinetics of αSyn is highly context dependent.  556 

We note that additional underlying factors may also contribute to the connection between 557 

ionic strength and amyloid formation kinetics. Indeed, changes in the ionic strength could also 558 

alter the properties of the fibril surface that catalyses the conversion of monomer to amyloid via 559 
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secondary nucleation. Some of the N-terminal region and most of the C-terminal domain of αSyn 560 

are disordered in Syn amyloid fibril structures85 and, given the high proportion of charged 561 

residues in these domains (Figure 1c), their conformational properties will likely also be altered 562 

by changes in ionic strength. Similarly, the influence of ionic strength on the colloidal properties 563 

of fibrils of the alternative splice variants of αSyn remains unknown, and it is possible that changes 564 

in charge screening may alter the propensity for fibril-fibril interactions. Hence, changes in the 565 

fuzzy coat in response to ionic strength changes may contribute to the observed effects on the rate 566 

of secondary nucleation, by changing the catalytic site and/or by reducing the number of accessible 567 

sites on the fibril surface.     568 

Our analysis using CALVADOS 2 also identified two key regions in the αSyn sequence in 569 

which inter-residue distances strongly correlate with κ, suggesting that the local conformation of 570 

these regions affects the rate of secondary nucleation. Specifically, an expanded NAC and compact 571 

C-terminal domain are correlated with a high κ, and vice versa. This accords with proposals that 572 

exposure of the NAC region facilitates the transition to an amyloid state52, compaction of the 573 

residues at the C-terminus of αSyn (e.g. at lower pH) is associated with an increase in 574 

amyloidogenicity53,86, and that the C-terminal domain exerts a modulating effect on NAC8,9. Since 575 

our data show that these changes specifically correlate with the rate of the secondary pathway (i.e. 576 

secondary nucleation and elongation), it appears that this enhanced activity lies in the effects on 577 

the structural conversion of monomers by fibrils, rather than primary nucleation itself. Although 578 

there are several residue pairs in NAC and the C-terminal domain that correlate strongly with κ, it 579 

is striking that the inter-residue distance that correlates most strongly with κ is Q79-E83, given the 580 

identification of the E83Q variant in a patient with DLB87,88. Similarly, the importance of the Glu 581 

at position 83 in amyloid formation kinetics was also recently demonstrated89. Biophysical 582 
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characterisation has revealed not only that the E83Q substitution causes a shift to more extended 583 

monomer conformations (as measured by IM-MS), but interactions specifically with Q79 are 584 

altered in this variant (as monitored by NMR chemical shift perturbations)88.  Furthermore, the 585 

E83Q variant forms amyloid more rapidly than αSynWT, and amyloid fibrils of this disease variant 586 

are substantially shorter than those of αSynWT, consistent with an enhanced rate of secondary 587 

nucleation. Together the characterisation of the E83Q variant supports our proposal that the Q79-588 

E83 residue pair, as well as other aspects of local conformation in the NAC and C-terminal regions, 589 

are important determinants of the rate of the secondary nucleation in amyloid formation. 590 

 591 

Roles of residues encoded by exons 3 and 5 in amyloid formation of αSyn 592 

The results presented support previous studies that have shown that deletion of residues 593 

encoded by exon 5 accelerates amyloid formation of αSyn47,49, consistent with literature precedents 594 

that the C-terminal domain of αSyn monomers can protect the hydrophobic core domain from 595 

amyloid formation8. Our results also show that residues in exon 3 (41GSKTKEGVVHGVAT54) in 596 

the fibril are required for the recruitment of αSynFL monomers in seeded fibril growth reactions, 597 

consistent with recently reported findings49. The finding that αSynΔ5 is the only splice variant 598 

capable of cross-seeding αSynFL monomers is surprising, given the proposed model that the N-599 

terminal 11 amino acids of the monomer bind to the C-terminal domain in the fibril ‘fuzzy 600 

coat’75,90, of which 28 residues are missing in the αSynΔ5 variant (Figure 1). It has been noted 601 

previously that seeds with C-terminal truncations can indeed recruit αSynFL monomers, albeit 602 

more slowly than self-seeding9. Instead, we find that it is residues 41-54 of the fibril that need to 603 

be present to facilitate efficient seeding of αSyn monomers (Figure 3). Notably, these 14 residues 604 

are present in the fibril core in many of the >140 αSyn amyloid fibril structures63,85, which suggests 605 
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why αSynFL is unable to adopt the fold of αSynΔ3 amyloid via elongation. Furthermore, we note 606 

that proteinase K digestion of fibrils of αSynFL and αSynΔ5 suggest that they contain the same 607 

residues in the fibril core49. Although we do not have information on the fibril core structures of 608 

the alternative splice variants generated in this work, residues 103-130 are not resolved in any of 609 

the published amyloid fibril structures62,63, this ultimately allows us to rationalise why the deletion 610 

of these residues does not affect the ability of αSynFL to adopt the fold of αSynΔ5 amyloid fibrils 611 

in the process of elongation. Additionally, the involvement of the N-terminal residues of the fibril 612 

in seeded growth has been observed previously10, with truncated proteins αSyn36-140 and 613 

αSyn41-140 unable to recruit αSynFL monomers. The implications of these findings in terms of 614 

PD pathogenesis are that if αSynΔ5 is indeed capable of forming amyloid in the brain, that it may 615 

also have the capacity to recruit the more abundant αSynFL, triggering the chain reaction of 616 

amyloid formation and subsequent cell-to-cell spreading of amyloid in disease. 617 

 618 

Conclusion 619 

We have demonstrated that the higher propensity of αSynΔ5 and αSynΔ3Δ5 to form amyloid 620 

in vitro can be rationalised from differences in monomer conformations compared with αSynFL, 621 

particularly global conformation in terms of prolateness, in addition to local conformation in the 622 

NAC and C-terminal regions and the extent to which the NAC is shielded by the rest of the protein 623 

sequence. Although the physiological and pathological importance of the αSyn splice variants 624 

remains unknown, our findings suggest that the splice variants could be involved in disease 625 

pathogenesis, particularly αSynΔ5, which we have shown can recruit αSynFL monomers via fibril 626 

elongation and to self-propagate most rapidly via secondary nucleation. If these variants do indeed 627 

prove to be involved in the pathogenesis of synucleinopathies, they might be targeted for disease 628 
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treatments; for example with RNA interference technology, which would be designed to target 629 

specific toxic isoforms of SNCA and facilitate cleavage of the relevant mRNA to prevent it from 630 

being translated91. This technology has already proved successful in reducing levels of another 631 

amyloidogenic protein, transthyretin, in familial amyloid polyneuropathy92.  632 

From an evolutionary perspective, the sequence patterning that facilitates the promiscuous 633 

functions of αSyn35 has enabled the N- and C-terminal domains to mitigate aggregation driven by 634 

the NAC domain. Our results suggest that monomeric αSyn must exist in a carefully balanced 635 

equilibrium of conformations, where changes in sequence or modulation of the environmental 636 

conditions, probed here by changes in ionic strength, can critically determine its amyloidogenicity.   637 

 638 

Experimental Section  639 

Generation of plasmids 640 

DNA plasmids designed for recombinant protein expression of the alternative splice variants 641 

were generated from the pET23a vector encoding αSyn (gifted by Professor Jean Baum, 642 

Department of Chemistry and Chemical Biology, Rutgers University, NJ, USA). To generate the 643 

αSynΔ3 variant, primers were designed to facilitate deletion of amino acid residues 644 

41GSKTKEGVVHGVAT54 by Q5 site-directed mutagenesis (NEB). Similarly, for generation of 645 

αSynΔ5, the primers were designed for the deletion of residues 646 

103NEEGAPQEGILEDMPVDPDNEAYEMPSE130 from the αSynFL construct. To generate 647 

αSynΔ3Δ5, these latter primers were used on the αSynΔ3 construct. Q5 site-directed mutagenesis 648 

was carried out using the primers (Table S15), subsequently followed by treatment with kinase, 649 

ligase and DpnI to facilitate DNA circularisation and template removal. Validation of the correct 650 
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deletion was achieved by transforming E. coli DH5α cells, Miniprep (Qiagen), and DNA 651 

sequencing (Source Bioscience). 652 

 653 

Protein expression and purification 654 

The plasmids generated above were used for the expression of recombinant protein of all 655 

variants of αSyn. E. coli BL21 DE3 cells were transformed with the plasmid of interest by heat-656 

shock at 42 °C and bacteria grown on LB-agar plates containing carbenicillin (100 mg/mL) 657 

overnight at 37 °C. The following day, 100 mL carbenicillin-containing LB medium was 658 

inoculated with a single colony and incubated for ~16 h (overnight) at 37 °C 200 rpm. The next 659 

day, 15 mL starter culture was added per 1 L of LB medium (containing 100 mg/mL carbenicillin) 660 

and placed in an incubator (shaking at 200 rpm at 37 °C). Once the OD600 reached ~0.6, 1 mM of 661 

isopropyl-β-D-thio-galactopyranoside was added to induce expression of αSyn protein. The 662 

cultures were placed back in the shaking incubators and left to express protein for 4-5 hours. After 663 

this time, the culture was centrifuged at 5,000 rpm (rotor JA 8.1) at 4 °C, and the cell pellet was 664 

stored at -20 °C until further use. 665 

The cell pellets were thawed and homogenised in lysis buffer (20 mM Tris-HCl pH 8.0, 2 666 

mM MgCl2, 5 mM DTT, 1 mM PMSF, 2 mM benzamidine, 100 μg/mL lysozyme, and 20 μg/mL 667 

DNase) and incubated on a roller at room temperature for 30 min. After this time, the homogenate 668 

was boiled at 80 °C for 10 min and subsequently centrifuged at 35,000 x g for 30 min. 30% (w/v) 669 

ammonium sulphate was then added to the resulting supernatant fraction and the sample was 670 

incubated on a roller at 4 °C to facilitate protein precipitation. The sample was then centrifuged 671 

again at 35,000 x g for 30 min at 4 °C, with the pelleted fraction retained afterwards. The 672 
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precipitation and centrifugation steps were repeated once more, and the resulting pellet was stored 673 

at -20 °C until further processing. 674 

The sample was next purified by anion exchange chromatography. The pellet was thawed 675 

and resuspended in buffer A: 20 mM Tris-HCl (pH 8.0 for αSynFL and αSynΔ3, and pH 9.0 for 676 

αSynΔ5 and αSynΔ3Δ5 due to differences in the isoelectric points of the proteins). Anion 677 

exchange chromatography was carried out using a Q-Sepharose column packed in-house. Protein 678 

was applied to the column and washed with two column volumes (CV) of 20 mM Tris-HCl at the 679 

relevant pH. A gradient with buffer B (20 mM Tris-HCl, 1 M NaCl at pH 8.0 or 9.0 as above) was 680 

then applied to the column up to 50% (v/v) final concentration over two CVs. The same ratio of 681 

buffer A and B was applied to the column for an additional two CVs, before washing the column 682 

with 100% buffer B over two CVs. The eluted αSyn proteins were then dialysed into 5 mM 683 

ammonium bicarbonate, lyophilised, and stored at -20 °C until further use.  684 

The protein was next purified further using size exclusion chromatography on a 685 

HighLoadTM26-60 Superdex 75 prep grade gel filtration column. The lyophilised protein was first 686 

dissolved in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4 and 1.5 687 

mM KH2PO4, pH 7.4) at a concentration of 2 mg/mL and injected onto the column in 5 mL loading 688 

volumes using a 50 mL Superloop. Collected protein was dialysed into 5 mM ammonium 689 

bicarbonate, lyophilised, and stored as described above. Correct and pure protein was confirmed 690 

using SDS PAGE and ESI-mass spectrometry.   691 

 692 

Thioflavin T assays 693 

Lyophilised protein was dissolved in the buffers defined in the figure legends, centrifuged 694 

at 16,602 xg for 30 min at 4 °C to remove insoluble material. Protein concentration was determined 695 
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by measuring the A280 using an extinction coefficient (ε) of 5,960 M-1 cm-1 for αSynFL and 696 

αSynΔ3, and ε of 4,470 M-1 cm-1 for αSynΔ5 and αSynΔ3Δ5. For the de novo ThT assays the 697 

protein at the concentration defined in the figure key was mixed with 20 μM ThT and 100 μL 698 

added to the assay plate (Corning – 3651) in triplicate. A single 3 mm Teflon polyball 699 

(PolySciences) was added to each well of the assay plate, which was subsequently placed in the 700 

FLUOstar Omega Plate Reader (BMG Labtech). The ThT assay was carried out at 37 °C for 45 h 701 

with orbital shaking (600 rpm). The fluorescence of each well of the plate was measured using an 702 

excitation wavelength of 444 nm with the emission monitored at 480 nm.  703 

For the seeding ThT assays, the starting monomer concentration was 50 μM. The fibril seeds 704 

were prepared by taking the fibrils generated in the de novo ThT assay and subjecting them to two 705 

rounds of 30 sec sonication using a Cole-Parmer-Ultraprocessor sonicator and 40% power. The 706 

fibril seeds were added to the seeding experiments at a concentration of 5 μM (monomer 707 

equivalent). ThT assay was performed as above, in the absence of the Teflon polyball and with no 708 

shaking in the FLUOstar OPTIMA Plate Reader (BMG Labtech). 709 

The T50 values for the ThT assays carried out at different monomer starting concentrations 710 

are defined as the first datapoint that crosses the threshold of 50% of the maximum ThT signal of 711 

the normalized curve. Values for the scaling exponent (Table S2) were determined by performing 712 

non-linear regression of the T50 values versus the starting concentration of αSyn using the equation 713 𝑦 = 𝑎𝑥𝛾       [1] 714 

where 𝑎 and 𝛾 are the scaling coefficient and exponent, respectively. Fitting and calculation of the 715 

95% confidence intervals (CI) were carried out in GraphPad Prism 10.3.1.  716 
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For measurements of the ionic strength dependence of amyloid formation using ThT assays, 717 

the starting monomer protein concentration was 100 μM. The ThT assays were carried out as 718 

described above for the de novo experiments. 719 

ThT data from the ionic strength dependence experiment were fitted to the equation64 720 

𝑦 = 1 − [1 + 𝜆22𝜅2𝜃 𝑒𝜅𝑡]−𝜃
     [2] 721 

where 𝑦 = normalised ThT intensity, 𝑡 = time, and 𝜆, 𝜅 and 𝜃 are fitted parameters with 0 ≤ 𝜃 ≤722 3.  𝜆 and 𝜅 were fitted for each replicate, but 𝜃 was fitted globally for each variant. Note that only 723 

data prior to the maximum fluorescence value was used for fitting, this is to account for the 724 

decreases in signal observed during the plateau, particularly for αSynΔ5 and αSynΔ3Δ5, which is 725 

potentially due to flocculation and is not accounted for in current models of amyloid formation.    726 

To test whether fragmentation is the dominant secondary process in our experiments, we first 727 

performed a ThT assay using 100 μM monomer in 20 mM sodium phosphate, 100 mM NaCl, pH 728 

7.4 at 37 °C under orbital shaking at 600 rpm in the presence of a Teflon bead. At 30 h we collected 729 

the fibrils and added these (without sonicating) to fresh monomer of the same variant (50 μM 730 

monomer plus 10 μM monomer equivalent concentration of seed). The kinetics of self-seeding 731 

was assessed as described for the seeding assays described above. 15 h later (45 h after the start of 732 

the first de novo ThT assay), we collected fibrils from another well and tested the self-seeding 733 

potential again. 734 

If fragmentation is the dominant secondary process in de novo fibril self-assembly, there is a 735 

precise expected relationship between 𝜅 and the rate of change of the seeding potency of a plateau-736 

phase fibril sample due to fragmentation. In elongation-dominated seeding, monomer disappears 737 

exponentially at a rate dependent on the seed fibril number concentration 𝑃seed and elongation rate 738 

constant 𝑘+94. 739 
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  𝑚(𝑡) = 𝑚0𝑒−𝑘𝑡 ,     [3a] 740 

  𝑘 = 2𝑘+𝑃seed ,     [3b] 741 

where 𝑚(𝑡) is the monomer concentration as a function of time, and 𝑚0 is the initial monomer 742 

concentration in the seeded assay. This rate of disappearance can be influenced by incubating the 743 

fibrils for longer before use, allowing them to fragment more. After a time delay Δ𝑡, the 744 

concentration of fibril ends will have increased by an amount proportional to the fragmentation 745 

rate 𝑘frag and seed fibril mass 𝑀seed94.  746 

  𝑃seed′ = 𝑃seed + 𝑘frag𝑀seedΔ𝑡 .    [4] 747 

This means that, if fragmentation occurs at a significant rate, a fibril sample that has been 748 

incubated for longer before use will have more fibril ends and thus greater self-seeding potency. 749 

We can quantify this effect by combining equations [3] and [4], 750 

  𝑘′ = 𝑘 + 2𝑘frag𝑘+𝑀seedΔ𝑡 .     [5] 751 

If fragmentation is also the dominant secondary process in de novo fibril self-assembly, then 752 𝜅2 = 2𝑘frag𝑘+𝑚original, where 𝑚original is the original monomer concentration used to assemble 753 

the seed fibrils before use in the seeded assay. This means there will be a direct link between 𝜅 754 

and the effect of fragmentation on 𝑘, 755 𝑘′ = 𝑘 + 𝜅2𝑟Δ𝑡 ,      [6a] 756 

  𝑟 = 𝑀seed𝑚original .      [6b]. 757 

However, equation [6] holds only if fragmentation is the dominant secondary process in de novo 758 

fibril assembly. If fragmentation is not the dominant secondary process, 𝑘′ will be smaller than 759 

the measured value of 𝜅 would predict, or conversely 𝜅 will be too large to be explained by the 760 

change from 𝑘 to 𝑘′ alone. 761 
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We globally fitted the fluorescence intensity changes over time from three replicates to an 762 

exponential decay, 763 𝑦 = 𝑎(1 − 𝑒−𝑘𝑡)      [7] 764 

where 𝑦 is the normalised ThT intensity, 𝑡 is time, 𝑎 is the amplitude of the exponential fit, and 765 𝑘 is the rate constant. Equation [7] is simply a transformation of equation [3a], and their rate 766 

constants have the same meaning. Theoretical predictions of 𝑘′ were then calculated using 767 

equation [6], where 𝑘’ is the predicted rate constant at 𝑡 = 45 h if fragmentation were the dominant 768 

secondary process, 𝜅 is fitted from the corresponding de novo ThT assay, 𝑟 is the seed dilution 769 

factor (0.1), and 𝛥𝑡 is the time interval between the first and second seeding reactions (i.e. 15 h). 770 

In all cases where this was performed, the observed 𝑘’ was much less than the predicted 𝑘’, 771 

indicating that fragmentation cannot be the dominant secondary process in de novo assembly. 772 

 773 

 774 

Mathematical models of the effect of ionic strength on 𝜿 775 

Extracted values of 𝜅 at varying ionic strength were fitted to two mathematical models 776 

describing possible effects of ionic strength on the rate of secondary nucleation. We considered 777 

two possible scenarios: the ‘Free Energy Barrier’ model, in which ions screen out an unfavourable 778 

electrostatic term in the free energy barrier for secondary nucleation; and the ‘Brønsted-Bjerrum’ 779 

model, in which ions affect the rate by altering the activity of the precursor(s) of secondary 780 

nucleation. As described in (Derivations), the ‘Free Energy Barrier’ model predicts saturation of 781 𝜅 at high ionic strength according to the relation, 782 

𝜅 = 𝜅sat ( 𝜅0𝜅sat)2−√𝐼 𝐼mid⁄
                      [8] 783 
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where 𝜅0 and 𝜅sat are the limits of 𝜅 at low and high ionic strength, respectively, and 𝐼mid is the 784 

ionic strength at which a midpoints is reached. Precise definitions are given in (Derivations). On 785 

the other hand, the ‘Brønsted-Bjerrum’ model has a lower limit 𝜅0 but no saturation, 786 

𝜅 = 𝜅02√ 𝐼𝐼2      [9] 787 

where 𝐼2 is the ionic strength at which there is a two-fold enhancement of 𝜅 relative to 𝜅0, and 788 

the definitions of 𝜅0 and 𝐼2 are again given in (Derivations). Crucially, while eq. [8] predicts 789 

saturation of 𝜅 at high ionic strength, eq. [9] does not. 790 

The ‘Free Energy Barrier’ model is equivalent to stabilisation of the critical nucleus of 791 

secondary nucleation, or an equivalent charged transition state in fragmentation, by electric field 792 

screening according to Debye-Hückel theory. The ‘Brønsted-Bjerrum’ model is equivalent to 793 

stabilisation of a secondary nucleation intermediate prior to the critical nucleus, i.e. reduced 794 

electrostatic repulsion between the monomers and the fibril surface. 795 

To compare the ability of the models to describe the variation of 𝜅 with ionic strength, both 796 

models were fitted to values of 𝜅 extracted using eq. [2] at different ionic strengths, and the quality 797 

of the fits was assessed using Akaike’s corrected information criterion (AICc). For the ‘Free 798 

Energy Barrier’ model, the fitted parameters were 𝜅0, 𝜅sat, and 𝐼mid. For the ‘Brønsted-Bjerrum’ 799 

model, the fitted parameters were 𝜅0 and 𝐼2. Fitting was performed in GraphPad Prism 10.4.2 using 800 

Levenberg-Marquardt non-linear least-squares regression. 801 

 802 

Pelleting assay  803 

A pelleting assay was used to determine the percentage of protein converted into insoluble 804 

material at the end of the ThT assays. Immediately following the end of the ThT assays, samples 805 

were retrieved from the assay plates and centrifuged at 100,000 xg for 30 min at 4 °C. The 806 



 

45 

supernatant and whole fractions were loaded onto 15% Tris-tricine SDS-PAGE gels. The gels were 807 

subsequently stained with InstantBlue Coomassie stain and the densitometry of the bands 808 

measured using Nine-Alliance software. The percentage of pelletable material was determined 809 

using the equation: 810 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑝𝑒𝑙𝑙𝑒𝑡𝑎𝑏𝑙𝑒 = 100 × 1 −  ( 𝐷𝑠𝑜𝑙𝐷𝑤ℎ𝑜𝑙𝑒)   [10] 811 

where 𝐷𝑠𝑜𝑙is the densitometry of the soluble fraction and 𝐷𝑤ℎ𝑜𝑙𝑒is the densitometry of the whole 812 

sample. The pelleting assay was performed three times. 813 

 814 

Negative stain transmission electron microscopy 815 

Negative stain transmission electron microscopy (TEM) was carried out on the end products 816 

of the ThT assays. The samples were administered to carbon-coated copper grids, which was 817 

subsequently washed three times with 18 MΩ H2O and strained with 2% (w/v) uranyl acetate. 818 

Imaging was performed with a FEI Tecnai T12 electron microscope.  819 

 820 

Flow induced dispersion analysis (FIDA) 821 

Flow induced dispersion analysis (FIDA) was performed on a Fida-1 instrument (FidaBio) 822 

with a 75 μm x 1 m capillary. The capillary was washed with 1 M NaOH and coated with HS 823 

reagent (FidaBio), with distilled water between and after. Monomeric protein was dissolved in 20 824 

mM sodium phosphate buffer at pH 7.4 in the absence of NaCl, at a protein concentration of 400 825 

μM. Analysis runs were carried out in the same buffer with the desired concentration of NaCl, as 826 

the small plug of sample (~50 nL) rapidly disperses into the NaCl-containing buffer after injection 827 

onto the capillary. Each FIDA run had 3 steps: (1) equilibration with buffer for 90 s at 3500 mbar; 828 

(2) injection of a plug of sample for 10 s at 50 mbar; and (3) elution with further blank for 3 min 829 
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at 400 mbar. The elution of protein was monitored by intrinsic fluorescence (excitation 275 nm, 830 

emission 300-450 nm) and the hydrodynamic radius was calculated from the baseline-subtracted 831 

Taylorgram using the FIDA analysis software (FidaBio). 832 

 833 

Molecular dynamics (MD) simulations 834 

All coarse-grained MD simulations were performed using the CALVADOS 2 force field57,58. 835 

Simulations were performed as stated previously57,58, except for differences in box size and 836 

simulation duration as stated below. In short, CALVADOS uses a simplified representation of one 837 

bead per residue, connected by harmonic bonds with an equilibrium distance of 0.38 nm and force 838 

constant of 8033 kJ.mol-1.nm-2. Molecular interactions between non-adjacent beads are accounted 839 

for by additional potentials: a truncated and shifted Ashbaugh-Hatch potential for non-electrostatic 840 

interactions, and a truncated Debye-Hückel potential for electrostatic interactions. Ionic strength 841 

is accounted for by changes in the Debye length used to model electrostatic interactions57,58. At 842 

the start of each simulation, a single αSyn monomer was initialised as a linear polymer with beads 843 

separated by 0.38 nm in a periodic box of size 0.76(N-1) + 4 nm, where N is the number of beads. 844 

Simulations were carried out using a Langevin integrator with a timestep of 10 fs and friction 845 

coefficient of 0.01 ps-1, with a sampling frequency of 70 ps (7000 timesteps) per frame, which 846 

yields weakly correlated frames58. After an initial equilibration of 700 ps (7 x 104 timesteps), the 847 

simulation was carried out for 350 ns (35 x 106 timesteps) to obtain 5000 frames sampling the 848 

protein’s simulated conformational landscape. All simulations were carried out at 310 K, pH 7.4 849 

at the ionic strengths indicated in the text. The structural parameters Rg, ν, Δ, and S and their errors 850 

were calculated as described in 58.  851 
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To classify αSyn conformers by spectral clustering, we first calculated the pairwise similarity 852 

(affinity) of each pair of frames in a simulation. We chose to compare inter-residue Cα-Cα distances 853 

rather than aligned Cα coordinates, as inter-residue distances preserve information about structural 854 

contacts in spite of the large continuous deformations typically seen in CALVADOS 2 simulations 855 

of IDRs. The affinity score A𝑥𝑦 each pair of frames (𝑥, 𝑦) was calculated as the Gaussian kernel 856 

of the mean squared deviation in inter-residue (Cα-Cα) distances between the two frames, using the 857 

mean expected squared deviation in inter-residue distances as the normalisation. Specifically, 858 

A𝑥𝑦 = exp [− 〈∆𝑑𝑖𝑗2 〉〈𝔼(∆𝑑𝑖𝑗2 )〉],     [11] 859 

where 〈… 〉 = ∑ …/𝑁𝑖>𝑗+1  represents an average across all 𝑁 non-bonded residue pairs (𝑖, 𝑗), 860 ∆𝑑𝑖𝑗2 = (𝑑𝑖𝑗,𝑥 − 𝑑𝑖𝑗,𝑦)2
 is the squared deviation in inter-residue distance 𝑑𝑖𝑗 between frames 𝑥 and 861 𝑦, and 𝔼(∆𝑑𝑖𝑗2 ) = 2Var(𝑑𝑖𝑗) is the expected squared deviation in 𝑑𝑖𝑗 for a randomly chosen pair 862 

of independent and identically distributed frames. Note that the mean across residue pairs 〈… 〉 was 863 

taken separately on the numerator and denominator to preserve a stronger weighting for residue 864 

pairs that experience large variations throughout the simulation trajectory. As a result, 𝐴𝑥𝑦 is 865 

essentially a Gaussian transformation of the Euclidean distance between frames in the higher-866 

dimensional (𝑑13 … 𝑑𝑅−2,𝑅) space, for a sequence of 𝑅 residues. We then used the resulting affinity 867 

matrix 𝐀 to classify frames into 4 clusters using the SpectralClustering class in scikit-learn93. 868 

Alternative numbers of clusters provided similar results, but were less interpretable as they failed 869 

to separately resolve intra-domain and long-range interactions. Note that we do not claim that these 870 

clusters represent distinct basins in the conformational free energy landscape of αSyn, which 871 

appears to be continuous in CALVADOS 2 simulations. Instead, the spectral clustering algorithm 872 

provides a means to carve up the conformational spectrum of αSyn into closely related states. The 873 
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increase in the population of the compact class with exon 5 present, therefore, likely reflects the 874 

skewing of the conformational distribution to produce an enhanced population of closely inter-875 

related compact states. As clustering was carried out independently for each variant, the compact 876 

classes of different variants are not necessarily the same; however, inspection of the per-cluster 877 

contact maps showed the same pattern of N-C interactions in each case. 878 
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