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Summary 31 

Aggregation intermediates play a pivotal role in the assembly of amyloid fibrils, 32 

which are central to the pathogenesis of neurodegenerative diseases1,2. The structures of 33 

filamentous intermediates3 and mature fibrils4 are now efficiently determined by single-34 

particle cryo-electron microscopy. By contrast, smaller pre-fibrillar α-Synuclein (αS) 35 

oligomers, crucial for initiating amyloidogenesis, remain largely uncharacterized. We 36 

report an atomic-resolution structural characterization of a toxic pre-fibrillar 37 

aggregation intermediate (I1) on pathway to the formation of lipidic fibrils. Super-38 

resolution microscopy reveals a tetrameric state, providing insights into the early 39 

oligomeric assembly. Time resolved nuclear magnetic resonance (NMR) measurements 40 

uncover a structural reorganization essential for the transition of I1 to mature lipidic L2 41 

fibrils. The reorganization involves the transformation of anti-parallel β-strands during 42 

the pre-fibrillar I1 state into a β-arc characteristic of amyloid fibrils. This structural 43 

reconfiguration occurs in a conserved structural kernel shared by a vast number of αS-44 

fibril polymorphs including extracted fibrils from Parkinson’s and Lewy Body Dementia 45 
5 patients. Consistent with reports of anti-parallel β-strands being a defining feature of 46 

toxic αS pre-fibrillar intermediates6, I1 impacts viability of neuroblasts and disrupts cell 47 

membranes, resulting in an increased calcium influx. Our results integrate the 48 

occurrence of anti-parallel β-strands as unique features of toxic oligomers7–9 with their 49 

significant role in the amyloid fibril assembly pathway. These structural insights have 50 

implications for the development of therapies and biomarkers. 51 

Introduction  52 

The aberrant aggregation of α-Synuclein (αS) into amyloid fibrils is a crucial step in 53 

the biochemical cascade of several neurodegenerative diseases (NDD) as evidenced by the 54 

fact that αS amyloid fibrils are a major component of Lewy bodies, the intra-cellular 55 

inclusions that are characteristic of Parkinson’s disease and other synucleinopathies 1,10. While 56 

fibrils are a pathological hallmark of NDDs, evidence has accumulated that oligomeric αS 57 

aggregation intermediates, in particular, exert a toxic load on neurons 11–14. Further, the ability 58 

of αS to interact with and disrupt lipid bilayers is well documented 8,11,15. Hence, such 59 

structures in complex with lipids, a canonical binding partner of αS16–19, are of particular 60 

interest.  61 
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In vitro preparations have been instrumental in determining characteristics of 62 

intermediate species occurring during amyloid aggregation because their low population and 63 

transient nature make it challenging to isolate from tissues. Through these studies it has been 64 

revealed that aggregation intermediates, sometimes transient fibril like filaments3, are often 65 

composed of segments with structural features analogous to their respective fibrillar 66 

polymorphs20–23. However, atomic-resolution structures of small oligomeric αS intermediates 67 

are lacking. This impedes the understanding of nucleation, toxicity, and the effect of 68 

aggregation modulators at the molecular level. 69 

Previously, we reported the isolation of Intermediate 1 (I1), a transient pre-fibrillar 70 

species found on pathway to the formation of the L2 fibril polymorph (Protein Data Bank 71 

(PDB) entry 8A4L) in the presence of anionic lipid vesicles 23,24 (Fig.1A). Nuclear Magnetic 72 

Resonance (NMR) chemical shifts indicated that I1 shares several segments with the L2 fibril, 73 

including residues L38-S42 in β1, T44-V48 in loop 1, E57-E61 in loop 2, T72-A78 in loop 3 74 

and β423 (Fig.1D, E). 75 

A β-arc, which is a characteristic feature of amyloid fibrils, is found at T59 (V52-V66) 76 

in the L2 fibril. This β-arc is a structural kernel conserved in nearly half of the deposited αS 77 

fibril polymorphs (Fig.1B), including extracted fibrils from Parkinson’s disease (PD) and 78 

Lewy Body Dementia (DLB) patients (PDB 8A9L) and those seeded from Multiple System 79 

Atrophy (MSA) (PDB 7NCA) and PD patients (PDB 7OGZ). Determination of the structure 80 

of I1, which clearly differs from the fibril for residues V52-V66 (Fig.1A, D, E)23, would help 81 

elucidate the folding pathway for L2, thus far unknown7,13.  82 

Here, we report extensive NMR data for I1 that reveal an anti-parallel β-sheet with a 83 

β-hairpin at T59. Together with super-resolution fluorescence microscopy data, I1 was 84 

determined to be a tetramer. Atomistic molecular dynamics (MD) simulations reveal that the 85 

tetramer is stabilized in the context of a lipid bilayer. 86 

 87 

Results  88 

Composition and stability of an I1 sample 89 

The characterization of an I1 sample, previously isolated on the folding pathway to the 90 

L2 fibril23, reveals its prolonged stability and composition. The I1 sample can be isolated for 91 

prolonged times in the rotor because it is depleted of disordered monomer and membrane 92 

bound monomer (Fig.1A). Fingerprint spectra are acquired at regular intervals to keep track of 93 
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the stability of I1 (Fig.S1A). Lipid bound monomer and disordered monomer stay in the 94 

supernatant after I1 is isolated (Fig.S1B, C). Due to its transient nature, multiple freshly 95 

prepared samples of I1 have been used in the study (Fig.S1E). The spectra indicate that I1 96 

consists of one dominant species (Fig.S1, S2). Additionally, there was no indication of the L2 97 

fibril in the I1 samples, as determined by the absence of characteristic L2 resonances in the I1 98 

spectra (Fig.S1). Notably, no instance occurred where one residue was assigned to two sets of 99 

resonances (Fig.S2).  100 

 101 

 I1 is toxic to SH-SY5Y neuroblasts 102 

 Consistent with well-established behavior of amyloid aggregates8,14, I1 and the L2 103 

fibril dramatically differ in their impact on cell viability: I1 reduces survival of SH-SY5Y 104 

neuroblastoma cells to 25%, while the L2-fibril leaves cell viability unperturbed compared to 105 

the lipid bound monomer (Fig.1C). This is despite the remarkable similarity between the two 106 

species and further motivates a detailed characterization to link structural differences to 107 

variations in cellular impacts. 108 

 109 

Figure1: Comparison of I1 oligomer and L2 fibril. (A) Transmission electron micrograph 110 

(TEM) image of I1 aggregates (left) compared to a TEM image of L2 fibrils (right) 111 

superimposed on an aggregation kinetics curve (black curve). Insets show schematics of 112 

structures and highlight unknown aspects of I1. Scale bar 100 nm. The schematic shows lipid 113 
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localization as previously determined25. The gray curve shows slower aggregation kinetics 114 

under conditions during NMR measurements (4-16°C  and monomer depleted). (B) Backbone 115 

traces of αS fibril polymorphs that have a β-arc at T59 similar to the L2 fibrils. (C) Impact of 116 

αS aggregates on viability of SH-SY5Y neuroblastoma cells after 24 hours of incubation with 117 

0.3 µM αS. Error bars are shown as the ± standard error of the mean for 6 replicates. ** 118 

represents significance from t-test p < 0.05 between the monomer and I1 samples. (D) The 119 

secondary structure as indicated by chemical shift, is shown as helix (waves), strand (arrows) 120 

or loops (lines) for Intermediate 1 (I1) and the L2 fibril. Chemical shift similarity (green-pink) 121 

mapped onto the sequence of αS. Dotted lines represent tentative assignments. White spaces 122 

indicate missing assignments. Gray lines denote assigned residues of I1 that are unassigned in 123 

the L2 fibril. (E) Per residue average chemical shift perturbations (CSPs), including Cα, Cβ, 124 

Co and NH shifts, between I1 and L2 fibril (BMRB 50585) mapped along the αS primary 125 

sequence. Dotted line shows the 0.7 ppm cut-off for similar and dissimilar segments. (D-E) 126 

Residues with similar chemical shifts (CSPs <0.7 ppm) are colored green. Residues with 127 

dissimilar chemical shifts (CSP >0.7 ppm) are pink. Similarity for the helical segment V16-128 

T22 is derived from 13C correlation spectra only23. (F) Side-chain contacts observed for I1 129 

(from (H)HNH and (H)HCH spectra in Fig.S3B) conflicting with the L2 fibril structure (grey 130 

trace) are marked in pink.  131 

 132 

Distinct features of I1 compared to the L2 fibril 133 

Clear differences are seen between I1 and the L2 fibril in morphology as well as 134 

secondary structure and topology. An I1 sample resolubilized from an MAS NMR rotor 135 

consists of particles of diameter 8-15 nm, drastically different from longitudinal, twisted 136 

strands observed for fibrils (Fig.1A). Comparison of Cα and Cβ chemical shifts (BMRB 137 

entries 5058523 and 52283) reveals major differences between I1 and L2 in two regions of αS. 138 

Firstly, C-terminal residues, E83-K97, that are primarily structured as a β-strand in the L2 139 

fibril, form a loop and α-helix in I1 (Fig.1D). Differences in topology are also observed in this 140 

segment: K96 shows contacts to residues around A30 in I1. By contrast, residues V82-L97 are 141 

adjacent to β3 in the L2 fibril (Fig.S3B, C). Secondly, the β2 and β3 strands, while retaining 142 

β-strand secondary structure in both, I1 and the L2 fibril (Fig.1D), deviate substantially in 143 

their chemical shifts (average CSP >0.7 ppm) (Fig.1E). These segments exhibit side-chain 144 

contacts in I1, that conflict with the L2 fibril, namely N65 Nδ – A53 HN and V63 Hγ – T54 Hβ, 145 

(Fig.1F). In the L2 fibril these contacts measure greater than 10 Å, which is beyond the 146 
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distance reached in H(H)NH NMR spectra. In the L2 fibril, β2 and β3 form the T59 β-arc, a 147 

shared structural kernel among various fibril polymorphs, suggesting possible commonalities 148 

in the folding pathway of other fibrils sharing the T59 β-arc.  149 

To determine the β-strand arrangement in I1, we recorded amide proton correlation 150 

spectra26 on the 1.2 GHz spectrometer to leverage improved resolution and sensitivity 151 

(Fig.S3A). Parallel-in-register (PIR) and anti-parallel (AP) β-strands produce distinct contact 152 

maps of proximity among amide moieties. β1 and β4 are confirmed as PIR, since only 153 

correlations to neighboring residues are observed (green labels, for example K43-T44 in Fig. 154 

2A). In contrast, the pattern of amide proton correlations for β2 and β3 reveals an AP 155 

arrangement (pink labels in Fig 2A). These correlations for V52-V55 on β2 with V66-V63 on 156 

β3 are depicted in Fig.2B. To distinguish intra- and inter- molecular amide proton contacts, 157 

we diluted the uniformly 15N-labelled αS with 50% unlabelled αS. Once normalized by the 158 

diagonal, the intensities of inter-molecular contacts in the diluted labelling spectrum (blue, 159 

Fig.2A) are reduced 2-fold compared to the fully labelled spectrum (black, Fig.2A), while 160 

intramolecular contacts retain full intensity. In this way we identified the V66-V52 (AP) and 161 

K43-T44 (PIR) cross-peaks as inter-molecular whereas the V63-V55 cross-peak was 162 

identified as intramolecular (Fig.2C).  163 

 164 
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 165 

Figure 2: I1 has inter- and intra- molecular (AP) β-strands and is a tetramer. (A) 15N-15N 166 

correlation spectrum of I1 with uniformly 15N- labelled αS shows that there are AP segments 167 

(pink labels) which feature intra- and inter-molecular cross-peaks. Cross-peaks from PIR 168 

segments (green labels), correlations in loops (grey labels) and helices (black labels) are also 169 

observed. On the right are one-dimensional traces of cross-peaks comparing uniformly 15N- 170 

labelled I1 (black) and 1:1 15N: unlabelled (50% dilute) I1 (blue). Intra-molecular cross-peaks 171 

are not affected by the 50% dilution (V63-V55 contact) whereas the intensity of inter-172 

molecular cross-peaks is reduced 2-fold in the diluted spectrum (blue) (V66-V52 and K45-173 

T44 contacts). (B) Contacts indicative of AP segments are indicated with pink lines on a 174 

backbone trace. (C) Ratios of cross-peak intensity between the fully 15N-labeled (black) and 175 

50% 15N-labeled (blue) spectra. Color legend is the same as in panel (A). (D) Histograms of 176 

the number of bleaching steps (purple) and number of polarization states per aggregate (pink) 177 

for I1 at a fluorophore labelling efficiency (p) of 25%. The grey line shows the best fit to the 178 

photobleaching and polarCOLD data with parameters p =27% and m (no. of monomers per 179 
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oligomer) =4 (Fig.S4F). (E-H) Examples of super-resolved polarCOLD images of different 180 

particles show the projection of aggregates with 1 (E), 2 (F), 3 (G) and 4 (H) dye molecules 181 

onto the imaging plane. The center of each spot displays the position of the fluorophore and 182 

its width represents the localization precision. The latter can vary due to the available signal-183 

to-noise in each case, determined by the photophysics heterogeneity of fluorophores 184 

(Fig.S4G). 185 

 186 

Oligomer state of I1 187 

Amide proton correlations indicate that I1 is a multimer, prompting further 188 

investigation with NMR and fluorescence measurements to determine oligomer size. An 189 

NMR CODEX27 (Center band only detection of exchange) measurement informs about the 190 

monomer number in an aggregate with an upper limit of about 10 Å between singly 13C-191 

labeled sites. The CODEX curve reaches about 0.25 at long times, indicating that I1 is at least 192 

a 4-mer (Fig.S4A). Stepwise photobleaching can be used to count the number of monomers in 193 

an aggregate28. In this work, we combine this approach with polarCOLD, a cryogenic super-194 

resolution fluorescence microscopy, which can reach Ångstrom resolution29. We first verified 195 

that modification of a portion of molecules in I1 with a fluorophore showed no perturbations 196 

in NMR structural data (Fig.S4C). Next, aggregates were immobilized on a substrate and 197 

irradiated continuously at room temperature (RT) until they photobleached (Fig.S4D). The 198 

number of photobleaching steps was determined by counting the intensity levels in the time-199 

traces (Fig.S4E). The histogram of photobleaching steps at RT can be best fit to a binomial 200 

distribution for a tetramer (purple, Fig.2D). Furthermore, polarCOLD 30, was used to acquire 201 

super-resolution images at a temperature of 4 K by localizing individual fluorophores through 202 

their emission polarization states. Examples of such images for the projection of fluorophore 203 

positions are depicted in Fig.2E-H for different particles from a single preparation of I1 with ~ 204 

27% dye labeling. We also analyzed an ensemble of individual particles to obtain a histogram 205 

of polarization states per aggregate at 4 K (pink in Fig.2D), yielding very good agreement 206 

with the RT measurements. These measurements all indicate that I1 is a tetramer.  207 
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 208 

Figure 3: I1 fold contains AP β-structure and PIR strands. (A) Tetramer with open AP β-209 

strands 2 and 3 and (B) Schematic of a dimeric structural element of the tetramers. The fibril-210 

like PIR domain is colored green. The AP domain is colored pink. (C) Close up of the PIR 211 

part. (D) Close up of the AP arrangement showing the contacts N65 Nδ–A53 HN and V63 Hγ–212 

T54 Hβ as pink lines. The structure satisfies an upper limit of 7 Å. 213 

 214 

Visualization of the I1 tetramer structure 215 

An atomic resolution model for an I1 tetramer was assembled by combining the 216 

knowledge of the L2 fibril structure (for I1 segments similar to the fibril) with experimental 217 

contacts observed for I1 that are distinct from the L2 fibril (Table S1). Detection of a single 218 

set of chemical shifts suggests a single fold for all monomers of I1, but several quaternary 219 

arrangements can be modeled to satisfy experimental restraints (Fig. S5). These include 220 

“open” arrangements where molecules simply stack on each other like in the fibril (Fig.3A). 221 

We can envisage “closed” arrangements, such as a “barrel” with inter-molecular H-bonds for 222 

all four molecules or a “bowl” morphology with intra-molecular H-bonds for all molecules 223 

except one (Fig. S5A). A comparison of the conformers reveals two distinct structural features 224 

in all morphologies (Fig.3B, C, Fig. S5A). The first is a fibril-like PIR arrangement of β1 and 225 

β4 (green, Fig.3). The second is an AP domain that involves a β-hairpin between strands β2 226 

and β3 connected by loop 2 (pink, Fig.3). The AP domain in both open and closed models 227 

satisfies the 7 Å upper-limit for side-chain contacts in I1 (Fig.3D). 228 
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 229 

Transition from β-hairpin in I1 to β-arc is necessary for formation of the L2 fibril  230 

To convert to the L2 fibril, I1 must undergo a transition in the AP domain from a β-231 

hairpin, with backbone H-bonds between β2 and β3, to a β-arc with side-chain interactions 232 

between β2 and β3 instead. The kinetic stability of I1 is partly attributed to the relatively high 233 

energy barrier required for breaking 28 H-bonds involved in this transition (Movie S1). 234 

Contrary to an amyloid fibril, an I1 type conformation cannot template an indefinite number 235 

of molecules. Every additional molecule that contributes one layer to the PIR domain, adds 236 

two layers to the AP domain. This causes frustration between the two domains in larger 237 

aggregates and manifests as steric clashes in the G67-V74 segment and discontinuities in AP 238 

β-strands (Fig.S5B), making it energetically unfavorable to template both the AP and PIR 239 

domain onto additional molecules (Fig.S5C).   240 

This is consistent with the finding that Intermediate 2 (I2), the next intermediate on the 241 

pathway, features a β-arc in the V52-V66 segment, and thus a conversion from AP to PIR β-242 

strands in this region, indicated by similar chemical shifts to the L2 fibril 23 and next neighbor 243 

correlations in the amide proton correlation spectrum (Fig.S6A). Characteristic of fibrillar 244 

intermediates, I2 exhibits filamentous morphology (Fig.S6B) and coincides with a rapid 245 

increase in ThT fluorescence (Fig.S6C) indicating fibril growth through the necessary 246 

transition from β-hairpin between the AP β-strands in I1 to β-arc between the parallel β-247 

strands.   248 
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 249 

Figure 4: PIR and AP domains of I1 are lipid bound and disrupt lipid membranes (A) 250 

Schematic of magnetization transfer between lipid protons and protein backbone. POPC 251 

choline nitrogen atoms are highlighted in purple, terminal methyl groups in the hydrophobic 252 

core are turquoise and acyl chain protons are light orange. (B) lipid contacts mapped onto the 253 

sequence for I1 and the L2 fibril23. Lipid contacts are colored according to lipid protons in 254 

panel (A) and are shown together with a schematic of the I1 secondary structure along its 255 

sequence. The PIR domain is colored green, and the AP domain is pink. Residues with 256 

missing assignments are shown as white spaces and those with tentative assignments are 257 

shown as dotted lines. (C, D) Snapshots from unrestrained MD simulations of an open I1 258 

conformer with (C) both PIR and AP domains being in the same leaflet and (D) PIR and AP 259 

domains traversing both leaflets of the bilayer. POPC choline nitrogen atoms are shown as 260 

purple spheres along with a surface map of lipids.  I1 is shown as a gray ribbon colored by 261 

domain as in panel (B). (E) I1induces proton flux across liposome membranes. Adding 1 M 262 

HCl lowers the pH of the external buffer. When I1 is introduced, the pH gradually increases 263 

(pink traces), indicating a leaky membrane. Without I1 (gray traces), the pH remains nearly 264 

unchanged until the addition of CCCP to uncouple proton flux. The inset shows a schematic 265 

of liposomes used in the assay. (F) Calcium influx is measured by fluorescence of Fluo-4 266 

loaded in SH-SY5Y cells, expressed as a percentage of the maximum capacity determined by 267 
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cells containing ionomycin, a calcium ionophore. I1(pink) significantly elevates intracellular 268 

calcium levels compared to controls (gray). Error bars represent standard error of the mean. 269 

Inset illustrates Ca2+ flux induced by I1.  270 

 271 

Interaction of I1 with lipids 272 

I1 has lipid interactions spanning the entire length of the protein, consistent with its 273 

aggregation on POPC/POPA vesicles23, (Fig.4A, B and Fig.S7). This includes the N-terminal 274 

helix and hydrophobic residues 70-88 (Fig.4B, S7) consistent with previously observed αS 275 

oligomers 11. Additionally, I1 also contacts lipids through Y39 and through the AP domain. 276 

The lipid contacts at Y39 are similar in the L2 fibril and I1, while L2 type lipid contacts at β4 277 

are missing in I1.  278 

All-atom MD simulations were performed to probe interactions of I1 with lipid 279 

bilayers. Simulations of several orientations of I1 with respect to bilayers with a truncated 280 

G36-K80 segment identified orientations compatible with experimental lipid contacts 281 

(Supplementary Note 1, Fig.S8). Simulations that include the helical regions (V16-Q99), 282 

predict that the open morphology in orientations 1 and 2 and the bowl morphology in 283 

orientation 2 satisfy experimentally observed lipid contacts and distance restraints with high 284 

fidelity (Fig.4C, D and Fig.S9).  285 

Lipids appear to play a crucial role in stabilizing the AP domain. The E57-V66 286 

segment in the AP domain contacts lipids in I1 (Fig.4B), while in the L2 fibril, this segment 287 

forms a PIR β-sheet and does not show any lipid contacts. Notably, MD simulations of I1 with 288 

the AP domain oriented outside the lipid bilayer do not agree with experimental restraints and 289 

show a significant loss in β-strand content (orientations 3, and 5-8 in Fig.S8 and orientation 3 290 

in Fig.S9). 291 

 292 

I1 disrupts membranes 293 

Strikingly, a cluster of charged residues in loop 1 (43KTKE46) and the AP domain 294 

(57EKTKEQ62) of I1 has contacts with lipid acyl chains (Fig.4B). Simulations of the open 295 

tetramer show that lipid bending stabilizes these residues (Fig. 4C, D and Movies S2, 3), 296 

reducing the energy barrier for the penetration of choline and phosphate groups of the lipid 297 

headgroups into the bilayers hydrophobic core (Fig.S10A-D). This lipid bending also 298 
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facilitates cation flux across the membrane by lowering the energy barrier for Na+, Ca2+ and 299 

water in the hydrophobic bilayer core (Fig.S10A-D).   300 

The disruptive impact of I1 on lipid membranes is evident from the liposomal proton 301 

flux assay. After establishing a pH gradient across the membrane by the addition of an acid, I1 302 

triggers a proton influx into liposomes, gradually increasing the pH of the external buffer 303 

(Fig.4E). By contrast, in the absence of I1, liposomes are sealed and maintain a stable pH. 304 

Furthermore, I1 increases Ca2+ influx across neuroblast cell membranes, as indicated by the 305 

enhanced fluorescence of the calcium sensitive dye, Fluo-4 (Fig.4F). Propidium Iodide 306 

fluorescence confirms that increased Fluo-4 fluorescence is not due to cell death induced 307 

membrane damage (Fig.S10E). Unlike with I1, both monomeric and fibrillar αS show no 308 

significant differences in Ca2+ influx (Fig.S10F). The influx of Ca2+ induced by I1 is 309 

independent of AMPAR channels, shown by the unchanged Ca2+ influx curves with the 310 

cyanquixaline (CNQX) inhibitor (Fig.S10G).  311 

Discussion 312 

Since there is no information about oligomers ex vivo, we compared the end product of 313 

our in vitro oligomer preparation, the L2 fibrils with the ex vivo Lewy fold. The latter closely 314 

resembles L2 but differs in notable aspects. The Lewy fold fibrils occur only as single 315 

filaments, whereas L2 consists of three filaments (Fig.S11A). There are also variations in the 316 

fold of individual filaments. Specifically, the Lewy fold features a near 180˚ turn at G84, in 317 

contrast to L2’s approximately 90˚ turn. Additionally, the turn at G73-is nearly 90˚ in the 318 

Lewy fold and about 160° in L2, leading to a concave bend at G51 in the Lewy fold versus a 319 

convex bend at the same position in L2 (Fig.S11B). 320 

Despite these differences, the similarities between the Lewy fold and L2 fibrils are 321 

striking. Both share the T59-arc (β2-β3) that is common structural kernel in multiple αS 322 

fibrils4. There are also similarities in other segments, including the interactions between β1 323 

and β4 as well as the organization of β5 (Fig.S11C). These similarities make the I1 oligomer 324 

from the in vitro L2 fibril preparation a remarkable model for studying the assembly of 325 

structural features present in brain extracted αS fibrils. 326 

The I1 structure is distinct from non-toxic oligomers which are helical and more 327 

dynamic such as the dynamic helical tetramer and those stabilized by EGCG 328 

(epigallocatechin-3-gallate)11,31,32. Additionally, I1 is distinct from stable lipoprotein particles 329 

formed by helical αS33. While non-toxic oligomers interact with lipid bilayers in an unspecific 330 
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manner11,31, the I1 N-terminus contacts lipids via an amphipathic helix and many segments 331 

contact the hydrophobic bilayer core. This interaction pattern may influence the cellular fate 332 

of αS aggregates because the lipid binding sites also act as recognition motifs for protein 333 

quality control, such as for heat shock proteins (V37-K43 in αS)34,35 and ubiquitination (K21, 334 

K23, K32, K34 in αS)36.  335 

The I1 model suggests that aggregation prone regions (APRs) are among the first to 336 

adopt β-strands in the aggregation process. Identified through factors like hydrophobicity, 337 

solubility37, and mutagenesis studies38, APRs include the Y39-S42 master controller region, 338 

and the K45-E57 segment housing several familial mutations linked to Parkinson's 339 

disease37,39. In I1 residues in these segments adopt β-strands (β1 and β2 in Fig.3A) and engage 340 

in tertiary and backbone interactions with other APRs (β3 and β4 in Fig.3A). All of these 341 

segments are consistent with those that lend energetic stability to αS fibrils39. Additionally, 342 

lipid bound dimers reveal helix breaks at V40 and K6040, suggesting that the destabilization of 343 

the functional helix in these segments may steer the molecule toward amyloid aggregation. 344 

G84-V95 is a hydrophobic segment; however, instead of a β-strand, it forms a lipid bound 345 

loop in I1 (Fig. 4B). This deviation is attributed to its relatively lower aggregation propensity 346 

and higher solubility than the other segments37. 347 

Biophysical commonalities, namely, the ability to disrupt membranes6 and the 348 

presence of anti-parallel β-sheet7–9,41 have emerged among toxic amyloid oligomers. 349 

Consistent with this, the lipid defects caused by I1 (Fig.4C-E and S10A, B) are reminiscent of 350 

edge pores observed with amyloid-β oligomers42,43 that impair membrane integrity. This 351 

impairment has been extensively studied as a mechanism involving increased influx of cations 352 

in the context of various amyloid oligomers6. The resulting increased influx of cations such as 353 

Ca2+ is an integral step in the apoptosis signaling pathway which is responsible for the death 354 

dopaminergic neurons44.  355 

Anti-parallel β-strands in toxic oligomers were first observed in bulk measurements7,8 356 

and have since been reported to occur at different residues, featuring varied topologies such as 357 

a β-hairpin (L38-A53)45 or a steric zipper (K80-A91)9. Given the polymorphism observed in 358 

αS fibrils, multiple intermediate structures can be expected, evidenced by different residues 359 

participating in the AP β-strands. However, commonalities in the aggregation pathway are 360 

evident, as, similar to I1 oligomers (Movie S1), amyloid-β oligomers have also been reported 361 

to undergo a 90° turn in a β-hairpin during fibril formation21. The presence of β-arcs in most 362 

known fibrils suggests a common assembly pathway through a hairpin-to-arc transition.  363 
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The conservation of the β-arc structural kernel at T59 in a vast number of αS fibrils 364 

(Fig.1B and S12) suggests that contacts like the I1 AP domain could be initiators of 365 

aggregation for these polymorphs. Tetrameric oligomers modelled from these polymorphs can 366 

accommodate I1 type AP β-strands in their otherwise distinct structural folds (Fig.S12B) and 367 

the formation of such domains appears to be energetically favorable (Fig.S13B). This 368 

suggests that I1 type AP domains may be at the heart of a common folding pathway for fibril 369 

polymorphs with a β-arc at T59 (Fig.S13A). The β-arc at G67 is implicated in the formation 370 

of MSA-type fibrils (Fig.S12A)4. Exploring αS oligomers preceding the G67 arc could offer 371 

insights into the fibrillogenesis of MSA-type fibrils.  372 

Here we have localized with atomic scale precision, the occurrence of AP β-strands in 373 

a toxic αS tetramer. We demonstrate that aggregates containing these AP β-strands precede 374 

the formation of fibrillar intermediates, and their transition into a fibril like β-arc is essential 375 

for fibril elongation. The observation that the tetramer is in contact with hydrophobic lipid 376 

chains and results in detrimental cation influx highlights its potential role in disrupting the 377 

integrity of biological membranes, such as those of presynaptic termini, where αS is known to 378 

be enriched46. Findings here underscore that the tetramer structural models can serve as a 379 

basis to investigate genesis, polymorphism and therapeutic intervention for fibrils with similar 380 

sub-structures, like the brain extracted PD/ DLB fibrils. The presence of AP strands may be 381 

an early step in triggering the amyloid aggregation process, which has been implicated in 382 

various neurodegenerative diseases. 383 

 384 
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 501 

 502 

Methods 503 

Protein production and tagging with ATTO647N dye 504 

Expression of αS was performed in the E. coli strain BL21(DE3). Unlabeled, 505 

uniformly 15N-, uniformly 13C- and uniformly 15N, 13C-labeled αS was performed in modified 506 

minimal medium. 15N-NH4Cl was used as the nitrogen source and 13C6-D-glucose as carbon 507 

source, and the protein purification was performed as described before47. Mutant αS with an 508 

additional C-terminal cysteine (A140C) was generated by PCR-based site-directed 509 
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mutagenesis (QuikChange 2, Agilent Technologies). The cysteine mutant was tagged with 510 

ATTO647N dye by overnight incubation on ice with a two-fold molar excess of the 511 

maleimide in phosphate buffered saline (PBS), pH 7.4. Excess dye was removed by gel 512 

filtration on a Superdex 75 16/60 HiLoad column (Cytiva). Successful tagging was verified 513 

by electrospray ionization mass spectrometry. All protein samples were finally dialyzed 514 

against 50mM HEPES pH 7,4, 100mM NaCl. The final protein concentration was adjusted to 515 

0.3 mM. 516 

Intermediate 1 sample preparation for MAS NMR 517 

Aggregation of αS was according to the protocol in Antonschmidt et.al.23. Monomeric 518 

αS in 50 mM HEPES and 100 mM NaCl (pH7.4) was centrifuged for 1 hour at 55,000 rpm 519 

(TLA-100.3 rotor in an Optima MAX-TL ultracentrifuge, Beckman Coulter) at 4°C to remove 520 

any large aggregates. The supernatant was decanted and added to a solution of SUVs (small 521 

unilamelar vesicles) and NaN3 (0.02 weight %) to obtain a final protein concentration of 70 522 

μM and a molar Lipid/Protein ratio of 10:1 or 5:1. The mixture was sonicated in cycles for 523 

30s (20 kHz) with 30 minutes of quiescence between sonication at 37°C using a Q700-110 524 

sonication device, with a Microplate Horn Assembly (431MPX) and a Compact Recirculating 525 

Chiller (4900-110, all QSonica). The aggregation was monitored with Thioflavin-T 526 

fluorescence until the reading exceeded the background value (~6-8 a.u.) by ~2 units at which 527 

point a pellet of I1 was collected via ultracentrifugation. Maintaining temperature at ~4°C 528 

during centrifugation and rotor packing, and ~16°C for MAS NMR measurements ensured 529 

batch-to-batch reproducibility and stability (Fig.S1). 530 

ThioflavinT (ThT) fluorescence of the samples was monitored continuously by taking 531 

aliquots from the aggregating solution in the sonicator and mixing with a working solution 532 

composed of 50 mM glycine buffer at pH 8.5 and 2.5 µM ThT. Measurements were done on 533 

the Varian Cary Eclipse fluorescence spectrometer. Fluorescence was excited at 446 nm and 534 

emission was recorded from 460 to 560 nm at room temperature. The aggregating solution 535 

was vortexed atleast once before collecting an aliquot for the ThT measurement. For a single 536 

1.3 mm rotor, about ~ 8 mL of 70 μM αS was aggregated in batches of 1.65 mL. Batch to 537 

batch differences in the length of the lag phase were accounted for by measuring ThT 538 

fluorescence for each batch independently, and the increase in fluorescence was relative to the 539 

initial value of that specific batch. This approach resulted in samples with repeatable spectra 540 

(Fig. S1D) and the ThT fluorescence measurements for the samples prepared for this study are 541 

shown in Fig. S1E.  542 
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As soon as 2 units increase in fluorescence was detected, samples were placed on ice 543 

and centrifuged at 55,000 rpm (TLA-100.3 rotor in an Optima MAX-TL ultracentrifuge, 544 

Beckman Coulter) for 1 hour at 4°C. After decanting the supernatant, the pellet was washed 545 

with 5 mM HEPES (pH 7.4 and subsequently centrifuged (10 min, 65,000 rpm, 10°C) twice, 546 

each time removing excess moisture. Samples were packed into ssNMR rotors by cutting off 547 

the bottom of the centrifuged tube and centrifuging (at 4°C) the pellet directly into the rotor 548 

through a custom-made filling device made from a truncated pipette tip. The rotor was 549 

centrifuged in an ultracentrifuge packing device for 30 min at 24,000 rpm in an SW 32 Ti 550 

rotor in an Optima L-80 XP Ultracentrifuge (both Beckman Coulter) at 4°C for packing the 551 

pellet48. After this step, for 1.3 mm rotors, excess water was pushed out of the rotor by 552 

pushing on the bottom rubber seal before closing the rotor. All rotor packing steps were 553 

performed in the cold room, as far as possible, using tweezers, to prevent the intermediate 554 

from changing states.  555 

 556 

Preparation of SUVs 557 

SUVs were produced as previously described in Antonschmidt et.al.23 Briefly, POPC and the 558 

sodium salt of POPA, obtained from Avanti Polar Lipids, were dissolved in chloroform and 559 

mixed to obtain a 1:1 molar ratio of both lipids. The solvent was evaporated under a nitrogen 560 

stream and lyophilized overnight. The lipid film was rehydrated with 50 mM HEPES, pH 7.4 561 

and 100 mM NaCl buffer to a total lipid concentration of 3 mM. The solution was sonicated at 562 

37 kHz for four cycles of 10 mins sonication and 10 minutes rest and filtered through a 0.22 563 

µm syringe filter to obtain SUVs.  564 

ssNMR 565 

All measurements were performed on Intermediate 1 composed of u-13C,15N-labeled 566 

αS. 3D (H)CANH, (HCO)CA(CO)NH, (H)CONH, (H)CO(CA)NH and (HCA)CB(CA)NH 567 

experiments 49 for protein sequence assignment and 3D H(H)NH (z-mixing) experiments for 568 

lipid-protein contacts were acquired on an 800-MHz Bruker Avance III HD spectrometer at a 569 

magnetic field of 18.8 T equipped with a 1.3-mm magic-angle spinning (MAS) HCN probe 570 

and MAS at 55 kHz and an estimated sample temperature of 16°C. The cooling gas flow was 571 

set at ~ 1500 liters per hour and temperature of the cooling gas was set to 235 K.  The delays 572 

for scalar carbon-carbon transfers were set based on the T2′ values of 20 ms for Cα and 45 ms 573 

for C′ as shown in Table S2.1. For backbone assignment experiments, an Intermediate 1 574 
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sample aggregated with 10:1 L:P was used. Amine side chains for Q62 and N65 were 575 

assigned based on contacts from H(H)NH and corresponding C’ assignments from (H)CONH 576 

and (H)Ca(CO)NH spectra. 577 

Chemical shifts for Cα, CO, Cβ, HN and NH were inputted in TALOS+ to obtain 578 

predictions on secondary structure and dihedral backbone angles50. Secondary structure was 579 

confirmed with secondary chemical shift differences between Cα, Cβ resonances and their 580 

random coil values calculated according to Schwarzinger et.al.51 Chemical shift perturbations 581 

between fibril and I1 were calculated according to equations in Williamson et.al.52 from 13C-582 
13C and (H)CaNH spectra:  583 

Average CSP = √14  [(𝛿𝐶𝛼)2 +  (2.37𝛿𝐶𝛽)2 +  (0.47𝛿𝐶𝑜)2 +  (1.30𝛿𝑁𝐻)2] .   584 

The H(H)NH pulse sequence used for proton-proton z-mixing measurements is similar 585 

to that reported by Najbauer et.al. where longitudinal mixing drives proton-proton mixing 586 

between the protein and mobile lipid and water molecules53. To eliminate spectral overlap 587 

between protein side-chain resonances and lipid protons, a T2 filter and a J-filter of 3 ms have 588 

been added after the proton excitation pulse.   589 

Partial side-chain assignments were obtained from (H)CCH experiments with 13C-13C 590 

RFDR mixing of 1.3 ms. Long range contacts were obtained from H(H)NH and H(H)CH 591 

experiments with 1H-1H RDFR mixing of 0.5 ms. 54 These experiments were acquired on a 592 

1200 MHz Bruker Avance NEO spectrometer at a magnetic field of 28.2 T equipped with a 593 

1.3-mm magic-angle spinning (MAS) HCN probe and MAS at 55 kHz and an estimated 594 

sample temperature of 16°C. For these measurements, 100 mM Cu-EDTA was added to the 595 

sample in the rotor to an estimated final concentration of 40 mM for sensitivity enhancement 596 
55. This shortened the recycle delay from 1.6 s to 0.6 s without causing changes to the 597 

(h)CaNH spectrum.  598 

The (H)N(H)(H)NH MODIST spectra was acquired on a 1200 MHz Bruker Avance 599 

NEO spectrometer at a magnetic field of 28.2 T equipped with a 1.3 mm magic-angle 600 

spinning (MAS) HCN probe and MAS of 55,555 Hz with 3.46 ms of 1H-1H MODIST 601 

mixing26. The sample contained Cu-EDTA at 40 mM. The temperature of the cooling gas was 602 

set to 245 K with a flow of 1000 liters per hour. The spectral widths were 40 ppm for 1H and 603 

38 ppm on 15N. 1H and 15N hard pulses were 100 kHz and 58.8 kHz. The spectra were 604 

recorded for 8 days for the 100% labelled sample and 17 days for the 50% labelled sample.  605 
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The 2D 13C-13C DARR spectrum with a mixing time of 20 ms was acquired on an 850 606 

MHz Avance III spectrometer with a 3.2 mm MAS HCN probe at a magnetic field of 20.0 T 607 

and MAS at 17 kHz.  608 

For all spectra 13.75 kHz MISSISSIPPI water suppression 56 (100 to 200 ms), 12.75 609 

kHz Swf-TPPM proton decoupling during acquisition of the indirect dimension 57 and 10 kHz 610 

WALTZ-16 heteronuclear decoupling during acquisition was used. 611 

Spectra were acquired in short blocks of 12-21 hrs for linear drift correction 58. The 612 

drift-corrected blocks were then averaged and processed as one spectrum in Bruker Topspin 3 613 

or 4. Window functions used to process spectra were exponential and quadratic sine. Spectra 614 

were analyzed using CcpNmr Analysis.  615 

The stability of the sample during solid-state nuclear magnetic resonance (ssNMR) 616 

measurements was monitored by (H)NH spectrum recorded intermittently between blocks of 617 

3D experiment acquisitions. Measurements were halted when the intensity of the spectrum 618 

began to reduce, or new peaks appeared in the (H)NH spectrum. A new sample was prepared 619 

for further measurements and the reproducibility of the (H)NH spectrum for I1 samples is 620 

shown in (Fig. S1). I1 samples were remarkably stable (Fig. S1) even after 21 days at 55 kHz 621 

magic angle spinning (MAS) and an estimated sample temperature of 16°C. This can be 622 

attributed to lack of free monomer available to polymerize I1 into higher order aggregates 623 

(Fig. S1), relatively slow diffusion in the densely packed pellet in the ssNMR rotor and a 624 

sample temperature in the magnet which was much lower than that used for aggregation 625 

(37°C).  626 

Spectra were processed and analyzed on CCPN Analysis59 and Topspin 4.0.7 (Bruker, 627 

AXS GmBH). Signal to noise ratios were determined in Sparky60. 628 

Transmission Electron Microscopy 629 

An I1 sample was resolubilized from a MAS ssNMR rotor and dissolved in 5% 630 

glycerol and 5mM HEPES (pH 7.4) buffer. This was diluted 1:80 times and used to blot TEM 631 

grids. Samples were bound to a glow discharged carbon foil covered 400 mesh copper grid. 632 

Samples were stained with 1% uranyl acetate aqueous solution and evaluated at room 633 

temperature using a TALOS L120C (Thermo Fisher Scientific). Images were analyzed in 634 

ImageJ software61. 635 
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Center-band Only Detection of Exchange (CODEX) under Dynamic Nuclear 636 

Polarization Conditions (DNP) 637 

Isolated I1 sample was mixed with TEMTriPol in 13C-depleted d8-Glycerol, D2O and H2O 638 

(60:30:10 vol%) to a final concentration of 15 mM final concentration. This was packed in a 639 

3.2 mm rotor and flash frozen by plunging in liquid nitrogen. The fibril sample was 640 

exchanged with glycerol until the mass indicated 60% vol% of glycerol. Then AMUPOL 641 

powder was added to a concentration of 30 mM before mixing and plunge freezing the rotor. 642 

395 GHz of microwave irradiation was applied that resulted in a 4 times enhancement for I1 643 

and 30 times enhancement for the fibril sample. All CODEX experiments were measured on a 644 

600 MHz Bruker Avance III HD spectrometer, and a 3.2 mm low temperature (LT) HCN 645 

MAS probe at 8 kHz MAS. Principle of using CODEX to count the oligomeric numbers is 646 

discussed in detail in previous literatures27,62,63.  647 

 648 

Photobleaching measurements at room temperature   649 

ATTO647N bound to A140C αS was aggregated as described before with wild type (WT) αS 650 

at a ratio of 1:3 ATTO-αS: WT. Once isolated, the sample was packed in a 1.3 mm rotor and 651 

an 15N-1H fingerprint spectra confirmed that the sample indeed was structurally similar to I1 652 

(Fig.S4).    653 

The proteins were diluted to a stock solution of 50 nM in 10 mM HEPES and 10% glycerol at 654 

pH 7.8 (working buffer). The protein was further diluted into the working buffer containing 655 

5% poly-vinyl alcohol (PVA) to obtain a final concentration of ~20 pM. Then, 4 µl of this 656 

diluted solution was spin-coated onto a plasma-cleaned mirror-enhanced substrate, which was 657 

prepared in-house64. Finally, the sample was immediately loaded into our custom-built 658 

cryogenic microscope64. 659 

Upon inserting the sample into our custom-built cryogenic microscope, we applied a vacuum 660 

for 5 minutes to immobilize the molecules. After releasing the vacuum, we started acquiring 661 

videos from multiple fields of view (FOV) at room temperature (RT). The sample was 662 

illuminated with a 645 nm wavelength laser at 2 mW in a wide-field (WF) mode using an air 663 

objective (Mitutoyo 100X, 0.9 NA). Each FOV (80x80 µm) was recorded at a frame rate of 664 

10 Hz for up to 8 minutes, a time point which shows complete photobleaching in the FOV. 665 

Next, we localized and clustered each molecule in the FOV to extract their intensity levels 666 

over time. The intensity time traces were then fitted using the DISC algorithm to extract the 667 
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number of intensity steps per molecule65. Here, we used a critical value of 15, and the 668 

minimum number of points per cluster was set to 15. To avoid any sources of artifact in the 669 

final analysis resulting from low signal-to-noise traces or traces that included high blinking 670 

events, we filtered the intensity time traces with a signal-to-noise ratio (SNR) above 5. The 671 

output from this analysis (1421 time traces) was then plotted as a histogram and fitted with a 672 

binomial model to extract the labeling efficiency or the stoichiometry of the intermediate 673 

oligomers. The binomial distribution described as 𝑃(𝑘) =  (𝑛𝑘)𝑝𝑘(1 − 𝑝)𝑛−𝑘, where P is the 674 

probability that an oligomer contains k labeled subunits, n is the total number of monomers 675 

per oligomer and p is the labeling efficiency. Here we obtain the fit parameter (p), theoretical 676 

labeling efficiency, as a function of the total number of monomers (n) as depicted in Figure 677 

S4F. We plotted the labeling error (|fitted labeling efficiency−experimental value|experimental value )as a function of 678 

monomers per oligomer (red curve) and we find that the best model is a tetramer (black arrow 679 

in Fig.S4F). Similarly, the residual of the fit indicate that tetramer is the best model (orange 680 

curve, Fig.S4F). 681 

Cryogenic polarization measurements (polarCOLD) 682 

The sample was prepared and imaged using the same instrument as in the fluorescence 683 

photobleaching experiment. For polarCOLD, the chamber was completely evacuated to a 684 

pressure of 1.6x10-6 mbar and then cooled down to 4.3 K using liquid helium. The setup was 685 

then allowed to stabilize for 1-2 hours to minimize drift during recordings. Subsequently, the 686 

sample was illuminated with a 20 mW laser in WF mode, utilizing the same laser source and 687 

microscope objective. The emission signal was split into two channels using a polarized beam 688 

splitter, enabling the recording of a polarization time trace, as described before30. After 689 

localizing and clustering each point spread function (PSF), we extracted the polarization time 690 

trace, which was then fitted using the DISC algorithm to determine the number of polarization 691 

states per molecule. The number of identified polarization states (dipole orientation) in each 692 

PSF corresponds to the number of labeled monomers per oligomer, as the dipole orientation at 693 

4K of each fluorophores is random but fixed (see Fig.S4G). This, in turn, allow us to annotate 694 

each fluorophore over time and localize it with high precision beyond the diffraction limit by 695 

clustering their coordinates accordingly (Fig.2E-H). Then, a 2D super-resolved image is 696 

reconstructed by assigning a 2D Gaussian function to each localized fluorophore with a width 697 

given by the respective localization precision. These super-resolved images demonstrate 698 

different projections of the protein molecules within the sample. The output of the number of 699 
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polarizations (from 962 traces) was plotted as a histogram (Fig.2D), yielding results similar to 700 

those obtained from the photobleaching steps experiment.  701 

Cell viability assay  702 

SH-SY5Y cells were grown in 45% modified eagle media supplemented with L-glutamine (2 703 

mM), HAM’s F-12 nutrient mixture (45%), fetal bovine serum (10%) and non-essential amino 704 

acids (1%). Cells were grown on Poly-D-lysine coated dishes and one day before treatment, 705 

cells were plated in a 96-well plate at a density of 2x 104 cells/ well. Samples consisting of the 706 

intermediate 1, fibrils or monomers were added to the cells at concentrations defined in Fig.1 707 

and incubated at 37°C for 20-24 hours. At the end of the treatment period XTT (2,3-bis(2-708 

methoxy-4-nitro-5-sulfophenyl)-5-carboxanilide-2H-tetrazolium) and electron coupling 709 

reagent (ThermoFisher Scientific) were added and incubated for another 4 hours before 710 

reading absorbance at 450 nm and 660 nm. Results are presented after subtraction of blank 711 

absorbance at 450 nm and well as background at 660 nm from the test absorbance at 450 nm. 712 

Calcium flux and cell death assay 713 

SH-SY5Y cells were plated in a 96 well plate at a density of 2x 104 cells/ well. The next day, 714 

media was aspirated and media containing 3 µM Fluo-4 was added. Cells were incubated at 715 

37°C for 1 hour. Fluo-4 AM containing media was removed and replaced with phenol red free 716 

DMEM supplemented with Glutamine and 10% FBS. The plate was incubated for another 10 717 

minutes to load cells with Fluo-4 and ensure complete de-esterification of Fluo-4 AM. CNQX 718 

(cyanquixaline) diluted in media or equivalent amount of media for control was added to cells 719 

to a concentration of 5 µM. Then either I1 in 5mM HEPES, or equivalent amount of buffer, 720 

monomer, fibrils or ionomycin were added to the cells at a concentration of 0.6 µM. Plate was 721 

equilibrated in the BioTEK plate reader at 37°C for 15 minutes before measurements began. 722 

Fluorescence was excited at 488 nm and measured at 530 nm using a filter cube. In another 723 

set of well, after the overnight incubation, media is replaced with phenol red free media. 724 

Either I1 in 5mM HEPES, or equivalent amount of buffer, monomer or fibrils were added to 725 

the cells at a concentration of 0.6 µM. As a dead cell control, cells were lysed with 10% SDS. 726 

Then propidium iodide was added at a concentration of 50 µg/ml. Fluorescence was read in 727 

parallel to Fluo-4 with monochromator based fluorescence module on the BioTEK reader at 728 

excitation and emission wavelengths of 535 nm and 622 nm respectively.  729 

Liposomal proton flux assay 730 
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A pH-based proton flux assay was adapted from a previous protocol used for viroporins66. 731 

Liposomes were made by combining 10 mg of Escherichia coli polar lipid extract (Avanti 732 

Polar Lipids) dissolved in chloroform, valinomycin solution in ethanol and methanol in a 733 

glass tube. The solvents were evaporated under continuous nitrogen gas and a thin film was 734 

obtained. The films were dissolved in chloroform again and dried down under a nitrogen 735 

stream and were left overnight in the lyophilizer to remove any solvent trace. The films were 736 

then resuspended in strongly buffered internal liposome buffer (26 mM potassium citrate, 17 737 

mM citric acid, 28 mM sodium citrate, 25 mM K2HPO4, 25 mM Na2HPO4, 6 mM NaN3; pH 738 

7.7) to form liposomes which were then extruded 11 times through 0.2 M polycarbonate 739 

membrane. Buffer was exchanged on a PD-10 column (GE Health Sciences) such that the 740 

external liposome buffer was a weak buffer (4% v/v IVB, 117 mM KCl, 117 mM NaCl, 6 mM 741 

NaN3, pH 7.7).  742 

Every tested sample contained 5 mg/mL lipids, and 0.1 μΜ valinomycin as a potassium 743 

ionophore. The external pH was decreased by the addition of 1M HCl under continuous fast 744 

stirring. Once the pH had stabilized, 0.6 µM of I1 in 5mM HEPES or equivalent amount of 745 

buffer without I1 was added and pH was recorded every second. The proton uncoupler 746 

carbonyl cyanide m-chlorophenylhydrazone (CCCP) was added to determine the buffering 747 

capacity of the liposomes.  748 

CYANA Modeling  749 

Contacts from Supplementary Table S1 were used for the CYANA67 calculation with 750 

250 structures and 80000 steps. Parallel in-register hydrogen bonds were assumed for 751 

segments that show chemical shift similarity (<0.7 ppm average CSP) and high fidelity in 752 

long range contacts with the L2 fibril for stretches V31-G51, E57-Q62, and G67-K80. 753 

Dihedral angles with good confidence from the TALOS+ prediction were used with one 754 

standard deviation with the exception of loop regions, where the limits for the dihedral angles 755 

for the loops were increased to three standard deviations. This resulted in the structures with a 756 

target function of ~5.  757 

Molecular Dynamic (MD) Simulations  758 

To produce an atomistic I1 structure model with restrained MD simulations the core of the α-759 

Synuclein L2 fibril structure (8A4L, residue 33-83) was taken. The N-terminal part was 760 

removed. For a N- and C-terminally extended I1 structure model, residues 16-33 & 83-99 761 

were taken from the micelle-bound α-Synuclein monomer structure (1XQ8) and fitted on 762 



27 
 

residue Thr33 & GLu83, respectively. Three different tetrameric intermediate 1 AP domain 763 

morphologies (’open’, bowl’ and ‘barrel’) are derived by MD simulations with distance 764 

restraints in a water box (Table S1 and Fig.S8, S9). In all simulation systems, the titratable 765 

amino acids were protonated according to their standard protonation states at pH 7, while also 766 

taking into account the solvent exposure and electrostatic interactions with neighboring polar 767 

groups. Thus, aspartic and glutamic side-chains were simulated with negative charge and all 768 

histidine side-chains were set to neutral. All lysine side-chains were simulated as positively 769 

charged68. The N- and C-termini of the truncated α-Synuclein molecules were capped with 770 

acetyl and N-methyl groups, respectively. All production runs were preceded by a multi-step 771 

equilibration of the system. The protein part was separately energy minimized in water. 772 

Bilayers patches with a ratio of 1;1 ratio of POPC and POPA lipids and a water slab of 3.5 773 

mm thickness of top and bottom of the bilayer were prepared using the CHARMM-GUI69 774 

webserver. The membrane patch was relaxed for 1 ns at 300 K. Next, the α-Synuclein 775 

structures were either embedded into the lipid bilayer or positioned close to it (see 776 

orientations 1/8 in Fig.S7) in several different orientations. Subsequently, and if not states 777 

otherwise, Na+ and Cl− ions (ionic strength: 150 mM) were added in the aqueous phase of the 778 

periodic simulation box. The total simulation size varied and amounted to roughly 68k to 779 

230k atoms (around 200 to 500 lipids, 13k  to 54k waters) with varied depending on the used 780 

α-Synuclein model (short and long construct). 781 

 782 

For the short construct of the open morphology in different orientations, each case was 783 

simulated as triplicates of MD simulations with 1000 ns length. For the analysis based on 784 

experimental lipid contacts the first 750 ns of each simulation data were discarded. For 785 

different morphologies in the bilayer, each case was run in triplicates of 500 ns. The first 250 786 

ns of the simulation data discarded for the analysis based on experimental distance restraints 787 

and lipid contacts. For the analysis of lipid contacts and intermolecular distances all 788 

simulation sets per case were pooled. For the longer constructs, a total of 22 MD simulations 789 

of embedded structures were run for 100 ns with distance restraints and an additional 500 ns 790 

without restraints to collect data that are evaluated against experimental measurements. 791 

The GROMACS 2022 simulation70,71 software package was used to set up, carry out and 792 

analyze the MD simulations. Settings for production runs were chosen as follows: The long 793 

range electrostatic interactions were treated using the Particle Mesh Ewald (PME) method72,73 794 

. Bonds in protein and lipid molecules were constrained using the P-LINCS  algorithm74. 795 
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Water molecules were constrained using SETTLE algorithm75. Neighbor lists were updated 796 

with the Verlet list scheme71,76 . For production runs, the simulated systems were kept at a 797 

temperature of 300 K by applying the velocity-rescaling 77 algorithm. Initial velocities for the 798 

production runs were taken according to the Maxwell-Boltzmann distribution at 300 K. The 799 

pressure was held constant by using the Parrinello-Rahman barostat78 with a semi-isotropic 800 

coupling in the xy-plane. 801 

All simulations with the CHARMM36m79,80 protein force field utilized the CHARMM36 802 

lipid81 parameters together with the CHARMM-modified82 TIP3P water model. The 803 

integration time step was set to 2 fs. The neighbor lists for non-bonded interactions were 804 

updated every 20 steps. Real-space electrostatic interactions were truncated at 1.2 nm. The 805 

van der Waals interactions were switched off between 1.0 to 1.2 nm and short-range 806 

electrostatic interactions were cut-off at 1.2 nm. For pressure coupling the scheme of 807 

Parrinello-Rahman78 was used to hold the system at a pressure of 1 bar (τ = 5).  808 

Structure and MD simulation renderings were produced with Chimera83 and ChimeraX84.   809 

Solution NMR 810 

15N-labeled αS was mixed with 50 mM HEPES (pH 7.4) and 100 mM NaCl to obtain 811 

samples with 10% D2O and 100 μM 2,2-dimethyl-2-silapentane-5-sulfonate sodium. 812 

Experiments were recorded on a Bruker 700-MHz spectrometer (Avance III HD with CP-TCI 813 

HCND probe with z-gradient) at 288 K. 1H-15N-HSQC spectra were acquired using 3-9-19 814 

watergate for water suppression using 256 increments in the indirect dimension and a 815 

relaxation delay of 1.2 s. Assignment of the 1H-15N-HSQC spectrum was done by comparison 816 

to BMRB entries 16300, 16904, and 18857. 817 

Data availability  818 

Assigned chemical shift data for αS Intermediate 1 were deposited in the BMRB under 819 

the accession number 52283. Additional data related to this paper may be requested from the 820 

authors. 821 
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