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 2 

Abstract 27 

Multiple system atrophy (MSA) is a synucleinopathy, a group of related diseases 28 

characterized by the accumulation of α-synuclein aggregates in the brain. In MSA, these 29 

aggregates form glial cytoplasmic inclusions, which contain abundant cross-β amyloid filaments. 30 

Structures of α-synuclein filaments isolated from MSA patient tissue were determined by cryo–31 

electron microscopy (cryo-EM), revealing three discrete folds that are distinct from α-synuclein 32 

filaments associated with other synucleinopathies. Here, we use cryo-EM classification methods 33 

to characterize filaments from one individual with MSA and identify a novel, low-populated 34 

MSA filament fold (designated Type I2) in addition to a predominant class comprising MSA Type 35 

II2. The 3.3-Å resolution structure of the Type I2 filament reveals a fold consisting of two 36 

asymmetric protofilaments. One is identical to a previously solved Type I protofilament, while 37 

the second adopts a novel fold that is chimeric between two previously reported Type I and II 38 

protofilaments. These results further define disease-specific folds of α-synuclein filaments that 39 

develop in MSA and have implications for the design of therapeutic and diagnostic molecules 40 

that target disease. 41 
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 3 

Introduction 49 

Alpha-synuclein is an intrinsically disordered, 140–amino acid protein [7] that localizes 50 

primarily to the axon terminals of presynaptic neurons, where it participates in membrane 51 

binding, vesicle trafficking, and neurotransmitter release [3, 15]. The misfolding and aggregation 52 

of α-synuclein in the brain are hallmarks of a group of neurodegenerative diseases known as 53 

synucleinopathies [2, 19], which includes Parkinson’s disease and dementia with Lewy bodies. 54 

One such disease, multiple system atrophy (MSA), is clinically characterized by cerebellar 55 

dysfunction or parkinsonism and neuropathologically characterized by glial cytoplasmic 56 

inclusions (GCIs) in oligodendrocytes [12, 18]. GCIs contain abundant fibrils that appear to be 57 

the result of soluble α-synuclein misfolding into self-templating prion conformations that 58 

ultimately misassemble as insoluble amyloid filaments [21, 28-31]. Structural studies on 59 

filaments isolated from five MSA patients revealed three distinct filament folds (denoted Type I, 60 

II1, and II2). These findings contrast with Lewy body pathologies, which appear to contain a 61 

single α-synuclein filament type, and juvenile-onset synucleinopathy, which contains one α-62 

synuclein fold in either a singlet or doublet association [25, 32, 33].  63 

The previously determined MSA filament types each consist of two asymmetric 64 

protofilaments (PF-A and PF-B) that associate along an extended interface nearly spanning the 65 

width of the filament core (Supplementary Fig. S1) [25]. Also common to each type is a central 66 

channel flanked by basic residues (Lys43, Lys45, and His50 of each protofilament) with 67 

unassigned density present within the channel. However, major conformational differences lie 68 

within the protofilaments that compose each mature fibril core. Type I MSA filaments contain 69 

two PFs, one PF-IA and one PF-IB. Residues Gly14 to Phe94 are resolved in PF-IA, and Lys21 70 

to Gln99 are resolved in PF-IB. While both PF-IA and PF-IB contain a hairpin motif in the N-71 
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terminal region and a three-layered L-shaped motif in the C-terminal region, PF-IA also contains 72 

a single-layered L-shaped motif (residues 32–45) joining the N- and C-terminal motifs. Thus, the 73 

residues composing the terminal motifs differ in each protofilament, and the fold of the three-74 

layered L-shaped motif also differs in the packing of the inner layer relative to the central layer.  75 

The Type II filament subtypes (II1 and II2) each have two protofilaments [25] and contain 76 

identical PF-IIA, which span residues 14–94. Comparing PF-IA and PF-IIA, the N-terminal 77 

regions spanning residues 14–42 are conformationally identical. However, these protofilaments 78 

differ in the C-terminal region, including the conformation of the three-layered L-shaped motif. 79 

PF-IIA contains a small channel within the filament core, surrounded by Val52, Thr54, Ala56, 80 

Thr59, Glu61, Thr72, Gly73, and Val74, that is not present in PF-IIB because these residues form 81 

closer contacts with each other. PF-IIB1 and PF-IIB2 include residues 36–99 and contain a three-82 

layered L-shaped motif (residues 47–99). In contrast to PF-IB, these protofilaments lack the N-83 

terminal hairpin and contain a shorter one-layer L-shaped motif (residues 36–46) instead. PF-84 

IIB1 and PF-IIB2 are distinguished from each other by a change in a surface loop at the C-85 

terminal end of the ordered core (residues 81–90). The surface loop conformation of PF-IIB1 is 86 

similar to the loop in PF-IB, while PF-IIB2 has a distinct loop conformation that is shifted 87 

approximately 4 Å towards the C-terminus of the protofilament core. The overall helical 88 

symmetry of each MSA filament type is similar, although Type I filaments have a slightly greater 89 

twist (-1.42°) compared to Type II1/II2 filaments (-1.34°). 90 

MSA filament types are heterogeneously distributed between different patients [25]. For 91 

example, in the original report from Schweighauser et al., two patients had almost exclusively 92 

Type I filaments, one patient had almost exclusively Type II filaments, and the remaining two 93 

patients had both Type I and II filaments in varying ratios. This heterogeneity suggests that there 94 
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may be a greater variety of folds than previously reported. In this study, we use cryo-EM to 95 

obtain high-resolution (3.2–3.3 Å) structures of filaments purified from tissue of another patient 96 

with MSA. While the majority (66%) of the data consists of Type II2 filaments, our results reveal 97 

a novel protofilament fold in a subset (5%) of filaments that are related to Type I filaments. 98 

Methods 99 

MSA filament extraction 100 

Deidentified human tissue was obtained from the Massachusetts Alzheimer’s Disease 101 

Research Center (ADRC). All donors provided consent to donate brains for research purposes in 102 

accordance with the standards of the ADRC. This study was exempt from institutional review 103 

board approval in accordance with the institutional review board policy of the University of 104 

California San Francisco. Filament extraction was performed using a modified protocol from 105 

Schweighauser et al. [25]. In summary, 1–2 g of freshly frozen cerebellum tissue from a patient 106 

pathologically diagnosed with MSA was homogenized at 20 mL/g of tissue in 10 mM Tris-HCl 107 

(pH 7.4), 800 mM NaCl, 1 mM EGTA, and 10% sucrose. N-lauroylsarcosinate (final 108 

concentration of 1% w/v) was added to the homogenate and incubated at 37°C for 30 min. 109 

Afterwards, homogenates were centrifuged at 10,000 × g for 10 min. The supernatant was kept 110 

and centrifuged at 100,000 × g for 20 min. The pellet was resuspended at 500 μL/g of frozen 111 

tissue in 10 mM Tris-HCl (pH 7.4), 800 mM NaCl, 1 mM EGTA, and 10% sucrose. The 112 

suspension was then centrifuged at 3,000 × g for 5 min. The supernatant was kept and diluted 113 

three-fold with 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% sucrose, and 2% sarkosyl. This 114 

suspension was then centrifuged at 150,000 × g for 1 h. The filament-enriched pellet was 115 

resuspended in 30 mM Tris-HCl (pH 7.4) using 100 μL/g of frozen tissue. 116 
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Cryo-EM sample preparation and data collection 117 

Purified filaments (3 μL) were added to a 200 mesh 1.2/1.3R Au Quantifoil grid coated 118 

with a 2-nm thick carbon layer, which was not glow discharged. After 30 seconds, grids were 119 

blotted for 7.5 s at room temperature and 100% humidity using a FEI Vitrobot Mark IV, followed 120 

by plunge freezing in liquid ethane. A total of 42,224 super-resolution movies were collected at a 121 

nominal magnification of 105,000× (physical pixel size: 0.417 Å/pixel) on a Titan Krios 122 

(Thermo Fisher Scientific) operated at 300 kV and equipped with a K3 direct electron detector 123 

and BioQuantum energy filter (Gatan, Inc.) set to a slit width of 20 eV. A defocus range of -0.8 to 124 

-1.8 μm was used with a total exposure time of 2.024 s fractionated into 0.025-second subframes. 125 

The total dose for each movie was 46 electrons/Å2. Movies were motion-corrected using 126 

MotionCor2 [34] in Scipion [6] and were Fourier cropped by a factor of 2 to a final pixel size of 127 

0.834 Å/pixel. Motion-corrected and dose-weighted micrographs were manually curated in 128 

Scipion to remove micrographs lacking filaments, those at low resolution, or those with 129 

significant ice contamination, resulting in 4,392 remaining micrographs. 130 

Cryo-EM image processing 131 

A graphical overview of the data processing workflow is provided in Supplementary 132 

Figure S2. All image processing was done in RELION 4 [14, 16]. Dose-weighted summed 133 

micrographs were imported into RELION 4. The contrast transfer function was estimated using 134 

CTFFIND-4.1 [23]. Filaments were manually picked, and segments were extracted with a box 135 

size of 900 pixels downscaled to 300 pixels, resulting in 257,982 segments. Reference-free 2D 136 

classification was used to remove contaminants and segments contributing to straight filaments, 137 

resulting in 255,032 remaining segments. These were re-extracted with a box size of 288 pixels 138 

without downscaling, followed by another round of reference-free 2D classification that did not 139 
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filter out more contaminant segments. One round of 3D classification with image alignment was 140 

performed on the segments using a reference map consisting of the existing MSA Type I 141 

filaments (PDB code: 6XYO), a regularization parameter (T) of 20, and fixing helical parameters 142 

to -1.42° twist and 4.76 Å rise. We were unable to resolve Type I2 filaments by allowing the 143 

helical parameters to vary. One class (12,802 segments) corresponded to Type I2 filaments. One 144 

round of 3D auto-refinement was run using this map low-pass filtered to 10 Å, allowing rise and 145 

twist parameters to vary. The map was sharpened using the standard post-processing procedures 146 

in RELION. Full statistics are shown in Supplementary Table S1. 147 

Two out of the 12 classes (57,809 segments) corresponded to Type II2 filaments with no 148 

breaks in the polypeptide density. Segments corresponding to these classes were pooled and 149 

subjected to one round of 3D classification without image alignment using a reference map 150 

consisting of one of these classes (A3; Supplementary Fig. S3), a regularization parameter (T) of 151 

20, and fixing helical parameters to -1.34° twist and 4.76 Å rise. The highest resolution class 152 

(31,115 segments) was subjected to 3D auto-refinement and post-processing to give a refined 153 

Type II2 filament map. 154 

Of the 12 classes, 4 classes (110,255 segments) displayed clear separation between 155 

protofilaments in the z-direction but modest resolution in the x- and y-directions, suggesting 156 

suboptimal alignment. Segments corresponding to these classes were pooled and subjected to 157 

one round of 3D classification with image alignment using a reference map consisting of the 158 

existing MSA Type II2 filaments (PDB code: 6XYQ), a regularization parameter (T) of 20, and 159 

fixing helical parameters to -1.34° twist and 4.76 Å rise. Most of these segments (110,071) 160 

converged into one class corresponding to Type II2 filaments, which was not further refined. The 161 
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remaining classes (74,166 segments) from the initial round of 3D classification were low 162 

resolution and excluded from further processing. 163 

To eliminate bias in 3D classification and further verify the distribution of filaments, we 164 

generated a 3D initial model ab initio from 2D class averages using RELION’s 165 

relion_helix_inimodel2d feature. This initial model was used as a reference map for 3D 166 

classification using the otherwise same inputs as the first round of 3D classification described 167 

above, resulting in classes corresponding to Type II2 filaments (206,869 segments, 81% of the 168 

data) and Type I2 filaments (15,369 segments, 6% of the data). 169 

Model building, refinement, and analysis 170 

A single strand of the previously solved MSA Type II2 (PDB code: 6XYQ) or type I 171 

(PDB code: 6XYO) filament structures was placed in the density using Chimera [20]. 172 

Subsequent model building was performed using COOT [8] and ISOLDE [5] followed by 173 

refinement in Phenix [1]. The model was then translated to produce a stack occupying all regions 174 

with continuous density on the map. Refinement statistics are shown in Supplementary Table S1. 175 

Data were deposited into the Protein Data Bank (PDB) under accession codes 9CD9 (Type II2) 176 

and 9CDA (Type I2) and into the Electron Microscopy Data Bank (EMDB) under accession 177 

codes EMD-45464 (Type II2) and EMD-45465 (Type I2). 178 

Results 179 

Partially purified, sarkosyl-insoluble filaments were isolated from the postmortem 180 

cerebellum of a 67-year-old male neuropathologically diagnosed with MSA. Negative-stain 181 

transmission electron microscopy on this sample revealed filaments that were morphologically 182 

similar to those in previous reports (Supplementary Fig. S4) [17, 25]. After cryo-EM imaging 183 
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using standard collection methods (Fig. 1A; see Methods), reference-free 2D classification 184 

resulted in 2D class averages that were similar to those previously reported [25], exhibiting a 185 

crossover distance of approximately 600 Å (Supplementary Fig. S5). However, it was unclear 186 

whether these 2D classes corresponded to a known filament type. After 3D classification and 187 

helical reconstruction, we were able to obtain high-resolution structures of two MSA filament 188 

folds (Fig. 1B). The primary fold type (Fig. 1C), refined to 3.2 Å and representing 66% of the 189 

data (Supplementary Table S1), was nearly identical to Type II2 filaments (PDB: 6XYQ), with an 190 

all-atom root-mean-square deviation (RMSD) of 0.5 Å (Supplementary Fig. S6). We observed 191 

previously reported regions of unknown density, such as non-proteinaceous density within the 192 

central channel flanked by basic residues and a peptide-like density contacting residues Lys80–193 

Val82 of PF-IIA [25]. We were able to resolve an additional residue (Leu100) at the C-terminal 194 

region of the PF-IIB2 ordered core. 195 

 196 

 197 

 198 

 199 

 200 
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 201 

Fig. 1 Cryo-EM analysis on ex vivo MSA filaments reveals a novel filament fold: Type I2 202 
filaments. (A) Representative micrograph. The red arrow indicates an MSA filament. (B) Cross-203 
section of two major conformations of MSA filaments, Type II2 and Type I2, identified after 3D 204 
classification of filament segments. The resolutions of the final reconstructions and abundance in 205 
the data are indicated. The remaining 29% of data consisted of low-resolution classes. (C) 206 
Density map and model of Type II2 filaments. The two constituent protofilaments PF-IIA and PF-207 
IIB2, along with residues at the termini of the ordered core, are labeled and color coded in pink 208 
and purple, respectively. Regions of unmodeled density are also shown. (D) Density map and 209 
model of Type I2 filaments. The two constituent protofilaments PF-IA2 and PF-IB, along with 210 
residues at the termini of the ordered core, are labeled and color coded in red and yellow, 211 
respectively. Regions of unmodeled density are also shown. 212 

 213 

 214 

 215 

 216 

 217 
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In addition to the successful reproduction of the Type II2 MSA filament, we also resolved 219 

a filament exhibiting a conformation of α-synuclein that has not been reported previously. We 220 

refer to this low-populated filament fold as a Type I2 filament, which represents 5% of the data 221 

(Fig. 1B and Supplementary Fig. S7). The structure of Type I2 filaments, refined to 3.3-Å 222 

resolution, resembles Type I (hereafter called Type I1) and comprises two protofilaments, PF-IA2 223 

and PF-IB (Fig. 1D). The ordered core of these protofilaments includes residues Gly14–Gly93 224 

for PF-IA2 and Lys21–Leu100 for PF-1B. The PF-IB protofilament is common between Type I1 225 

and Type I2 filaments, with an RMSD of 0.8 Å to the existing Type I1 filament model (PDB: 226 

6XYO) [25]. 227 

The differences between Type I1 and Type I2 filaments exist within the second 228 

protofilament: PF-IA for Type I1 and PF-IA2 for Type I2 (Fig. 2A). While the N-terminal regions 229 

comprising residues 14–56 are nearly identical between the two protofilaments, the C-terminal 230 

regions of the protofilaments (residues 57–93) adopt distinct conformations. Specifically, this 231 

region in PF-IA2 is shifted outwards and away from the interprotofilament interface. This 232 

conformational change shifts the register of the hydrophobic intraprotofilament interface 233 

containing residues Val74 and Ala76 by two residues and creates a channel within the filament 234 

core, resulting in a net loss of hydrophobic interactions (Fig. 2B). Additionally, potential 235 

interstrand polar contacts between the Glu61 sidechain and Gly73 backbone amide are lost. 236 

Interestingly, the C-terminal region of PF-IA2 is virtually identical to the analogous region in PF-237 

IIA found within Type II MSA filaments, although PF-IIA contains the C-terminal Phe94 residue 238 

that was not well resolved in PF-IA2 (Fig. 2C). Comparing PF-IA and PF-IA2, the average Cα 239 

displacement of residues 57–93 is 4.8 Å but is 0.3 Å between PF-IIA and PF-IA2. 240 
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 241 

Fig. 2 Comparison of MSA Type I2 filaments to previously solved MSA filament structures. (A) 242 
Overlay of Type I1 (PDB: 6XYO) and Type I2 filaments aligned using PF-IB. The black arrow 243 
indicates the direction of the conformational change in the C-terminal region. The average Cα 244 
displacement of residues 57–93 is 4.8 Å. (B) Comparison of intraprotofilament contacts in the C-245 
terminal regions of PF-IA (Type I1) and PF-IA2 (Type I2). (C) Overlay of Type I1 and Type II2 246 
(PDB: 6XYQ) filaments aligned using residues 47–93 of PF-IIA. 247 
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 248 

The morphological and helical parameter similarities between Type II2 and Type I2 MSA 249 

filaments prompted us to inquire whether both folds could coexist within the same filament or if 250 

the folds are instead segregated to individual filaments. Previous cryo-EM analysis of Lewy 251 

body α-synuclein filaments suggested that multiple morphologies (twisted and untwisted) could 252 

coexist within the same filaments based on 2D classification, although a structure of the 253 

untwisted morphology was not determined [33]. To address this question, we mapped segments 254 

classifying Type I2 or Type II2 conformations to the original micrographs (Fig. 3A–C). Due to the 255 

13-fold greater abundance of Type II2 compared to Type I2 segments in the dataset, we only 256 

analyzed micrographs containing at least one Type I2 segment, corresponding to 437 micrographs 257 

out of 4,392 (10%). We found that 71% of the 556 filaments in these micrographs contained 258 

segments that classified exclusively or predominantly (90% or higher) to either Type I2 or Type 259 

II2 (Fig. 3D). The remaining minority of filaments contained a more mixed distribution of folds, 260 

although Type I2 tended to predominate (e.g., Fig. 3A). These results suggest that each MSA type 261 

preferentially segregates into separate filaments, though it is possible that a small number of 262 

filaments contain mixed types. A precise quantification of this dataset is complicated by the 263 

possibility of suboptimal classification, the extent of which is unknown. 264 
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 265 

Fig. 3 Analysis of MSA Type I2- and II2-classified segments within individual filaments. (A–C) 266 
After one round of 3D classification, segments corresponding to either type are color coded and 267 
mapped to the original micrographs. (D) Histogram of the fraction of segments classified as Type 268 
I2 per filament in micrographs containing at least one I2 segment. 269 

 270 
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 272 
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Discussion 276 

Cryo-EM studies have been instrumental in determining the structures of disease-277 

associated amyloid fibrils from synucleinopathies and other neurodegenerative diseases [9, 10, 278 

13, 25, 27, 33]. Proteins associated with these diseases adopt numerous polymorphic folds that 279 

are associated with specific neurodegenerative diseases [24]. In some diseases, such as MSA, α-280 

synuclein can adopt multiple distinct folds that are heterogeneously distributed between patients 281 

[25]. While Type I1 and II2 filaments appear to predominate in MSA, the lower-population type 282 

II1 also exists within some patients. Here, we have expanded the spectrum of known MSA 283 

filament types to include a fourth type, Type I2 filaments. 284 

Type I2 filaments share one protofilament fold (PF-IB) with Type I1 filaments but differ in 285 

the PF-IA2 protofilament, which instead bears similarities with the C-terminal region of the PF-286 

IIA protofilament found in Type II filaments. The chimeric nature of PF-IA2 suggests that 287 

common intermediates may exist in the misfolding and aggregation pathways of α-synuclein in 288 

MSA but then diverge, leading to multiple folds. The exact nature of these pathways and the 289 

relative contribution of each filament type to disease remains unknown. While MSA has two 290 

phenotypes—MSA-C (cerebellar) and MSA-P (parkinsonian) [11]—whether the identity and 291 

distribution of filament types correlates to phenotype remains undetermined.  292 

We found that MSA Type I2 and II2 filaments tended to segregate to individual filaments, 293 

but it is possible that a small number of filaments contain a mixed population of both types. 294 

These results contrast with previous analyses of morphologically similar filament folds. Lewy 295 

body α-synuclein filaments were found to contain a roughly even distribution of both twisted and 296 

untwisted segments, although that analysis is limited by the lack of a structure of the untwisted 297 

morphology [33]. Another study investigating ex vivo antibody light chain filaments from a 298 
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patient with systemic AL amyloidosis found two folds that unambiguously coexist in most 299 

filaments and differ only slightly in a surface-exposed region of the filament core [22]. The 300 

overall high homology allows for the formation of mixed filaments that maintain the favorable 301 

interstrand interactions needed for filament growth and stability. In the case of MSA Types I2 and 302 

II2, the folds are mostly dissimilar from each other except for residues 57–93 of PF-A, likely 303 

preventing the formation of a stable interface between both types. We attempted to model one 304 

Type I2 filament rung directly adjacent to a type II2 filament rung, which were aligned using the 305 

homologous residues 57–93 of PF-IIA (Supplementary Fig. S3). However, the model revealed 306 

severe steric clashes in the nonhomologous regions of the filaments. We do note the presence of 307 

a small number of filaments (11/556 filaments) containing numerous segments (≥10) classified 308 

into each type, suggesting that some mixed filaments may exist. It is possible that unresolved 309 

intermediate folds stabilize the interface between different fibrillar forms. 310 

Overall, these results improve our understanding of the α-synuclein structures underlying 311 

MSA and provide a framework for developing therapeutics or diagnostics that bind to MSA 312 

filaments with high affinity and selectivity. The existence of multiple MSA α-synuclein folds 313 

suggests that these putative molecules should target a conserved region of the filament. However, 314 

conformation-specific molecules would also be useful for rapidly quantifying each filament type 315 

in a tissue sample without needing to resort to cryo-EM [4, 26, 32]. These molecules should help 316 

us continue investigating the extent to which multiple folds exist in single filaments. 317 

 318 

 319 

 320 
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Supplementary Table S1. Cryo-EM data collection and model refinement statistics. 361 

 362 

Data collection and 
processing 

MSA Type II2 MSA Type I2 

Microscope and camera Titan Krios, K3 
Magnification 105,000 
Voltage (kV) 300 
Electron exposure (e− /Å2) 46 
Dose rate (e− /physical 
pixel/sec) 

16 

Exposure per frame (sec) 0.024 
Defocus range (µm) -0.8 to -1.8 
Physical pixel size (Å) 0.834 
Movies collected 42,224 
Box size (pixels) 288 
Interbox distance (Å) 28 
Initial segments extracted 257,982 
Final segments 31,115 12,802 
Resolution (Å) 3.2 3.3 
B-factor (Å2) -73.0 -74.8 
Helical rise (Å) 4.76 4.76 
Helical twist (°) -1.35 -1.42 

Refinement MSA Type II2 MSA Type I2 
Model composition 
Non-hydrogen atoms 10,950 10,989 
Protein residues 1,600 1,606 
Number of chains 20 22 
R.M.S. deviations 
Bond lengths (Å) 0.006 0.006 
Bond angles (°) 0.586 0.530 
Validation 
MolProbity score 2.00 1.50 
Clashscore 7.78 9.34 
Rotamer outliers (%) 1.94 1.01 
Cβ outliers (%) 0 0 
Ramachandran plot 
Favored (%) 94.87 98.59 
Allowed (%) 5.13 1.41 
Outliers (%) 0 0 
PDB accession code 9CD9 9CDA 
EMDB accession code EMD-45464 EMD-45465 
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 363 

Supplementary Fig S1. Structures of MSA filaments reported by Schweighauser et al. (A) Type 364 
I1 (PDB: 6XYO), (B) Type II1 (PDB: 6XYP), and (C) Type II2 (PDB: 6XYQ). (D) Alignment of 365 
the three filament conformations. In (A–C), residues at the termini of the ordered region of each 366 
protofilament are labeled. In (D), residues at the start or end of regions where the filament 367 
conformations diverge are labeled. 368 

 369 
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 370 

 371 

Supplementary Fig S2. Flowchart of MSA filament data processing. Unless otherwise 372 
indicated, all data processing procedures were performed in RELION 4. 373 
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 374 

Supplementary Fig S3. Model of MSA Type II2-I2 mixed cofilament wherein adjacent Type II2 375 
and Type I2 rungs were aligned using residues 57–93 of PF-IIA (inset). (A) Cross-section of 376 
model. (B) Side-on views demonstrating severe steric clashes (red arrows) between adjacent 377 
protofilaments. 378 
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 380 
Supplementary Fig S4. Representative negative-stain transmission electron micrographs of ex 381 
vivo MSA filaments. 382 

 383 
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 384 

Supplementary Fig S5. Two-dimensional class averages of MSA filaments extracted at two 385 
different box sizes. (A) At 900 pixels downscaled to 300 pixels. (B) At 288 pixels. Segments 386 
corresponding to these classes were used for 3D classification. 387 

 388 
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 389 

Supplementary Fig S6. Characterization of MSA Type II2 filaments in the dataset. (A) 390 
Alignment of our Type II2 filament model with the previously published model (PDB: 6XYQ). 391 
(B) Local resolution of the Type II2 filament map. (C) Fourier shell correlation (FSC) curves of 392 
the Type II2 filament map. The dark blue line denotes the FSC = 0.143 cutoff used for resolution 393 
estimation. 394 
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 396 

Supplementary Fig S7. Characterization of MSA Type I2 filaments in the dataset. (A) Density 397 
map of Type I2 filaments showing separation between protofilaments in the long axis of the 398 
filament. (B) Local resolution of the Type I2 filament map. (C) FSC curves of the Type I2 399 
filament map. The dark blue line denotes the FSC = 0.143 cutoff used for resolution estimation. 400 

 401 
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