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Abstract

The aggregation of the protein α-synuclein is closely associated with several
neurodegenerative disorders and as such the structures of the amyloid fibril aggregates have
high scientific and medical significance. However, there are dozens of unique atomic-
resolution structures of these aggregates, and such a highly polymorphic nature of the α-
synuclein fibrils hampers efforts in disease-relevant in vitro studies on α-synuclein amyloid
aggregation. In order to better understand the factors that affect polymorph selection, we
studied the structures of α-synuclein fibrils in vitro as a function of pH and buffer using cryo-
EM helical reconstruction. We find that in the physiological range of pH 5.8-7.4 a pH-
dependent selection between Types 1, 2 and 3 polymorphs occurs. Our results indicate that
even in the presence of seeds, the polymorph selection during aggregation is highly
dependent on the buffer conditions, attributed to the non-polymorph-specific nature of
secondary nucleation. We also uncovered two new polymorphs that occur at pH 7.0 in
phosphate-buffered saline. The first is a monofilament Type 1 fibril that highly resembles the
structure of the juvenile-onset synucleinopathy polymorph found in patient-derived material.
The second is a new Type 5 polymorph that resembles a polymorph that has been recently
reported in a study that used diseased tissues to seed aggregation. Taken together, our results
highlight the shallow amyloid energy hypersurface that can be altered by subtle changes in
the environment, including the pH which is shown to play a major role in polymorph
selection and in many cases appears to be the determining factor in seeded aggregation. The
results also suggest the possibility of producing disease-relevant structure in vitro.
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eLife assessment

This study presents important findings on the different polymorphs of alpha-
synuclein filaments that form at various pH's during in vitro assembly reactions with
purified recombinant protein. Of particular note is the discovery of two new
polymorphs (1M and 5A) that form in PBS buffer at pH 7. The strength of the
evidence presented is convincing. The work will be of interest to biochemists and
biophysicists working on protein aggregation and amyloids.

https://doi.org/10.7554/eLife.93562.3.sa3

Introduction

Amyloid fibrils are a unique class of self-assembled filamentous protein/peptide aggregates that
have been associated with dozens of human diseases including Alzheimer’s, Parkinson’s, type II
diabetes, and prion diseases1     . It has long been established that all amyloids contain a common
structural scaffold known as the cross β-sheet motif, yet only more recently, with the advent of
solid-state nuclear magnetic resonance spectroscopy (NMR)2      and cryo-electron microscopy
(cryo-EM) helical reconstruction3     , has it become clear that this shared repetitive motif can
generate a wide range of structural folds4     ,5     . Yet unlike globular proteins, whose amino acid
sequence typically guides the protein folding process into a unique 3-dimensional structure, the
amyloid structures derived from a single peptide sequence are often polymorphic: they can exist
in various stable three-dimensional architectures. Another unique property of amyloids is their
tendency to induce their own formation in a self-replicative manner. Amyloid formation is a
nucleated growth process analogous to the growth of a 1D crystal6      and can therefore be
kinetically enhanced through templating on preformed fibrillar structures, termed seeds. Thus, in
seeding, the amyloid fold itself acts as a structural template for nucleation and growth, whereby
protein monomers are induced into the amyloid conformation and contribute to fibril elongation.
Additionally, as revealed by kinetic experiments, there are secondary nucleation processes, which
include de novo nuclei formation on the lateral surface of the amyloid fibrils7     . Structural
polymorphism and seeding-enhanced growth are two hallmarks of amyloid structural biology.
However, despite their likely importance in the etiology of many diseases, the factors that control
polymorphs and the molecular mechanisms of seeding are poorly understood.

Amyloid polymorphs whose differences lie in both their tertiary structure (the arrangement of the
β-strands) and the quaternary structure (protofilament-protofilament assembly) have been found
to display distinct biological activities8     –12     . In the case of the protein tau, cryo-EM has been
used to correlate 14 different tauopathies with distinct combinations of 8 different amyloid
polymorphs13     . In the case of α-synuclein (α-Syn), the structures of many in vitro polymorphs
have been determined14     –37      and yet, they are all distinct from the polymorphs that have been
sarkosyl-extracted from the brains of patients of both multiple systems atrophy (MSA)24      and
Parkinson’s disease (PD)34     . Understanding how these disease-relevant polymorphs form and
reproducing them in vitro will be critical in the study of these synucleinopathies. Some clues are
present in the sarkosyl-insoluble brain-derived structures: two MSA polymorphs contain an
unidentified molecule at the interface of the protofilaments and in the PD polymorph an
unidentified molecule appears to be stabilizing the structure of the monofilament fibril. These
findings support the idea that the polymorph type is in some way associated with the disease, and
that the environment plays a critical role in amyloid formation, essentially dictating which
polymorphs are accessible.

https://doi.org/10.7554/eLife.93562.3
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Concerning the seeding of polymorphs, it was demonstrated that prion strains with their specific
pathologies can be serially transmitted from animal to animal38     ,39      and that strains can be
amplified in vitro by protein misfolding cyclic amplification (PMCA)40     ,41      or similar
approaches42     . However, in vitro, amyloid seeding is not always faithful in reproducing the seed
polymorph. In the case of α-Syn, PMCA-based seeding has been proposed as a diagnostic tool that
could also differentiate between MSA and PD41     ,43     . However, attempts to amplify the MSA and
the PD patient-derived polymorphs in vitro with recombinant α-Syn have so far resulted in
structures distinct from those that were extracted with sarkosyl from patient brains29     ,44     ,45     .
These results could be due to the strong role of secondary nucleation in the in vitro seeding
processes, which in the case of α-Syn have been shown to involve flexible interactions that might
not be able to transmit polymorph-specific structural information43     . However, it could also be
that multiple polymorphs exist in diseased tissues and that the sarkosyl-based procedure itself
selects different polymorphs compared to the PMCA-based procedures. Nonetheless, seeding with
α-Syn disease-derived amyloids has, at least for cerebrospinal fluid (CSF)-derived seeds, some
diagnostic utility as it been shown that under conditions of low α-Syn monomer, patient-derived
CSF can seed several polymorphs while healthy CSF does not seed amyloid formation at all37     . On
the other hand, seeding experiments with in vitro-derived polymorphs have yielded mixed results
in that some polymorphs are seemingly easier to reproduce via seeding. For example, the Type 4
polymorph from E46K25      or G51D26      mutants can be transmitted to wild-type α-Syn, and a
polymorph that forms normally only at low salt can be produced at high salt and vice versa by
using very high seed concentrations (10%) and by limiting primary and secondary nucleation
processes12     ,46     .

Having observed the plethora of α-Syn fibril polymorphs published in just the last few years, we
set out to investigate the relationship between α-Syn polymorphs and their aggregation conditions.
The speed and abundance of polymorphs being discovered have led to inconsistent naming
conventions, and in this work, we expand upon previous nomenclature16     ,22      which is
illustrated in Figure 1     , whereby polymorphs with distinct folds are assigned different Arabic
numerals and sub-polymorphs formed through different proto-filament interfaces given different
letters (with the exception of polymorph 1B whose name is kept for consistency with previous
publications despite itself being a distinct fold, see Figure 2     ). We find that the pH of the
aggregation condition is a major but not the only factor in determining which polymorph is
formed in vitro. While attempting to reproduce the published conditions for the Type 2
polymorph, we found a new polymorph (here termed Type 5) and a monofilament Type 1
polymorph, providing further evidence that the energetic landscape of α-Syn aggregation is rough
with many interconnected local minima. In addition, our findings with cross-pH seeding
experiments support the notion that seeding with α-Syn is non-polymorph-specific under
conditions of secondary nucleation-dominated aggregation46     , consistent with difficulties in
recreating the in-vivo observed fibrils through seeding29     .

Results and Discussion

The range of accessible polymorphs is controlled by pH
There are more than 60 in vitro amyloid structures of α-Syn deposited in the PDB, representing
over a dozen different structural polymorphs. The authors of these structures often try to frame
newly observed polymorph(s) in the context of the diseases associated with α-Syn aggregation.
However, given so many published structures, an examination of the conditions under which the
polymorphs were formed also offers hints into the environmental influences of polymorph
selection. In particular, we noted that Type 1 structures were observed almost exclusively above
pH 7.0, while Type 2 and 3 structures were observed below pH 7.4 and down to pH 6.5. To
systematically analyze the effect of buffer and pH we studied the structures of α-Syn amyloids of

https://doi.org/10.7554/eLife.93562.3
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Figure 1.

The polymorphs formed in vitro by wild-type α-Syn.

The numbered backbone Cα traces depicting a single chain from each of the five Types of polymorphs that have been
reported to form in vitro with wild-type α-Syn but without co-factors. The interface variants of each type are also shown by a
representative structure from the PDB or from one of the structures reported in this manuscript (boxed in dotted lines). Two
mutant structures for the Type 3 fold are included in order to show the special 3A and 3D interfaces that form for these
mutants (shaded background). The observed pH-dependence of each of the polymorphs described in this manuscript is
indicated by the colored line above the pH scale (or, in the case of the 1M polymorph reported here, by a line connecting it to
the scale).

https://doi.org/10.7554/eLife.93562.3
https://doi.org/10.7554/eLife.93562.3
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Figure 2.

The Type 1 polymorphs.

Backbone Cα traces showing the 4 different interface polymorphs of Type 1, including 1B whose fold is not classically Type 1
but whose name is kept for consistency with previous publications. The 1C polymorph is only formed by mutants at the 1A
interface (here A53T) and so residue 53 is highlighted in each structure.

https://doi.org/10.7554/eLife.93562.3
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the full-length, N-terminally acetylated protein formed under a variety of conditions. In a first
series, we produced α-Syn amyloids in PBS (10 mM PO4, 137 mM NaCl, 2.7 mM KCl) at the
physiological pH values of 7.4, 7.0, 6.5, and 5.8.

At pH 5.8 we observed exclusively the Type 3 structures 3B and 3C (Figures 3      and 4     ).
Considering the similarities between Type 2 and 3 structures (see below), it is noteworthy that an
A-interface polymorph was not observed for Type 3. In its place, we find the 3C polymorph for
which the interface contacts are shifted by one residue with respect to 2A and are now defined by
a salt bridge between E46 and K58 instead of K45 and E57 (Figure 5B     ). In the previously
reported Type 2A and 2B structures solved from a single sample aggregated in PBS at pH 7.4, the
major polymorph (83%) was 2A. In our first sample prepared at pH 5.8, we observed 3B as a major
polymorph (> 90%) with 3C as a minor polymorph. We hypothesized that the absence of a “3A”
polymorph and the presence of the 3B as the major polymorph could be related to the ionic
strength of the buffer used in aggregation. Therefore, we also pursued cryo-EM structures under
similar conditions but with an additional 50 mM or 100 mM NaCl. While we did see a difference in
the relative abundance of the 3B and 3C polymorphs in these samples (Table 1     ), “3A” was never
detected nor was there an obvious correlation between the NaCl concentration and the 3B:3C
polymorph population. In fact, in a second sample prepared under the same original PBS
conditions which had yielded an approximately 93%:7% 3B:3C ratio, we encountered yet another
ratio of 54%:46%, leading us to the conclusion that stochastic or not well-controlled conditions
affect the selection between the ‘B’ and ‘C’ interface variants of Type 3 fibrils.

Previous reports of non-acetylated α-Syn fibrils seeded from MSA patient material and grown at
pH 6.529      contained a mixture of 2A, 2B, 3B, and 3C polymorphs as well as hybrid 2/3B fibrils. It is
therefore noteworthy that in the five independent amyloid samples that we prepared at pH 5.8,
none of them contained a detectable level of Type 2 fibrils. However, in the sample prepared at pH
6.5, we did indeed see a mixture of Type 2 and 3 (2A:2B:3B:3C at 25%:18%:31%:26%) suggesting
that Type 2 is not accessible below pH 6 (Figure 3     ). The structural basis for the Type 3
preference at lower pH may lie in the protonation state of glutamic acid residues in the vicinity of
the C-terminal β-strand (i.e. E83) or of H50, two regions where polymorphs 2 and 3 are most
distinct from each other (discussed below). The fact that we observe the same set of polymorphs in
the absence of MSA seed material suggests that not only was the seeding described above non-
polymorph specific but also that pH was the main polymorph determinant. Seeding experiments
have also been performed with cerebrospinal fluid (CSF) of Parkinson’s disease patients at pH 6.5,
this time with N-terminally acetylated α-Syn, yielding once again the 3B and 3C polymorphs37     .

In both the MSA and Parkinson’s-CSF seeding experiments, the authors also reported on some
samples that produced Type 1-like polymorphs which, unlike most in vitro polymorphs, existed
primarily as single monofilament fibrils. These are noteworthy because the large majority of in
vitro and in vivo α-Syn polymorphs are composed of more than one protofibril, most often with a
C2 or pseudo 21 helical symmetry. Therefore, we were surprised to find that in several pH 7.0
aggregation samples (Table 1     , Figure 4     ), we also observed a Type 1 monofilament fibril
polymorph (termed 1M), similar to those from the MSA and Parkinsons-CSF seeding experiments
and very similar to the Juvenile-onset synucleinopathy (JOS) polymorph29     ,44     ,45      (Figure 6     ,
discussed below). This again indicates that seeding experiments may be influenced by
environment-dictated polymorph formation. Also puzzling to us is that we could not produce Type
2 polymorphs at pH 7.0 or 7.4 despite previous reports of 2A and 2B being formed under these
conditions22     ,30     . In yet another of the pH 7.0 aggregation samples we found a completely new
polymorph which we have termed Type 5 (Figure 7     ). Apart from its novel fold, it is unusual in
the number of residues that are visible/ordered in the structure, starting from the acetylated N-
terminal methionine (buried at the dimer interface) up until residue 96. Interestingly in a recent
BioRxiv manuscript45      (for which the coordinates are currently on hold), a similar polymorph is
found upon seeding with MSA and PD material, again suggesting that the environment could play
a role in the selection of polymorphs.14     

https://doi.org/10.7554/eLife.93562.3
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Figure 3.

3D classification of particles in fibril samples from various conditions.

The 3D-classes obtained in RELION for five different fibril samples grown at pH 5.8 and 6.5 in PBS with or without additional
NaCl are shown. Each box presents the output classes from one sample with the ratio of the polymorphs determined by the
number of particles assigned to each class and the total number of particles used indicated in the center of the box.
Classifications were performed with input models for each of the output classes plus one additional cylindrical model (not
shown) to provide a “junk” class for particles that do not fit any of the main classes. The particles that went into the “junk”
class were not included in determining that ratios of particles in the main classes. In the case of the pH 6.5 data, the fibril
classes were better separated by filament subset selection in RELION (see methods and Table 1     ) and the 4 classes shown
represent the output from individual 3D refinements.

https://doi.org/10.7554/eLife.93562.3
https://doi.org/10.7554/eLife.93562.3
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Figure 4.

pH dependence of observed α-Syn polymorphs.

An overview off all of the Cryo-EM-resolved polymorphs in this study. The images represent a 9.5 Å slice (about 2 layers of the
amyloid) of the 3D map projected in the Z direction. The 3D maps were obtained either from 3D classification or 3D
refinement in RELION. The datasets are ordered and numbered as in Table 1     . The colored borders indicate the pH at which
the fibrils were grown. For datasets from which multiple polymorphs were resolved, the relative percentage of particles
corresponding to each polymorph is indicated in parentheses.

https://doi.org/10.7554/eLife.93562.3
https://doi.org/10.7554/eLife.93562.3
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Figure 5.

Comparison of the Types 2 and 3 polymorphs.

A) Protofilaments of Polymorphs 2A (blue) and 3B (green) are depicted as Cα traces. The sidechains are included on the C-
terminal β-strand and the N-terminal segment in the 2A structure in order to highlight the in-side-out flipped orientations of
their C-terminal β-strands. The dashed box indicates the region highlighted in panels C and D. B) The 2 interfaces of Type 2
and the 4 interfaces of Type 3 polymorphs are shown as a cartoon schematic. The charged interfacial residues are indicated
by blue/red dots for K/E and listed below each interface. The C-term is indicated as a short tail and Type 2 has the extra N-
terminal segment. C) A close-up view of the Type 3B structure (PDB:8PIC) and D) Type 3D (E46K) structure (PDB:8PJO) and
their EM density, showing the shared set of immobilized water molecules and strong density that has been modeled as a
chloride ion. The local resolution maps for each structure are shown to the right with the color scale indicating the resolution
range in Å.

https://doi.org/10.7554/eLife.93562.3
https://doi.org/10.7554/eLife.93562.3
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Table 1

Cryo-EM samples analyzed for this manuscript

https://doi.org/10.7554/eLife.93562.3
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Figure 6.

The JOS-like Type 1M polymorph.

A) The Type 1M monofilament structure (PDB:8PK2) overlaid with its EM density (including the unmodeled density). The Cα
trace is also shown on the left with all K and E side chains indicated as well as the local resolution map for the density with
color scale showing the resolution range in Å. B) An overlay of the Cα trace of the Type 1M and the JOS polymorph
(PDB:8BQV) from which the identity of residues 13-20 in the N-terminal strand were assigned. C) An overlay of the Cα trace of
the JOS-like Type 1M to the 1M structure of the H50Q mutant (PDB:6PEO). The structural alignments were done by an LSQ-
superposition of residues 51-66.

https://doi.org/10.7554/eLife.93562.3
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Figure 7.

The Type 5 polymorph.

The structure of a Type 5 protofilament (PDB:8PK4) overlaid with its EM density. The Cα trace for the two filaments of the
Type 5A fibril is also shown to the left. All of the charged (E/D/K) residues and the acetylated N-terminal Met are labeled and
the polar segment that dissects the two cavities is shaded green in the upper chain. The local resolution map is also shown
with the color scale indicating the resolution in Å.

https://doi.org/10.7554/eLife.93562.3
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In the original reports of Type 2 structures (2A and 2B), fibrils were formed by non-acetylated α-
Syn at pH 7.5 in Tris buffer as well by three other constructs at pH 7.0-7.3 in DPBS: (i) the E46K
mutant, (ii) phosphorylation at S129 and (iii) an N-terminally acetylated α-Syn. Therefore, we were
somewhat surprised that after measuring cryo-EM data for six independent fibrilization samples
at pH 7.0 and 7.4 in PBS or Tris (Table 1     ), we could not detect any Type 2 polymorphs. Instead,
we found that at pH 7.0 in PBS, the samples exhibited a multitude of polymorphs including one
having mostly flat (not twisted) fibrils of variable width and the other two each yielding a new
polymorph (5A and 1M). However, in Tris buffer at pH 7.0 we did produce polymorph 1A as the
major species. Considering the strong temperature dependence of the Tris pKa, it is worth noting
that our Tris buffer was prepared for pH 7.0 at the fibrillization temperature of 37 °C. Returning to
PBS but at pH 7.4, polymorph 1A was the dominant species in both samples that we prepared,
even though one was seeded by 5% Type 3 fibrils that had grown at pH 5.8 (the latter discussed in
more detail below). While in our hands 1A is the preferred polymorph above pH 7.0, regardless of
the buffer used, we also observed a higher degree of sample variability in the samples grown at
pH 7.0 and 7.4 (Table 1     , Figure 4     ). In order to further explore the variability/reproducibility
of the pH 7.0 polymorphs we measured cryo-EM data for 6 more independent fibril samples for a
total of 10 samples, all aggregated independently at pH 7.0 and originating from 4 different
batches of purified α-Syn (datasets 7-16, Table 1     ). In three of these pH 7.0 samples we did finally
reproduce the type 2A/B polymorphs (datasets 11-13), two of which had also a significant amount
of type 1M fibrils. In yet two others datasets (14-15) we observed only type 1A. Several samples
contained predominantly non-twisted fibrils and could therefore not be used for helical
reconstruction. In most samples, we also observed fibrils that were thinner or wider than the
known polymorphs, but these were not pursued due to a poor homogeneity between fibrils, lack
of twist, or an insufficient number of specimens and so were excluded either during manual
picking or later in 2D and 3D classification.

On the structural heterogeneity of Type 1 polymorphs
27 structures of Type 1 polymorphs have been reported, mostly in the pH range of 7.0-7.4 in
distinct buffers including Tris or phosphate and comprised of full-length α-Syn, N-acetylated α-Syn,
shorter constructs (i.e. 1-103, 1-122), familial mutants (i.e. A53T, A53E, H50Q, and a seven residue
insertion associated with JOS), patient-derived material (i.e. MSA and JOS), and fibrils that were
seeded by MSA, PD, and dementia with Lewy bodies material (including brain or cerebrospinal
fluid). The Type 1 polymorphs display a large structural heterogeneity both at the tertiary
structure level (Figure 8     ) as well as the quaternary level, having distinct protofilament
interfaces or even existing as a monofilament fibril14     –16     ,19     ,20     ,24     ,29     ,31     –33     ,35     –
37     . This can be rationalized in part, for example with the familial mutants A53T, A53E, and H50Q
which all have been found in polymorph 1C with its smaller protofilament interface (residues 59-
60) compared to 1A (residues 50-57). The mutants lie at the 1A interface, destabilizing it and
favoring the smaller interface of 1C or even the monofilament 1M (illustrated in Figure 2     ). In
the context of how buffer conditions influence the polymorph structure, it is interesting to
mention that in the presence of phosphate, the K58 side chain is often facing out towards the 1A
protofilament interface, thereby forming a triad with K43 and K45 of the other protofilament to
surround some extra density that is interpreted to be phosphate (Figure 8     ). This constellation of
lysine residues is found in about 2/3 of the dozen structures of amyloids grown in the presence of
phosphate. In contrast, in phosphate-free conditions (such as Tris, PIPES, or unbuffered) K58 is
facing into the core in about 2/3 of a dozen structures, forming a salt bridge/hydrogen bond with
E61. Since in the presence and absence of phosphate both K58 orientations have been
documented, other buffer details such as pH may also be relevant for this and other variations.
Furthermore, it points to a rather shallow amyloid energy hypersurface that can be altered by
subtle changes in the environment.

In the context of polymorph 1 and the interfacial lysine triad discussed above, it is worth
mentioning the structure of the disease-relevant JOS brain-derived polymorph. In this polymorph,
the 1A protofilament interface is disrupted by an additional β-strand comprising the N-terminal

https://doi.org/10.7554/eLife.93562.3
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Figure 8.

Structural variability within the Type 1 polymorphs.

A) Seven pairwise overlays of the wild-type 1A structure (PDB:6A6B) with other wild-type and mutant structures depicting the
range of structural variability that is found in the Type 1 fold. The structural alignments were done by an LSQ-superposition
of the Cα atoms of residues 51-66. The other Type 1 structures from left to right, top to bottom are wild-type 1A without
buffer (PDB:6CU7), N-terminally acetylated wild-type 1A residues 1-103 (PDB:6OSM), the H50Q mutant 1M without buffer
(PDB:6PEO), wild-type 1A in Tris buffered saline (PDB:7V4D), the patient-derived JOS 1M polymorph (PDB:8BQV), mix of wild-
type and seven residue JOS-associated insertion mutant 1A in PBS (PDB:8CEB) and N-terminally acetylated wild-type 1M
seeded from PD patient CSF in PIPES with 500 mM NaCl. B) Same overlay shown at the top right in A, showing the triad of
lysine residues often formed at the interface in the presence of phosphate (PDB:6CU7) compared the inward facing
orientation of K58 in the absence of phosphate (PDB:6A6B). The location of often observed density, thought to be PO4

2- is
indicated with the pink sphere.

https://doi.org/10.7554/eLife.93562.3
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residues E12-E25, yielding a monofilament structure that we term Type 1M as well as a double
protofilament structure with a unique protofilament interface. Consequently, the lysine triad of 1A
is lost (with K58 still facing outward), but now K43 and K45 together with K21 and K23 of the N-
terminal additional β-strand embrace a small molecule that is likely negatively charged, yielding
overall a similar local structural arrangement around K43 and K45 (and H50). An attempt to
produce the JOS polymorphs in vitro using a mixture of wild-type α-Syn and variant containing the
JOS-associated seven-residue insertion MAAAEKT after residue 22 yielded instead polymorph 1A
structures with the typical protofilament interface36     . However, in our structure-buffer
relationship screening, a JOS-like 1M polymorph containing the additional N-terminal strand of the
JOS polymorph was obtained with wild-type N-terminally acetylated α-Syn. There is only a small
difference in the conditions, pH 7.4 versus pH 7.0 in PBS, that lead to the 1A versus the JOS-like 1M
polymorphs, again illustrating the shallow energy surface between the polymorphs and the
critical role of the buffer conditions in polymorph selection. The in vitro prepared JOS-like 1M
polymorph superimposes with the Juvenile-onset synucleinopathy purified material almost
entirely except for the aforementioned K58 side chain facing inward in the former and outward in
the latter, and the unassigned peptide density in the latter (Figure 6B     ). The cryo-EM map for the
JOS-like 1M fibrils also has an additional sausage-like density, likely for a beta-strand, but it was
not used for model building because it lacked enough features (Figure 6A     ).

On the structural heterogeneity of Type 2 and 3 structures
The structures of Type 2 and 3 polymorphs share some similarities, however, there are significant
differences that justify their assignment to unique polymorph classes (Figure 5AB     ). First, there
is a displacement of the structural fragment comprising residues V52-T72 which appears to move
on the G51 and G73 hinges. The turn with residues G73-A78 is again similar between the two
structures but beyond this, there is an “inside-out” rearrangement of the C-terminal β-strand (A85-
G86-S87-I88-A89-A90-A91-T92) such that only in the Type 2 polymorph can the N-terminal
fragment (V15-K21) form an additional β-strand packed against the β-strand A85-A9122     .
However, also within Type 2 and 3 polymorphs exists a large structural heterogeneity: some
polymorph 3 structures have an “inside-out” C-terminal β-strand but still without the N-terminal
fragment present. In terms of the interface variants, there is a difference between our Type 3B
structure and that of from the MSA-seeded Type 3B29     . Our data shows the characteristics of a
pseudo-21 helical symmetry (ca. 179.5° twist and 2.35 Å rise) when refined under C1 symmetry
with a ca. -1° twist and 4.7 Å rise (Figure 9     ) while the MSA-seeded Type 3B structure (PDB entry
7NCG) has a C2 symmetry (-0.95° twist 4.75 Å rise).

The interfaces present in the 2A and 3C polymorphs also appear to be similar at first glance,
consisting of a pair of symmetric salt bridges arranged to create a large solvent-filled cavity at the
interface. However, a close inspection reveals that they are different, comprising neighboring sets
of E/K residues: K45/E57 in 2A and E46/K58 in 3C. This is remarkable because there is no obvious
reason that the “C” interface is preferred over the “A” interface. An example of a 3A polymorph
has been reported but it is in the context of the E46K mutant23      and formed in an unbuffered
solution. The familial Parkinson’s disease mutant α-Syn (E46K)47      has been extensively studied
and the structures of fibrils of this mutant have been reported at pH 7.5 in Tris18     , at pH 7.4 in
PBS22      and as mentioned above, unbuffered in 15 mM tetrabutylphosphonium bromide23     . The
Tris condition produced a Type 4 polymorph, the PBS a Type 2A, and the unbuffered condition a
Type 3A. Interestingly, since the 2A and 3A polymorphs share the same dimer interface with
symmetric K45/E57 salt bridges it is clear that the “A” interface is not mutually exclusive with the
Type 3 polymorph. However, it is still not clear as to why Type 3B and 3C polymorphs, both with
E46 in their salt-bridged dimer interfaces, are preferred for the wild-type protein but we suspected
that it was only through the elimination of E46 that the E46K mutant could access the 3A
polymorph. To test this further, we produced E46K fibrils at pH 5.8, the condition where until now
only Type 3 has been observed and uncovered yet another Type 3 polymorph with a new interface
termed 3D formed by an E57/K58 salt bridge (Figure 5B     ). This was surprising considering the
previously mentioned Type 3A structure of this mutant and suggests that the Type 3 fibrils formed
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Figure 9.

Determination of helical symmetry in Type 3B, 3D and 5A polymorphs.

2D projections and their Fourier transforms for three different structures (rows) refined with three different types of
symmetry (columns). Each of the structures studied was refined as far as possible in a C1 symmetry with a ca. -1° twist and
4.7 Å rise in order to examine the higher order symmetry expected to be present: either C2 with a 4.7 Å rise or a pseudo-21
helical symmetry with ca. -179.5 twist and 2.35 Å rise. A comparison of the projections of the refined volumes indicated that
all three of these structures have a pseudo-21 helical symmetry. This can be seen in the C1 projections which lack a mirror
symmetry down their middle and in their Fourier transforms which lack an n=0 Bessel function meridional peak in the layer
line at 1/4.7 Å (location marked with a yellow arrow).
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at pH 5.8 are somehow distinct from those formed, until now only by mutants, above pH 7. While
researching deposited α-Syn structures we found another Type 3D polymorph (PDB entry 7WO0,
not yet published) that is formed by the A53T mutant in the presence of 20 mM CaCl2 at pH 7.6.
Finally, the coexistence of polymorphs 2A/2B and 3B/3C at pH 6.5 indicates either that they all have
a similar thermodynamic stability or that some of them are kinetically trapped, the latter
possibility having been observed in one case of two distinct α-Syn polymorphs grown in a single
condition (10 mM Tris, 0.02% NaN3, pH 7.0 at 37 °C)48     .

The Type 5 structure
Apart from its novel fold, polymorph 5A is unusual in the number of residues that are
visible/ordered in the structure, starting from the acetylated N-terminal methionine (buried at the
dimer interface) up until residue E96. As is often the case, there are shared structural motifs
between Type 5 and other α-Syn polymorphs. In particular, residues 47-72, comprising a two-beta
strand motif with a turn in between, overlay very well with the polymorph formed by a Y39
phosphorylated α-Syn17      and to a lesser extent in Types 2, 3, and 4 as well. However, the first 35
residues are distinct in that they are usually disordered (Types 1 and 3), or only a segment thereof
binds to the core in Type 2 or polymorph 1M. Within this segment, there are seven lysine and five
glutamic/aspartic acid residues and five of the lysine residues are buried inside the structure and
form salt bridges with buried glutamic/aspartic acid residues. This yields two large cavities
separated only by the very polar segment G31-K32-T33-K34-E35-G36, and it is likely that these two
cavities are filled with water. In comparison to the other known polymorph structures the size of
the cavities and the presence of five internal salt bridges are unique. Only polymorph 1 shows a
small significant cavity which as discussed above usually appears in the presence of phosphate
buffer. However, even the more compact Type 3 structures which do not have any obvious cavities
contain networked channels of waters that are shared between the wild-type Type 3B and E46K
Type 3D structures (Figure 5C,D     ). The occurrence of the Type 5A polymorph thus reflects again
on the promiscuity of α-Syn polymorph formation, the influence of slight changes in buffer
conditions, and more specifically the potential role of lysine residues in polymorph selection. It is
also worth mentioning that in the 10 independent aggregations that we analyzed at pH 7.0, the
Type 5 structure was found in only one sample, and then, in only 10-20% of the observed fibrils in
the sample. The remainder of the fibrils in the sample were non-twisted and therefore could not
be analyzed by 3D reconstruction.

The buffer environment can dictate
polymorph during seeded nucleation
While for many amyloids, seeded growth results in replication of the structural polymorph of the
seeds, in at least one instance, the seeding with MSA brain-derived fibrils failed to reproduce the
seed polymorphs29     . One explanation could be the absence of the as yet unknown cofactor that
appears to be bound in MSA polymorphs. However, as we have observed, the buffer
environment/condition may play such an important role in polymorph selection that we
wondered whether, for pure in vitro seeding experiments with in vitro-derived seeds, it would be
the environment or the seed which dictates the resulting polymorph. To address this, we used
fibrils of polymorph 3B/3C produced at pH 5.8 as seeds (5%) in seeding experiments at pH 7.4 and
as a control at pH 5.8. The inverse experiment was also carried out with fibrils of the Type 1
polymorph produced at pH 7.4 used as seeds (5%) in seeding experiments at pH 5.8. In both cases,
control seeding experiments were performed at the pH of the original seed fibrils. For these
analyses, we monitored the effect of seeding on the kinetics of fibril formation using thioflavin T
(ThT) fluorescence49     ,50      and probed the structures of the resulting seeded fibrils by cryo-EM.

In terms of kinetics, the presence of seed fibrils consistently accelerated the aggregation of α-Syn
(Figure 10A     ). However, in the Cryo-EM analyses of the fibrils produced at pH 5.8 with pH 7.4
seeds, only the polymorphs 3B and 3C are detected (Figure 10B     ) and in the inverse case, with
fibrils produced at pH 7.4 with pH 5.8 seeds only polymorph 1A is detected (Figure 10B     ). We
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were unable to detect any traces of the seed polymorphs in either of the cross-seeded aggregations
despite the fact that 5% seeds were used. Limited proteolysis-coupled mass spectrometry (LiP-
MS)51     ,52     , a quantitative technique that enables the detection of nearly single residue
resolution structural differences/alterations in proteins in bulk solution, confirmed these findings
(Figure 10C     ). In our LiP-MS analysis, we digested the fibril samples with the sequence-
unspecific protease proteinase K for a limited amount of time to generate structure-specific
proteolytic fingerprints and then identified and differentially quantified peptides between the
different fibril states by MS analysis. To obtain single amino acid resolution in our comparison of
the structural features of different types of fibrils, we first assigned a score accounting for the
extent of change between samples and a measure of statistical significance to each detected
peptide and then aligned the peptides with overlapping regions to calculate the mean score value
for each amino acid (see methods for details). Thus, larger differences between two structures
yield higher per-residue scores. LiP-MS analysis revealed that fibrils generated at pH 7.4 (F3) and
pH 5.8 (F4), in the presence of unfragmented fibrillar seeds generated at pH 5.8 and pH 7.4
respectively, are on average more similar in their structure to the fibrils generated without seeds
at pH 7.4 (F1) and pH 5.8 (F2), respectively (Figure 10C     ). These data suggest that fibrillar
conformations resulting from seeding monomeric alpha-synuclein with unfragmented fibrillar
seeds are driven by pH and not by the structure of the seed.

Amyloid aggregation can be accelerated by two seed-based processes: (i) fibril elongation and (ii)
secondary nucleation. In fibril elongation, the incoming protein adopts the conformation of the
seed by attaching itself to the end of the fibril. In this process of growth acceleration, which is
proportional to the number of fibril ends, the polymorph structure is expected to be
preserved53     ,54     . In the secondary nucleation process, de novo aggregation occurs on the sides
of the fibril and therefore the kinetics of secondary nucleation is proportional to the mass of the
fibril55     . In the case of α-Syn, the secondary nucleation mechanism has been proposed to be
based on the interaction of the positively charged N-terminal region of monomeric α-Syn and the
disordered, negatively charged C-terminal region of the α-Syn amyloid fibrils56     . The interaction
is transient but causes a further unfolding of the monomeric α-Syn while increasing its local
concentration and possibly aligning it in a way that promotes aggregation. Since all known
amyloid polymorphs of α-Syn are disordered in their C-terminal regions, we propose that
secondary nucleation in α-Syn aggregation is generally polymorph unspecific. This conclusion is
consistent with those of Peduzzo et al.46      who showed that at lower seed concentrations under
which secondary nucleation dominates over fibril elongation, the environment dictates the
resulting polymorph. It is worth noting that unfragmented fibrils will likely favor secondary
nucleation, while with shorter fibrils and more available ends per unit mass, elongation could
dominate.

In addition to the α-Syn seeding experiments discussed until now, Strohäcker et al.44      used NMR
to analyze the results of PMCA using both PD and MSA seed material in PBS buffer at pH 7.4 in the
presence of 1% triton X-100. Both samples yielded indistinguishable polymorphs. Hence, it appears
that their protocol amplified the seeds via secondary nucleation for which a single polymorph can
be expected and whose identity is dependent on the environment; here that includes 1% triton X-
100 and 5% w/v brain homogenate. In another PMCA study that is published currently only on the
BioRxiv server, Burger et al.45     , use both MSA and PD patient-derived material to produce a new
polymorph which they name Type 6. A similar Type 6 fold was obtained irrespective of whether
the starting material was from an MSA or PD patient brain, however protofilaments were
arranged in a disease-specific manner. Interestingly, the Type 6 fold resembles the Type 5 that we
found at pH 7.0, deviating however in its three different protofilament interfaces yielding
polymorphs 6A, 6B, and 6C as well as extra density that the authors have assigned to the C-
terminal residues. Without the deposited coordinates for the Type 6 structures it is difficult to
ascertain how similar these polymorphs are to Type 5, however, their obvious similarity suggests
that the environment of the PMCA seeding could have played a role in determining the amplified
polymorph. Here the environment includes the brain homogenate at 2% w/v and the PMCA buffer:
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Figure 10.

Cross-seeding does not preserve the seed polymorph.

Fibrils produced at pH 7.4 (F1) and pH 5.8 (F2) were used as seeds to generate new fibril samples with fresh alpha-synuclein
monomer: at pH 7.4 with 5% unfragmented pH 5.8 seeds (F3) or at pH 5.8 with pH 7.4 seeds (F4). A) The effect of cross-
seeding with fibrils produced in a different pH from that of the aggregation condition is shown in the aggregations kinetics,
as monitored by ThT fluorescence. B) Cryo-EM analyses of the seeded samples yielded a single 3D class representing
polymorph 1A. (here depicted as a Z-section) for the F3 fibrils and two classes representing Types 3B and 3C for the F4 fibrils.
C) LiP-MS analysis showing the differences in fibrillar structures in bulk solution. The comparison of seeded fibrils (F3 and F4)
with F1 is presented on the left, while the comparison of seeded fibrils with F2 is presented on the right. Differences in
structures per residue are plotted along the sequence of alpha-synuclein in a form of scores (-log10(p-value) × |log2(fold
change)|). The more intense the red color, the greater the difference between the two structures in each region. Grey
indicates no significant differences, while white indicates the significance threshold corresponding to (-log10(0.05) ×
|log2(1.5)|).
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150 mM KCl, 50 mM Tris, pH 7.545      at 37 °C, which considering the temperature dependence of
the Tris pKa could actually be close to pH 7 and thus similar to the buffer conditions that produced
Type 5. However, it must also be stated that in addition to the cryo-EM structures45     , previous
cell biological and biochemical support for polymorph-specific seeding of the MSA and PD patient-
derived material under the same buffer conditions has been reported11     .

The general impact of the environment for seeding assays was recently investigated in a RT-QuIC
assay for which 168 different conditions were tested to find those optimal for α-Syn aggregate
detection57     . The results indicate that seeding experiments with α-Syn can be very sensitive to
the environment and that it is a multifactorial problem where there is not a single optimal pH or
optimal salt condition. Another recent report compared the biological activity of (non-seeded) in
vitro fibrils versus those amplified from Lewy body diseased brains upon injection into mice
brains, with the finding that only the latter faithfully models key aspects of Lewy body disease8     .
The fact that a pH of 7.4 was used during the seeding process further suggests that there are other
environmental factors at play in polymorphs selection. Considering the importance of reproducing
the disease-relevant polymorphs and the often irreproducibility of amplification assays it is
apparent that approaches need to be found that can establish robust methods for α-Syn
polymorph-specific amplification. In addition to finding appropriate buffer conditions, we propose
that any approach that reduces or eliminates secondary nucleation is worth pursuing. This could
be potentially achieved by using shorter, fragmented fibrils as seeds thereby increasing the fibril
end-to-side ratio11      or alkaline fibrillation conditions and higher salt concentration56      where
secondary nucleation appears to be less prominent58     . The importance of salt for seeded
polymorph replication has also been reported for the polymorph-specific seed replication between
the non-ThT-sensitive ribbon polymorph and a fibril polymorph that succeeds in 150 mM KCl
(with 50 mM Tris, pH 7.5, 37 °C) but not in the absence of KCl12     . Another approach would be to
use an N-terminal-truncated version of α-Syn or to proteolytically remove the disordered C-
terminus from the seeds. While it has been shown that with a larger proportion of seeds, it is
possible to drive the growth by elongation instead of secondary nucleation12     ,46     , this may be
difficult to achieve by starting from in vivo material due to limited sample amounts. Finally, the
use of molecules that inhibit secondary nucleation by binding to the C-terminus of α-Syn such as
the protein Brichos could be explored.

Conclusion

The presented study, which focuses on the pH-dependence of fibril polymorph selection in both de
novo as well as seeded fibril growth, shows the complexity of the fibril formation process, yielding
many distinct polymorphs whose diversity is attributed to the absence of an evolutionary selection
towards aggregation. On the other hand, it also highlights a rationale for the influence of the
environment on this chameleon-like property of alpha-synuclein. With respect to disease, the in
vitro generation of a JOS-like polymorph could be obtained, and the problem of polymorph-
unspecific seeding could in many experimental settings be attributed to secondary nucleation,
opening an avenue to resolve this open problem in cell and animal disease studies and diagnosis.

Methods

Recombinant protein expression and purification of α-Syn
Recombinant N-terminally acetylated, human WT α-Syn was produced by co-expressing the
pRK172 plasmid with the yeast N-acetyltransferase complex B (NatB)59      in E. coli BL21(DE3*). α-
Syn was expressed and purified according to the previously published protocol60      with slight
modification. In brief, a single colony from the overnight transformed plate was picked up. It was
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grown at 37 °C in 100 ml LB media containing 100 µg/ml Ampicillin and 50 µg/ml chloramphenicol.
Overnight primary growth culture was added to freshly prepared 1 lit LB media at a final
concentration of 2.5% (v/v) containing 100 µg/ml Ampicillin and 50 µg/ml chloramphenicol. It was
further grown till O.D reached 0.8. Protein overexpression was initiated by adding IPTG at a final
concentration of 1 mM. Thereafter, cells were grown at 37 °C for more than 4 hours and harvested.
α-Syn was obtained from a periplasmic extract using a non-denaturing protocol. Finally, pure α-
Syn was obtained by ion exchange chromatography followed by purification on a hydrophobic
HiPrep phenyl FF 16/10 column (Cytiva). The pure protein was dialyzed extensively against water,
lyophilized, and stored at - 20 °C until further use.

Amyloid aggregation
Lyophilized α-Syn was dissolved in PBS buffer prepared from commercially available tablets
(Sigma-Aldrich). The pH of the dissolved α-Syn was adjusted to pH 7.4 and then separated from
aggregates on a Superdex 75 10/60 column (Cytiva) pre-equilibrated with the same buffer and pH.
Monomeric α-Syn obtained from SEC was free from any preformed aggregates and its
concentration was adjusted to 300 µM. 500 µl of the protein solution was incubated in a 1.5 ml
Eppendorf Protein LoBind tube at gentle agitation via tumbling (∼50 rpm) at 37 °C for 5 days. The
fibrils formed in different pH/buffer conditions were prepared by buffer exchanging the
monomeric α-Syn (the elution from the Superdex 75 column) over a PD-10 desalting column
(Cytiva) pre-equilibrated in the appropriate buffer and/or pH before incubation at 37 °C with
agitation. During every fibrillization procedure, protein concentration and incubated volume were
kept constant at 300 µM and 500 µl, respectively, to ensure that different starting conditions do not
affect the aggregation process. Similarly, the seeded and cross-seeded fibrils were produced by
incubating 300 µM, 500 µl monomeric α-Syn in the presence of 5% (v/v) preformed fibrils (from a
previous aggregation of 300 µM α-Syn).

α-Syn aggregation kinetics monitored by ThT fluorescence
α-Syn aggregation kinetics in the presence and absence of preformed seeds was monitored by ThT
fluorescence. Monomeric α-Syn prepared and incubated as above and at regular time intervals, 5
µl of the sample was taken and diluted to 200 µl by in the same aggregation buffer. ThT was added
at a final concentration of 10 µM and its fluorescence was measured by excitation at 450 nm, and
emission at 480 nm with a 5 nm bandpass for both excitation and emission on a Fluoromax-4
(Jobin Yvon) spectrofluorometer. ThT fluorescence intensity at 480 nm was plotted against
different time points and three independent measurements were performed for each sample.
Here, only 1% of preformed aggregates were used as seeds for ThT measurement in contrast to 5%
used for producing fibrils for structural studies.

Electron microscopy grid preparation and data collection
Cu R2/2 300 mesh or Au R2/2 300 mesh grids (Quantifoils) were glow discharged at 25 mA for 30
sec and 120 sec, respectively. Freshly glow-discharged grids were used in a Vitrobot Mark IV
(Thermo Fisher Scientific) with its chamber set at 100% humidity and at a temperature of 22 °C.
Fibrils (4 uL aliquots) were applied to the grid and blotted for 8 to 15 seconds after a 30-60 second
wait time, and subsequently plunge-frozen into a liquid Ethane/Propane mix. The grids were
clipped and immediately used or stored in liquid nitrogen dewar.

Data acquisition was performed on a Titan Krios (Thermo Fisher Scientific) operating at 300 kV
equipped with a Gatan Imaging Filter (GIF) with a 20 eV energy slit using Gatan’s K3 direct
electron detector in counting mode. Movies were collected using EPU software (Thermo Fisher
Scientific) at a magnification of 130kx (see Table 1      for physical pixel size) and a dose rate of
approximately 8 e/pix/sec and total dose ca. 62-74 e/Å2      (see Table 2      for details).
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Table 2

Cryo-EM structure determination statistics
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Image processing
Image processing and helical reconstruction were carried out with RELION 4.0, following the
procedure for amyloid structures described by Scheres61     . Movies were gain-corrected and
RELION’s own motion correction was used to correct for drift and dose-weighting and CTF
estimation was done using Ctffind4.162     . Individual filaments were either manually selected or
selected with the Topaz implementation in RELION. The segments were extracted in a 333 Å box
(except for dataset 13, Table 1      for which a 260 Å box was used) with an inter-box distance of 33
Å and initially binned 4x to a pixel size of 2.6 Å for 2D classification. In the case of mixed
polymorphs, larger box sizes were also used to help visually separate the classes and extract the
crossover distances. For mixed polymorph datasets, the segments belonging to different classes
were separated either by inspection of the 2D classes or by the new filament subset selection tool
in RELION (version 5). For the new polymorphs (1M and 5) we then used relion_helix_inimodel2d to
generate an initial model that could be used for the subsequent 3D refinement steps. In some
datasets, the polymorphs were separated purely by 3D classification and for others purely by
filament subset selection (indicated in Table 1     ). As the refinement progressed, the refined
particles were re-extracted at either 1.3 Å/pixel (2x binning) or 0.65 Å/pixel (no binning) depending
on the current resolution. For the deposited datasets, Bayesian polishing63      and CTF
refinement64      were performed to improve the resolution of the reconstructions. The deposited
reconstructions were sharpened using standard postprocessing procedures in RELION. For the
data for which maps have been deposited in the EMDB (Table 2     ), representative 2D classes and
the postprocess-generated FSC curves are shown in Figures 11     -17     .

Model building and refinement
Models were built into the RELION post-processed maps with ModelAngelo65      the output of
which was manually adjusted in COOT66      and further adjusted by real-space refinement as a 9-
layer fibril in ISOLDE67      with symmetry and secondary structure restraints. The outer four
layers, which often diverge slightly in structure due to their placement at the edges of the model
were removed and the central 5 layers further refined in PHENIX68      to obtain reasonable b-
factors before deposition in the PDB. Figures were prepared with CCP4MG69      and UCSF
Chimera70     . For the data for which coordinates have been deposited in the PDB (Table 2     ),
model-map FSC curves generated with the validation tools in PHENIX71      are shown in Figures
11     -15     . For the model-map analyses, the maps were first masked to contain just the 5-layer
PDB file.

Limited proteolysis mass spectrometry (LiP-MS)

LiP-MS experiments were conducted as previously described72     ,73     . Briefly, Proteinase K (PK)
was added at a 1:100 enzyme-to-substrate ratio to 2 μg of alpha-synuclein in 100 μl of LiP-buffer.
Four independent PK digestions (technical replicates) were performed for each condition at 37°C
for 5 min. Subsequently, PK activity was halted by incubating the samples at 99°C for 5 min. After
the PK heat-inactivation step, all the samples were incubated for 5 minutes on ice. Sodium
deoxycholate (DOC, 10%) was added to each sample to achieve a final DOC concentration of 5%.
Next, the samples were reduced with tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at a
final concentration of 5 mM at 37 °C for 40 minutes with shaking at 800 rpm in a thermomixer
(Eppendorf). Alkylation was performed with iodoacetamide (IAA) at a final concentration of 40
mM in the dark for 30 min at room temperature. To decrease the DOC concentration to 1%, the
samples were diluted with 10 mM ammonium bicarbonate. Next, sequencing-grade porcine
trypsin (Promega) and Lysyl endopeptidase LysC (Wako Chemicals) were added to the samples at
an enzyme-to-substrate ratio of 1:100. The samples were digested overnight in a thermomixer at
37 °C with continuous agitation at 800 rpm. After overnight incubation, the digestion was stopped
by adding 100% formic acid (FA) (Carl Roth GmbH) to achieve a final concentration of 2%. Finally,
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Figure 11.

2D classes and half-map and model-map FSC curves for dataset 1, Type 3B.

A) Representative 2D classes of the segments that were used for the 3D reconstruction. B) The FSC curves produced during
postprocessing in RELION with red showing the plot for the phase randomized, orange the unmasked and green the masked
maps. C) The model-map FSC curves produced in PHENIX. The blue curve is for the deposited coordinates and full
postprocessed map against which it had been fit by real space refinement in PHENIX. Coordinates were similarly generated
by refining against the first half map and then compared to the same half-map (green) or the second half-map (red)
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Figure 12.

2D classes and half-map and model-map FSC curves for dataset 3, Type 3C.

A) Representative 2D classes of the segments that were used for the 3D reconstruction. B) The FSC curves produced during
postprocessing in RELION with red showing the plot for the phase randomized, orange the unmasked and green the masked
maps. C) The model-map FSC curves produced in PHENIX. The blue curve is for the deposited coordinates and full
postprocessed map against which it had been fit by real space refinement in PHENIX. Coordinates were similarly generated
by refining against the first half map and then compared to the same half-map (green) or the second half-map (red)
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Figure 13.

2D classes and half-map and model-map FSC curves for dataset 5, Type 3D.

A) Representative 2D classes of the segments that were used for the 3D reconstruction. B) The FSC curves produced during
postprocessing in RELION with red showing the plot for the phase randomized, orange the unmasked and green the masked
maps. C) The model-map FSC curves produced in PHENIX. The blue curve is for the deposited coordinates and full
postprocessed map against which it had been fit by real space refinement in PHENIX. Coordinates were similarly generated
by refining against the first half map and then compared to the same half-map (green) or the second half-map (red)
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Figure 14.

2D classes and half-map and model-map FSC curves for dataset 8, Type 5.

A) The 2D classes of the segments that were used to produce the initial model in relion_helix_inimodel2d. B) The output of
relion_helix_inimodel2d shown as the summed 2D classes and a Z-projection of the reconstructed 3D model used as input for
refinement in the 3D refinement. C) The FSC curves produced during postprocessing in RELION with red showing the plot for
the phase randomized, orange the unmasked and green the masked maps. D) The model-map FSC curves produced in
PHENIX. The blue curve is for the deposited coordinates and full postprocessed map against which it had been fit by real
space refinement in PHENIX. Coordinates were similarly generated by refining against the first half map and then compared
to the same half-map (green) or the second half-map (red)
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Figure 15.

2D classes and half-map and model-map FSC curves for dataset 9, Type 1M.

A) The 2D classes of the segments that were used to produce the initial model in relion_helix_inimodel2d. B) The output of
relion_helix_inimodel2d shown as the summed 2D classes and a Z-projection of the reconstructed 3D model used as input for
refinement in the 3D refinement. C) The FSC curves produced during postprocessing in RELION with red showing the plot for
the phase randomized, orange the unmasked and green the masked maps. D) The model-map FSC curves produced in
PHENIX. The blue curve is for the deposited coordinates and full postprocessed map against which it had been fit by real
space refinement in PHENIX. Coordinates were similarly generated by refining against the first half map and then compared
to the same half-map (green) or the second half-map (red)
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Figure 16.

2D classes and half-map FSC curves for dataset 13, Type 2A.

A) Representative 2D classes of the segments that were used for the 3D reconstruction. B) The FSC curves produced during
postprocessing in RELION with red showing the plot for the phase randomized, orange the unmasked and green the masked
maps.

Figure 17.

2D classes and half-map FSC curves for dataset 13, Type 2B.

A) Representative 2D classes of the segments that were used for the 3D reconstruction. B) The FSC curves produced during
postprocessing in RELION with red showing the plot for the phase randomized, orange the unmasked and green the masked
maps.
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precipitated DOC was removed by three cycles of 20 min centrifugation at 21,000 rcf. The samples
were loaded onto Sep-Pak C18 cartridges (Waters), desalted, and subsequently eluted with 80%
acetonitrile, 0.1% formic acid. The samples were analyzed by Orbitrap Eclipse Tribrid Mass
Spectrometer (ThermoFisher Scientific) in DIA mode74     ,75     . The raw MS data were searched
with Spectronaut (Biognosys AG, version 15) and statistical data analysis was performed in R
version 4.3.1. A two-tailed t-test was used to calculate p-values. Scores were designated to each
detected peptide, calculated as a product of the -log10(p-value) and |log2(fold change)|.
Subsequently, we calculated the mean value of this score for each amino acid based on
overlapping peptides.
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Reviewer #2 (Public Review):

Summary:

This is an exciting paper that explores the in vitro assembly of recombinant alpha-synuclein
into amyloid filaments. The authors changed the pH and the composition of the assembly
buffers, as well as the presence of different types of seeds, and analysed the resulting
structures by cryo-EM.

Strengths:

By doing experiments at different pHs, the authors found that so-called type 2 and type-3
polymorphs form in a pH dependent manner. In addition, they find that type-1 filaments
form in the presence of phosphate ions. One of their in vitro assembled type-1 polymorphs is
similar to the alpha-synuclein filaments that were extracted from the brain of an individual
with juvenile-onset synucleinopathy (JOS). They hypothesize that additional densities in a
similar place as additional densities in the JOS fold correspond to phosphate ions.

Comments on the revised version:

This is OK now. I thank the authors for their constructive engagement with my comments.
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Reviewer #3 (Public Review):

Summary

The high heterogeneity nature of α-synuclein (α-syn) fibrils posed significant challenges in
structural reconstruction of the ex vivo conformation. A deeper understanding of the factors
influencing the formation of various α-syn polymorphs remains elusive. The manuscript by
Frey et al. provides a comprehensive exploration of how pH variations (ranging from 5.8 to
7.4) affect the selection of α-syn polymorphs (specifically, Type1, 2 and 3) in vitro by using
cryo-electron microscopy (cryo-EM) and helical reconstruction techniques. Crucially, the
authors identify two novel polymorphs at pH 7.0 in PBS. These polymorphs bear resemblance
to the structure of patient-derived juvenile-onset synucleinopathy (JOS) polymorph and
diseased tissue amplified α-syn fibrils. The revised manuscript more strongly supports the
notion that seeding is a non-polymorph-specific in the context of secondary nucleation-
dominated aggregation, underscoring the irreplaceable role of pH in polymorph formation.

Strengths

This study systematically investigates the effects of environmental conditions and seeding on
the structure of α-syn fibrils. It emphasizes the significant influence of environmental factors,
especially pH, in determining the selection of α-syn polymorphs. The high-resolution
structures obtained through cryo-EM enable a clear characterization of the composition and
proportion of each polymorph in the sample. Collectively, this work provides a strong support
for the pronounced sensitivity of α-syn fibril structures to the environmental conditions and
systematically categorizes previously reported α-syn fibril structures. Furthermore, the
identification of JOS-like polymorph also demonstrates the possibility of in vitro
reconstruction of brain-derived α-syn fibril structures.

Weaknesses

All my previous concerns have been resolved to my satisfaction.
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Author response:

The following is the authors’ response to the previous reviews.

Revisions Round 1

Reviewer #1

We thank the reviewer for their careful reading of our manuscript and have taken all of their
grammatical corrections into account.

Reviewer #2 (Public Review):

Weaknesses:

The paper contains multiple instances of non-scientific language, as indicated below. It
would also benefit from additional details on the cryo-EM structure determination in the
Methods and inclusion of commonly accepted requirements for cryo-EM structures, like
examples of 2D class averages, raw micrographs, and FSC curves (between half-maps as
well as between rigid-body fitted (or refined) atomic models of the different polymorphs
and their corresponding maps). In addition, cryo-EM maps for the control experiments F1
and F2 should be presented in Figure 9.
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We tried to correct the non-scientific language and have included the suggested data on the
Cryo-EM analyses including new Figures 11-17. We did not collect data on the sample used for
the seeds in the cross seeding experiments because we had already confirmed in multiple
datasets that the conditions in F1 and F2 reproducibly produce fibrils of Type 1 and Type 3,
respectively. We have now analyzed cryo-EM data for 6 more samples at pH 7.0 and found
that several kinds of polymorphs (Types 1A, 1M, 2A, 2B and 5) are accessible at this pH,
however the Type 3 polymorphs are not formed at pH 7.0 under the conditions that we used
for aggregation.

Reviewer #2 (Recommendations For The Authors):

- remove unscientific language: "it seems that there are about as many unique atomic-
resolution structures of these aggregates as there are publications describing them"

We have rephrased this sentence.

- for same reason, remove "Obviously, "

Done

- What does this mean? “polymorph-unspecific”

Rephrased as non-polymorph-specific

- What does this mean? "shallow amyloid energy hypersurface"

By “shallow hypersurface” we mean that the minimum of the multi-dimensional function
that describes the energy of the amyloid is not so deep that subtle changes to the
environment will not favor another fold/energy minimum. We have left the sentence because
while it may not be perfect, it is concise and seems to get the point across.

- "The results also confirm the possibility of producing disease-relevant structure in
vitro." -> This is incorrect as no disease-relevant structure was replicated in this work.
Use another word like “suggest”.

We have changed to “suggest” as suggested.

- Remove "historically"

Done

- Rephrase “It has long been understood that all amyloids contain a common structural
scaffold”

Changed to “It has long been established that all amyloids contain a common structural
scaffold..”

- "Amyloid polymorphs whose differences lie in both their tertiary structure (the
arrangement of the beta-strands) and the quaternary structure
(protofilamentprotofilament assembly) have been found to display distinct biological
activities [8]" -> I don't think this is true, different biological activities of amyloids have
never been linked to their distinct structures.

We have added 5 new references (8-12) to support this sentence.
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- Reference 10 is a comment on reference 9; it should be removed. Instead, as for alpha-
synuclein, all papers describing the tau structures should be included.

We have removed the reference, but feel that the addition of all Tau structure references is
not merited in this manuscript since we are not comparing them.

- Rephrase: "is not always 100% faithful"

Removed “100%”

- What is pseudo-C2 symmetry? Do the authors mean pseudo 2_1 symmetry (ie a 2-start
helical symmetry)?

Thank for pointing this out. We did indeed mean pseudo 21 helical symmetry.

- Re-phrase: "alpha-Syn's chameleon-like behavior"

We have removed this phrase.

- "In the case of alpha-Syn, the secondary nucleation mechanism is based on the
interaction of the positively charged N-terminal region of monomeric alpha-Syn and the
disordered, negatively charged C-terminal region of the alpha-Syn amyloid fibrils [54]" ->
I would say the mechanisms of secondary nucleation are not that well understood yet, so
one may want to tune this down a bit.

We have changed this to “mechanism has been proposed to be”

- The paragraphs describing experiments by others are better suited for a Discussion
rather than a Results section. Perhaps re-organize this part?

We have left the text intact as we are using a Results and Discussion format.

- A lot of information about Image processing seems to be missing: what steps were
performed after initial model generation?

We have added more details in the methods section on the EM data processing and model
analysis.

- Figure 1: Where is Type 4 on the pH scale?

We have adjusted the Fig 1 legend to clarify that pH scale is only applicable to the structures
presented in this manuscript.

- Figure 2: This might be better incorporated as a subpanel of Figure 1.

We agree that this figure is somewhat of a loner on its own and we only added it in order to
avoid confusion with the somewhat inconsistent naming scheme used for the Type 1B
structure. However, we prefer to leave it as a separate figure so that it does not get dilute the
impact of figure 1.

- Figure 3: What is the extra density at the bottom of Type 3B from pH 5.8 samples 1 and
2. pH 5.8 + 50mM NaCl (but not pH 5.8 + 100 mM NaCl)? Could this be an indication of a

https://doi.org/10.7554/eLife.93562.3


Lukas Frey et al., 2024 eLife. https://doi.org/10.7554/eLife.93562.3 39 of 43

local minimum and the pH 5.8 + 100 mM NaCl structure is correct? Or is this a real
difference between 0/50mM NaCl and 100 mM NaCl?

We did not see the extra density to which the reviewer is referring, however the images used
in this panel are the based on the output of 3D-classification which is more likely to produce
more artifacts than a 3D refinement. With this in mind, we did not see any significant
differences in the refined structures and therefore only deposited the better quality map and
model for each of the polymorph types.

- Figure 3: To what extent is Type 3B of pH 6.5 still a mixture of different types? The
density looks poor. In general, in the absence of more details about the cryo-EM maps, it
is hard to assess the quality of the structures presented.

In order to improve the quality of the images in this panel, a more complete separation of the
particles from each polymorph was achieved via the filament subset selection tool in RELION
5. In each case, an unbiased could be created from the 2D classes via the
relion_helix_inimodel2D program, further supporting the coexistence of 4 polymorphs in the
pH 6.5 sample. The particles were individually refined to produce the respective maps that
are now used in this figure.

- Many references are incorrect, containing "Preprint at (20xx)" statements.

This has been corrected.

Reviewer #3 (Public Review):

Weaknesses:

(1) The authors reveal that both Type 1 monofilament fibril polymorph (reminiscent of
JOSlike polymorph) and Type 5 polymorph (akin to tissue-amplified-like polymorph) can
both form under the same condition. Additionally, this condition also fosters the
formation of flat ribbon-like fibril across different batches. Notably, at pH 5.8, variations
in experimental groups yield disparate abundance ratios between polymorph 3B and 3C,
indicating a degree of instability in fibrillar formation. The variability would potentially
pose challenges for replicability in subsequent research. In light of these situations, I
propose the following recommendations:

(a) An explicit elucidation of the factors contributing to these divergent outcomes under
similar experimental conditions is warranted. This should include an exploration of
whether variations in purified protein batches are contributing factors to the observed
heterogeneity.

We are in complete agreement that understanding the factors that lead to polymorph
variability is of utmost importance (and was the impetus for the manuscript itself). However
the number of variables to explore is overwhelming and we will continue to investigate this
in our future research. Regarding the variability between batches of purified protein, we also
think that this could be a factor in the polymorph variability observed for otherwise
“identical” aggregation conditions, particularly at pH 7 where the largest variety of
polymorphs have been observed. However, even variation between identical replicates
(samples created from the same protein solution and simply aggregated simultaneously in
separate tubes) can lead to different outcomes (see datasets 15 and 16 in the revised Table 1)
suggesting that there are stochastic processes that can determine the outcome of an
individual aggregation experiment. While our data still indicates that Type 1,2 and 3
polymorphs are strongly selected by pH, the selection between interface variants 3B vs. 3C
and 2A vs. 2B might also be affected by protein purity. Our standard purification protocol

https://doi.org/10.7554/eLife.93562.3


Lukas Frey et al., 2024 eLife. https://doi.org/10.7554/eLife.93562.3 40 of 43

produces a single band by coomassie-stained SDS-PAGE however minor truncations and other
impurities below a few percent would go undetected and, given the proposed roles of the N
and C-termini in secondary nucleation, could have a large effect on polymorph selection and
seeding. In line with the reviewer’s comments we now include a batch number for each EM
dataset. While no new conclusions can be drawn from the inclusion of this additional data,
we feel that it is important to acknowledge the possible role of batch to batch variability.

(b) To enhance the robustness of the conclusions, additional replicates of the
experiments under the same condition should be conducted, ideally a minimum of three
times.

The pH 5.8 conditions that yield Type 3 fibrils has already been repeated several times in the
original manuscript. Since the pH 7.4 conditions produce the most common a-Syn polymorph
(Type 1A) and were produced twice in this manuscript (once as an unseeded and once as a
cross-seeded fibrilization) we decided to focus on the intermediate condition where the most
variability had been seen (pH 7.0). The revised table 1 now has 6 new datasets (11-16)
representing 6 independent aggregations at pH 7.0 starting from two different protein
purification batches. The results is that we now produce the type 2A/B polymorphs in three
samples and in two of these samples we once again observed the type 1M polymorph. The
other samples produced Type 1A or non-twisted fibrils.

(c) Further investigation into whether different polymorphs formed under the same
buffer condition could lead to distinct toxicological and pathology effects would be a
valuable addition to the study.

The correlation of toxicity with structure would in principle be interesting. However the Type
1 and Type 3 polymorphs formed at pH 5.8 and 7.4 are not likely to be biologically relevant.
The pH 7 polymorphs (Type 5 and 1M) would be more interesting because they form under
the same conditions and might be related to some disease relevant structures. Still, it is rare
that a single polymorph appears at 7.0 (the Type 5 represented only 10-20% of the fibrils in
the sample and the Type 1M also had unidentified double-filament fibrils in the sample). We
plan to pursue this line of research and hope to include it in a future publication.

(2) The cross-seeding study presented in the manuscript demonstrates the pivotal role of
pH conditions in dictating conformation. However, an intriguing aspect that emerges is
the potential role of seed concentration in determining the resultant product structure.
This raises a critical question: at what specific seed concentration does the determining
factor for polymorph selection shift from pH condition to seed concentration? A
methodological robust approach to address this should be conducted through a series of
experiments across a range of seed concentrations. Such an approach could delineate a
clear boundary at which seed concentration begins to predominantly dictate the
conformation, as opposed to pH conditions. Incorporating this aspect into the study
would not only clarify the interplay between seed concentration and pH conditions, but
also add a fascinating dimension to the understanding of polymorph selection
mechanisms.

A more complete analysis of the mechanisms of aggregation, including the effect of seed
concentration and the resulting polymorph specificity of the process, are all very important
for our understanding of the aggregation pathways of alpha-synuclein and are currently the
topic of ongoing investigations in our lab.

Furthermore, the study prompts additional queries regarding the behavior of cross-
seeding production under the same pH conditions when employing seeds of distinct
conformation. Evidence from various studies, such as those involving E46K and G51D
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cross-seeding, suggests that seed structure plays a crucial role in dictating polymorph
selection. A key question is whether these products consistently mirror the structure of
their respective seeds.

We thank the reviewer for reminding us to cite these studies as a clear example of polymorph
selection by cross-seeding. Unfortunately, it is not 100% clear from the G51D cross seeding
manuscript (https://doi.org/10.1038/s41467-021-26433-2) what conditions were used in the
cross-seeding since different conditions were used for the seedless wild-type and mutant
aggregations… however it appears that the wildtype without seeds was Tris pH 7.5 (although
at 37C the pH could have dropped to 7ish) and the cross-seeded wild-type was in Phosphate
buffer at pH 7.0. In the E46K cross-seeding manuscript, it appears that pH 7.5 Tris was used
for all fibrilizations (https://doi.org/10.1073/pnas.2012435118). In any event, both results point
to the fact that at pH 7.0-7.5 under low-seed conditions (0.5%) the Type 4 polymorph can
propagate in a seed specific manner.

(3) In the Results section of "The buffer environment can dictate polymorph during
seeded nucleation", the authors reference previous cell biological and biochemical
assays to support the polymorph-specific seeding of MSA and PD patients under the
same buffer conditions. This discussion is juxtaposed with recent research that compares
the in vivo biological activities of hPFF, ampLB as well as LB, particularly in terms of
seeding activity and pathology. Notably, this research suggests that ampLB, rather than
hPFF, can accurately model the key aspects of Lewy Body Diseases (LBD) (refer to: https://
doi.org/10.1038/s41467-023-42705-5). The critical issue here is the need to reconcile the
phenomena observed in vitro with those in in-vivo or in-cell models. Given the low seed
concentration reported in these studies, it is imperative for the authors to provide a more
detailed explanation as to why the possible similar conformation could lead to divergent
pathologies, including differences in cell-type preference and seeding capability.

We thank the reviewer for bring this recent report to our attention. The findings that ampLB
and hPFF have different PK digestion patterns and that only the former is able to model key
aspects of Lewy Body disease are in support of the seed-specific nature of some types of
alpha-synuclein aggregation. We have added this to the discussion regarding the significant
role that seed type and seed conditions likely play in polymorph selection.

(4) In the Method section of "Image processing", the authors describe the helical
reconstruction procedure, without mentioning much detail about the 3D reconstruction
and refinement process. For the benefit of reproducibility and to facilitate a deeper
understanding among readers, the authors should enrich this part to include more
comprehensive information, akin to the level of detail found in similar studies (refer to:
https://doi.org/10.1038/nature23002).

As also suggested by reviewer #2, we have now added more comprehensive information on
the 3D reconstruction and refinement process.

(5) The abbreviation of amino acids should be unified. In the Results section "On the
structural heterogeneity of Type 1 polymorphs", the amino acids are denoted using
three-letter abbreviation. Conversely, in the same section under "On the structural
heterogeneity of Type 2 and 3 structures", amino acids are abbreviated using the one-
letter format. For clarity and consistency, it is essential that a standardized format for
amino acid abbreviations be adopted throughout the manuscript.

That makes perfect sense and had been corrected.
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Reviewing Editor:

After discussion among the reviewers, it was decided that point 2 in Reviewer #3's Public
Review (about the experiments with different concentrations of seeds) would probably lie
outside the scope of a reasonable revision for this work.

We agree as stated above and will continue to work on this important point.

Revisions Round 2

Reviewer #2 (Public Review):

I do worry that the FSC values of model-vs-map appear to be higher than expected from
the corresponding FSCs between the half-maps (e.g. see Fig 13). The implication of this
observation is that the atomic models may have been overfitted in the maps, which
would have led to a deterioration of their geometry. A table with rmsd on bond lengths,
angles, etc would probably show this. In addition, to check for overfitting, the atomic
model for each data set could be refined in one of the half-maps, and then that same
model could be used to calculate 2 FSC model-vs-map curves: one against the half-map it
was refined in and one against the other half-map. Deviations between these two curves
are an indication of overfitting.

Thank you for the recommendations for model validation. We have added the suggested
statistics to Table 2 and performed the suggested model fitting to one of the half-maps and
plotted 3 FSC model-vs-map curves: one for each half-map versus the model fit against only
one half map and one for the model fit against the full map. We feel that the degree of
overfitting is reasonable and does not significantly impact the quality of the models.

In addition, the sudden drop in the FSC curves in Figure 16 shows that something
unexpected has happened to this refinement. Are the authors sure that only the
procedures outlined in the Methods were used to create these curves? The unexpected
nature of the FSC curve for this type (2A) raises doubts about the correctness of the
reconstruction.

We thank the reviewer for the attention to detail. We should have caught this mistake. It
turns out that in the last round of 3D refinement, the two half-maps become shifted with
respect to each other in the z direction. We realigned the two maps using Chimera and then
re-ran the postprocessing. The new maps have been deposited in EMD-50850. This mistake
motivated us to inspect all of the maps and we found the same problem had occurred in the
Type 3B maps. This was not noticed by the reviewer because we accidentally plotted the FSC
curves from postprocessing from one refinement round before the one deposited in the EMD.
We performed the same half-map shifting procedure for the Type 3B data and performed a
final round of real-space refinement to produce new maps and models that have been
deposited as EMD-50888 and 9FYP (superseding the previous entries).

Reviewer #3 (Public Review):

There are two minor points I recommend the authors to address:

(1) In the response to Weakness 1, point (3), the authors state that "the Type 5
represented only 10-20% of the fibrils in the sample." However, this information is not
labeled in the corresponding Figure 4. I suggest the authors verify and label all relevant
percentages in the figures to prevent misunderstandings.
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We aim to be as transparent as possible and this information was included in the main text
however we did not label the percentage of Type 5 fibrils in Figure 4 because that would
make the other percentages ambiguous. The percentages in Figure 4 represent the ratio of
helical segments used for each type of refined structure in the dataset (always adding up to
100%), not the percent of all fibrils in the dataset. That is, there are sometimes untwisted or
unidentifiable fibrils in datasets and these were not accounted for in the listed percentages.
We have added a sentence to the Figure 4 legend to explain to what the percentages refer.

(2) While the authors have detailed the helical reconstruction procedure in the Methods
section, it is necessary to indicate the scale bar or box size in the figure legend of the 2D
representative classes to ensure clarity and reproducibility.

Thank you for reminding us to add the scale bars. This is now done for the 2D classes in
Figures 11-17.

Recommendations for the authors:

Reviewer #2 (Recommendations For The Authors):

A critical look at the maps and models of the various structures at this stage may prevent
the authors from entering suboptimal structures into the databases.

We agree. Thank you for suggesting this.

Reviewer #3 (Recommendations For The Authors):

The authors have responded adequately to these critiques in the revised version of the
manuscript. There are two minor points.

(1) The authors state that "the Type 5 represented only 10-20% of the fibrils in the
sample." However, this information is not labeled in the corresponding Figure 4. I
suggest the authors verify and label all relevant percentages in the figures to prevent
misunderstandings.

(2) While the authors have detailed the helical reconstruction procedure in the Methods
section, it is necessary to indicate the scale bar or box size in the figure legend of the 2D
representative classes to ensure clarity and reproducibility.

Answered in public comments

https://doi.org/10.7554/eLife.93562.3.sa0
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