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ABSTRACT OF THE DISSERTATION

Structural Studies of Amyloid Fibrils and Oligomers

by

David Robert Boyer
Doctor of Philosophy in Biochemistry, Molecular and Structural Biology
University of California, Los Angeles

Professor David S. Eisenberg, Chair

Abstract: Amyloid proteins play a critical role in both health and disease. Their unique fibrillar
structure — termed the cross-f3 fold — is adopted by proteins ranging from the melanin-storing pre-
melanosomal protein to the familiar amyloid-f plaques associated with Alzheimer’s Disease.
Amyloid proteins also form smaller, non-fibrillar oligomers that are implicated in the pathology
of numerous amyloid diseases. Despite years of effort to visualize the atomic structures of full-
length amyloid proteins, their structures have evaded traditional structural biology techniques
such as X-ray crystallography. It is only recently through the development of new techniques
such as solid-state biomolecular NMR and cryo-electron microscopy with direct electron
detectors that we have been able to visualize the atomic structures of amyloid fibrils. Using these
techniques we can answer outstanding questions in amyloid structural biology such as, what are
the stabilizing interactions in amyloid fibrils? What are the effect of hereditary mutations found
in amyloid protein sequences on their fibril structures? Why do amyloid proteins only grow
indefinitely in their length but not their width? What are the non-fibrillar, oligomeric structures
of amyloid proteins? In this dissertation, I apply X-ray crystallography, cryo-electron

microscopy, and computational structural analysis to answer these questions. In Chapter 2, |
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propose a model for previously unseen long-range interactions between the far N-terminus of the
protein tau with the fibril core in Alzheimer’s Disease Paired Helical Filaments. In Chapters 3
and 4, I determine the structures of the amyloid fibrils of a-synuclein containing Parkinson’s
Disease hereditary mutation H50Q and Lewy Body Dementia hereditary mutation E46K,
respectively, to investigate the role of hereditary disease mutations in modulating a-synuclein
fibril structure. In Chapter 5, I analyze all the known amyloid fibril structures determined by
cryo-electron microscopy to date in order to show how the helical properties and unique fold of
amyloid fibrils place an upper limit on the width of the fibrils, which blocks them from growing
in directions other than the fibril axis. In Chapter 6, I study the pre-fibrillar, oligomeric particles
of amyloid-B S26s — a modified form of the amyloid-P peptide found in the amyloid plaques of
Alzheimer’s Disease — in order to understand what types of structures other than the cross-f fold

could exist for non-fibrillar assemblies of amyloid proteins.
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CHAPTER 1: INTRODUCTION
A. Overview
Amyloid proteins occupy a unique niche in the world of protein structure and function!. Usually,
protein sequences fold into three-dimensional shapes that can be as drastically different from one
another as the tasks that the proteins perform; on the other hand, amyloid proteins fold using a
modular architecture called the cross-f§ fold that many protein sequences can adopt. The cross-3
fold consists of two-dimensional layers of protein chains that stack upon one another indefinitely
to form an extended, unbranched fibril — the amyloid fibril. The protein chains within each layer
invariably have largely B-strand secondary structures where the backbone carbonyl oxygen and
nitrogen atoms of the constituent amino acids point up or down the fibril axis. When the layers
stack upon each other in the fibril, they then form extended, indefinite B-sheets. Furthermore, in
each layer, the numerous B-strands within the protein chains interact tightly via their side chains
in the direction orthogonal to the fibril axis. The cross-f fold architecture lends remarkable
stability to amyloid fibrils often making them immune to the usual denaturants used to unfold
other protein structures. This stability is likely the reason why amyloid fibrils are often found to
be associated with and perhaps causative of many related diseases — termed amyloid diseases —

including Alzheimer’s Disease, Parkinson’s Disease, and Type II Diabetes.

B. Methods to study the atomic structures of amyloid proteins

Although the cross-f fold of amyloid fibrils and their presence in numerous diseases has
been known for more than 100 years, it is not until recently that we have been able to study their
atomic structures at the same level of detail as other non-amyloid proteins. This is due to the

main method for determining the atomic structures of proteins since the 1950°s: X-ray



crystallography. As its name implies, this technique relies on the formation of crystals, which are
composed of ordered assemblies of many identical copies of a molecule. However, since the
structure of the molecules in amyloid fibrils are defined by their interaction with other molecules
in the amyloid fibril (in other words, a protein chain with a specific structure in the amyloid fibril
would not hold its shape if it were taken out of the fibril), amyloid fibrils themselves would have
to be crystallized in order to utilize X-ray crystallography to determine the structure of the
protein chains in the fibril. This presents serious obstacles to crystallization as amyloid fibrils
have flexible mechanical properties and can form non-identical structures from the same protein
sequence (polymorphs) in the same fibril preparation. In addition to these intuitive reasons why
amyloid fibrils oppose crystallization, a more technical reason is that even if an amyloid fibril
had crystalline-like rigidity and no polymorphism, their extremely small helical twist leads to
large translational repeat distances, which, in a crystal, would lead to an extremely large unit cell
dimension. This fact, although not impossible to overcome, would create non-trivial problems in
diffraction data collection and processing such as those encountered when studying large
viruses?.

To overcome the limits of traditional X-ray crystallography to study the atomic structures
of amyloid fibrils, several methods have been devised. For years, the most prolific of these
strategies is to use short segments of amyloid proteins that, when incubated at high
concentrations, form crystals instead of fibrils®. These crystals range in size from less than a
micron to centimeters — with electron diffraction being required for the smaller crystals, while
traditional or microfocal X-ray sources can be used for the larger crystals. Crystal structures
determined by X-ray or electron diffraction of short segments (ranging from 4-15 amino acids)

have amyloid fibril-like qualities, including the formation of the cross-f structure where -



strands stack upon each other to form indefinitely long B-sheets and the B-strands mate with the
side chains of adjacent B-strands through a variety of so-called “steric zipper” arrangements. This
allows a local view of segments of the amyloid protein that are likely forming important
stabilizing interactions in the fibrils formed by full-length proteins. A key difference between
these amyloid-like crystals and amyloid fibrils is the lack of a helical twist that allows the
translational repeat distance along the fibril or crystal axis to be the distance between
neighboring stacked B-strands — usually 4.8 A — instead of the distance it takes for the helix for
complete a full rotation (~400 — 2000 A). Despite the numerous insights that have been derived
from crystallography of amyloid protein segments, to date, no full length amyloid protein has
been crystallized in either an oligomeric or fibril form.

Solid-state nuclear magnetic resonance (ssNMR) offers another route to the atomic
structures of amyloid fibrils*. Instead of relying on the crystallization of short segments of
amyloid proteins, full-length amyloid fibrils can be studied directly. This is accomplished by
forming amyloid fibrils of isotopically labeled proteins and measuring the interactions between
the neighboring nuclei of the atoms of the protein composing the fibril. The measurements can
be converted to distance restraints that can help to derive plausible atomic models for amyloid
fibrils. Importantly, ssNMR was used to derive the first atomic models of full-length amyloid
fibrils, including amyloid-f° and a-synuclein®. ssNMR can also be used to detect structural
differences between different fibrils formed from the same protein sequence, which enables rapid
fingerprinting of fibril structures without structure determination. This was applied to help reveal
differences in amyloid-p fibril structures seeded by extracted fibrils from different Alzheimer’s
patients — an important discovery that could lead to personalized treatments for Alzheimer’s

Disease’. Despite its ground-breaking application to reveal structures of amyloid fibrils for the



first time, ssSNMR has several limitations for the study of amyloid fibrils; namely, the presence of
multiple polymorphs within the same sample would lead to the possible averaging of
measurements arising from the same nuclei in different polymorphs, and the amyloid fibrils need
to be isotopically labeled to allow measurements for structure determination. The former
limitation could be potentially overcome with extensive sample optimization to ensure a single
polymorph is present, although this could lead to other, biologically relevant polymorphs being
excluded from analysis. The latter limitation presents technical challenges including differential
isotopic labeling of segments of the protein chain to allow more accurate measurements, but also
fundamental challenges as it disallows the direct visualization of amyloid fibrils directly
extracted from patients — an important caveat given that amyloid fibrils formed in vivo have been
shown to differ from those formed in vitro®°.

Cryo-electron microscopy (cryo-EM) has long been used to study biological molecules
by taking images of many individual particles and then averaging their images into a three-
dimensional picture of the molecule. However, it is not until recently that advances in direct
electron detectors have made it feasible to routinely obtain three-dimensional pictures of
biological molecules with high enough resolution to determine their atomic structures'©.
Currently, state-of-the-art cryo-EM allows the study of flexible and polymorphic amyloid fibrils
due to the high volume of images that can be collected on a given sample and the sophisticated
classification algorithms that can group similar particles together!!. This allows scientists to
separate the images of different polymorphs that exist in the same fibril preparation and
determine their atomic structures in parallel. Cryo-EM also has the added benefit that it can be

readily applied to study amyloid fibrils extracted from patients, if they are extracted in sufficient



quantity'2. In other words, cryo-EM is forgiving of the properties of amyloid fibrils that make X-

ray crystallography and ssNMR intractable.

C. Important questions in amyloid structural biology and scientific contribution of dissertation
research

The three techniques mentioned above — X-ray crystallography, ssNMR, and cryo-EM —
have enabled incredible insights into the amyloid fibril state of proteins from dozens of high-
quality atomic structures. Important highlights include learning (i) the interactions that stabilize
amyloid fibrils, (i1) the association of different amyloid fibril polymorphs with different amyloid
diseases, (iii) the effect of fibril growth conditions on fibril polymorphism, (iv) the structural
differences between pathogenic, irreversible fibrils and functional, reversible fibrils, (v) the
effect of disease-associated hereditary mutations and post-translational modifications on fibril
structure, and (vi) the differences between in vitro and in vivo generated fibrils.

In this dissertation, I attempt to both add understanding in some of these areas (Chapters
2-4), as well as address some unresolved questions. In Chapter 2, based on an X-ray crystal
structure I determined of a six residue, N-terminal segment of the protein tau, I propose a model
that helps to identify unresolved interactions in the cryo-EM structures of the tau amyloid fibrils
extracted from Alzheimer’s Disease patients. In Chapters 3 and 4, I demonstrate how the fibrils
of a-synuclein bearing the disease-associated hereditary mutations H50Q (Parkinson’s Disease)
or E46K (Lewy Body Dementia) drastically differ from wild-type fibrils. This pair of chapters
sheds light on how hereditary mutations may be promoting disease pathogenesis by creating

different, more pathogenic fibrils.



Chapter 5 proposes an answer to the question, why do amyloid fibrils have a limited
width? I hypothesize that the helical nature of the amyloid fibril, combined with its cross-§
folding pattern, places a limit on the stability of the B-strands located farthest away from the
helical axis. I survey all currently known amyloid fibril structures determined by cryo-EM to test
this hypothesis. By examining the interactions in the fibril as a function of distance from the
helical axis, [ uncover a clear trend: the edges of the fibrils have the weakest interactions.

Chapter 6 addresses one of the most outstanding and technically challenging questions in
amyloid structural biology: what are the atomic structures of amyloid oligomers? Although the
cross-f architecture is ubiquitous for amyloid fibrils, amyloid proteins also form smaller
assemblies (~5 to ~100 protein chains), termed oligomers, whose structural architecture is
unknown. Nearly all amyloid fibrils are shown to form oligomers either on the pathway from
unfolded monomer to amyloid fibril, or so-called “off-pathway” oligomers that do not convert
into fibrils, but either are stable as oligomers, or disassemble into monomers. These smaller
amyloid entities are thought to potentially be the most toxic amyloid species in the amyloid
diseases, adding to the motivation to resolve their structures. I make progress towards
determining the oligomeric structure of a modified form of amyloid-f by using an antibody to act
as a fiducial marker on the small oligomeric particles to aid cryo-EM image alignment and

structure determination.

D. Contributions to Dissertation Research
The research contained in this dissertation is the result of collaborative effort between
numerous scientists of different labs and institutions. For the help that is freely given and for the

opportunity to participate and help others answer their own research questions, I am eternally



grateful. There is almost no quicker way, in my experience, to learn something than from the
generous guidance of someone farther along in a subject than oneself. Just as there is no better
way to retain and enrich one’s own knowledge, than to share it freely and frequently with others.
I list in the following paragraphs my own specific contributions, as well as the contributions of
others to the Chapters contained in this dissertation.

In Chapter 2, I identified peptide SRQEFEV 1o from the ZipperDB database as a potential
steric zipper in the tau protein whose crystal structure could be obtained to design new inhibitors
of tau aggregation. I crystallized and determined the X-ray crystal structure of sSRQEFEVo.
Although structure-based inhibitors were never developed against the peptide, I did notice it was
predicted to possibly occupy unmodeled density in the Alzheimer’s Disease tau amyloid fibrils
determined by Fitzpatrick, et al'?. Therefore, I modeled the sSRQEFEV 1o structure into the
unresolved density of the Alzheimer’s disease paired helical and straight filaments to propose an
integrative model using both X-ray and cryo-EM structures that explains how sRQEFEV 1o could
interact with the fibril core. David Eisenberg supervised the project and helped write the paper.
My ability to determine the crystal structure of SRQEFEV 10 was only possible through training
on earlier failed and (some!) successful peptide X-ray crystallography projects. This training was
imparted to me mainly through Duilio Cascio and Michael Sawaya, our resident masters of X-
ray crystallography, during the preparation for and trips to the Argonne National Lab Advanced
Photon Source synchrotron.

In Chapters 3 and 4, I worked with a team of scientists from the laboratories of Lin Jiang
and David Eisenberg (co-supervisors of the projects). My role in the overall project of
determining the structures of a-synuclein fibrils bearing hereditary disease-associated mutations

H50Q and E46K was the screening of fibrils for cryo-EM data collection, high resolution Krios



data collection of the fibrils, data processing and structure determination of the two H50Q
polymorphs and the one E46K polymorph, structural analysis and figure-making in both
Chapters 3 and 4, as well as organizing and writing the chapters. Binsen Li and Chuanqi Sun
purified the a-synuclein monomer and performed the fibril growth assays. Binsen Li also
performed biochemical characterization of the fibrils including seeding and toxicity assays.
Michael Sawaya and David Eisenberg contributed the software for calculating atomic solvation
energies. Kang Zhou and Peng Ge aided in collecting high resolution Krios data.

In Chapter 5, I conceived of the idea why amyloid fibrils may have a limited width,
namely that the helical arrangement of the fibril will make the distances between B-strands in the
B-sheets running up and down the length of the fibril increase proportionally to their distance
from the helical axis. This increase in distances will weaken the stabilizing interactions holding
together the outside of the fibril. I led the analysis and figure-making of the project, as well as
wrote the chapter. Michael Sawaya and Nikos Mynhier contributed software to calculate the
hydrogen bond distances between B-strands, as well as calculate the various other parameters
shown in Chapter 5 that examine interactions within the fibril as a function of distance from the
helical axis.

In Chapter 6, I performed oligomer growth and characterization experiments as well as
prepared all samples for EM and performed EM (both negative stain and cryo) data collection
and processing. David Eisenberg supervised the project. Luis Alejandro Foley from the lab of
Jevgeniij Raskatov at UC Santa Cruz synthesized and purified the A-f S26s peptide used in our
experiments. For the complexing of oligomers with antibody fragments, Romany Abshkaron was
instrumental in identifying, purchasing/purifying, and characterizing the binding of oligomers by

antibody fragments. Specifically, Romany identified Fab 3D6 as a potential binder to amyloid-f3



S26s oligomers and performed experiments to validate its binding. He also performed all
immunoprecipitation experiments that led to EM images of oligomers bound by Fabs. Sean Jiang
performed oligomer preparation and purification experiments to identify ideal growth conditions
and purification methods for the oligomers. Kang Zhou and Peng Ge assisted in automated
negative stain- and cryo-EM data collection. Carter Lantz performed mass spectrometry

experiments.
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Abstract:

Although portions of tau protein within the microtubule binding region have been
shown to form the ordered core of tau filaments, the structural details of how other
regions of tau participate in filament formation are so far unknown. In an attempt to
understand how the N-terminus of tau may interact with fibril core, we crystallized and
determined the structure of the N-terminal segment sRQEFEV o of tau. Several lines of
evidence have shown the importance of this segment for fibril formation. The crystal
structure reveals an out-of-register Class 5 steric zipper with a wet and a dry interface.
To examine the possible interaction of sSRQEFEV 1o with the tau fibril core, we modeled
the binding of the wet interface of the sSRQEFEV 1o structure with the 313VDLSKVTSKC322
region of the Alzheimer’s Disease tau filament structures. This model is consistent with,
and helps to explain previous findings on the possible interaction of these two
segments, distant in sequence. In addition, we discuss the possible conservation of this

interaction across multiple polymorphs of tau.
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Introduction:

The aggregation of tau into amyloid fibrils is associated with some 25
neurological diseases, collectively termed tauopathies. Although scientists have for
decades associated fibrous tau aggregates with disease for decades, the molecular
events driving aggregation of tau into amyloid fibrils remain unknown. It is generally
thought that tau remains in three pools in the cell: attached to microtubules to promote
their stability(1,2), bound to molecular chaperones to protect nucleating sequences of
tau from enabling aggregation(3), or in a fibrous state where each fiber contains
hundreds to many thousands of tau molecules(4—6). Under what conditions the fibril
state begins to dominate is unclear.

Previous studies have shown that soluble, monomeric tau largely lacks a defined
3-dimensional shape(7); however, other studies posit that tau adopts a “paper clip”
conformation in solution(8) or a seed-competent conformation where amyloid nucleating
sequences are exposed and able to seed fibril formation(9). In addition, the binding of
different tau constructs to microtubules has been visualized by cryo-EM(2). Despite
these findings, information on the structure of soluble, monomeric form of tau is limited
due to its largely disordered nature; therefore, most structural studies have focused on
the aggregated state of tau(10-14). Our laboratory first focused on the segments of tau
shown to be essential for in vitro aggregation, the primary nucleating sequences
VQIINK and VQIVYK, located at the beginning of tau microtubule binding repeats 2 and
3, respectively(15). The crystal structures of these segments revealed classical “steric
zipper” structural features(10,11). Mutations to these segments inhibit full-length tau

aggregation, and we have shown that inhibitors designed to “cap” the crystal structures
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of VQIINK and VQIVYK segments also inhibit full-length tau aggregation, further
demonstrating the importance of these segments(11,16).

Recently, cryo-EM studies of extracted tau filaments from Alzheimer’s Disease
and Pick’s Disease patients have revealed several tau fibril polymorphs in near-atomic
detail(12—-14). In all of these structures, residues 306-378 spanning the length of
Repeats 3 and 4 plus an additional six residues to the C-terminus of Repeat 4, are
ordered in the fibril core, and in Pick’s Disease, Repeat 1 residues 254-274 are also
ordered(14). Although these landmark discoveries help illuminate the fold adopted by
the microtubule binding region of tau, it is still unknown to what degree other parts of tau
participate in the aggregation process.

In the AD fibril structures, there is additional density consistently seen near
residues K317 and K321 that may indicate another region of tau is interacting with the
fibril core(12,13). Fitzpatrick et al. hypothesize that this extra density belongs to the
residues 7EFEo, an N-terminal sequence of tau that is part of the Alz50/MC-1 antibody
binding epitope(12,17). To better understand the potential interaction of the N-terminus

and the AD fibril core, we sought to determine the structure of this N-terminal segment.

Results:

We first searched for segments containing 7EFEg that are likely to crystallize.
Although no segment containing 7EFEs scored well on the structure-based ZipperDB
server(18), the ability to form fibrils from segment sRQEFEV1o was previously predicted

by a sequence-based method and demonstrated biochemically(19). Therefore, we
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crystallized and determined the structure of the hexameric segment sRQEFEV 1o (Figure
1 A-C).

The crystal structure of sRQEFEV1o revealed a Class 5 homozipper where beta-
strands assemble in antiparallel sheets and these sheets mate together in distinct face-
to-face and back-to-back interfaces. Notably, the sheets are out-of-register and are
related to each other by a 2, “fibril axis” (20) (Figure 2 A, B). This combination of
symmetry elements produces an ~80° crossing angle between strands of one sheet and
its mated sheet (Figure 2 A)(21). The alternating sequence of charged and
hydrophobic/uncharged residues leads to wet and dry interfaces in the crystal structure.

The wet interface features electrostatic interactions among polar, charged
residues and water molecules. In particular, glutamates form an extensive hydrogen
bond network with water molecules and arginines originating from the same sheet and
from the opposing sheet (Figure 2 B). The dry interface features hydrophobic packing of
phenylalanine, glutamine, and valine leading to the exclusion of water (Figure 2 A, B).
Also, glutamine side chains clasp each other through a pair of hydrogen bonds, further
stabilizing connections between neighboring strands in a sheet (Figure 2 A). This
interaction is similar to the polar clasp described by Gallagher-Jones, et al., with the
distinction that glutamines in that study originated within the same strand(22). Similar to
that polar clasp, neighboring aromatic residues restrict the glutamines to a conformation
in which they bond to each other within a hydrophobic pocket (Figure 2 A). As stated by
Gallagher-Jones, et al. the shielding of glutamines by neighboring aromatic residues

may be essential for the formation of this polar clasp.

14



The crystal structure of sSRQEFEV1o can account for the low resolution density
found in the cryo-EM reconstructions of Alzheimer’s Disease (AD) tau filaments near
residues K317 and K321, much as suggested by Fitzpatrick, et al (12). The positioning
of sRQEFEV10 near these residues in the tau filament conformation is supported by the
binding of the MC-1 and Alz50 antibodies to a discontinuous epitope consisting of both
7EFE9 and 313VDLSKVTSKC322(17).

In order to examine the potential interaction of the N-terminal 7EFE9 segment with
the AD fibril core, we first computationally docked the sQEFEV10 segment seen in the
crystal structure into the low-resolution density shown to be adjacent to residues K317
and K321 in the AD Paired Helical Filament (PHF) (Figure 3 A-B)(12). In this model, the
wet interface glutamates found in the crystal structure form electrostatic interactions with
the exposed lysines in the PHF fibril, while the dry interface faces away from the PHF
surface (Figure 3 A, B). Notably, we omitted Arg5 in this model due to steric clashes
with Leu315 on the PHF. We speculate that Arg5 would have to adopt a different
conformation in the fibril structure than in the crystal structure in order to maintain the
interaction of Glu7 and Glu9 with Lys317 and Lys321.

To examine further the relevance of the 7EFEg and 313VDLSKVTSKC322
interaction in tau fibrils, we searched the literature for other evidence that implicates the
N-terminus of tau in fibril formation. Poorkaj, P. et al. described a missense mutation
found in a Progressive Supranuclear Palsy (PSP) patient that changes R5 to a
leucine(23). In addition, it has been shown that deletion of residues 2-18 produces less
aggregated tau than the wild-type sequence whereas the inclusion of the R5L mutation

increases the amount of aggregated tau in the presence of arachidonic acid(24). This is
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consistent with our model of 7EFEg binding to 313VDLSKVTSKCs22in the AD PHF; in that
the deletion of residues 2-18 would abrogate the interaction of 7EFEg with
313VDLSKVTSKC322. In addition, in our model the R5L mutation would result in a more
stable interaction with Leu315 as discussed below.

To analyze if the R5L mutation might affect the binding of sSRQEFEV1¢to the
313VDLSKVTSKC322 region in the AD filaments, we modeled the putative interaction of
the sequence sLQEFEV+o with the AD PHF. To accomplish this, we mutated the RS that
was omitted in the wild-type model due a potential steric clash with L315 on the PHF, to
a rotamer of leucine that would maximize its buried surface area and shape
complementarity to L315 on the PHF (Figure 3 B). The model demonstrates that the
mutation R5L would result in a more favorable interaction with the PHF than the native
sequence, providing an explanation for R5L’s ability to increase tau aggregation.

Our attempts to dock the sSRQEFEV 1 crystal structure into the
313VDLSKVTSKC322 region on the cryoEM structure of the straight filaments (SFs) were
hindered due to the tight packing protofilaments that occurs in this region. By truncating
the residues present in the crystal structure to only 7EFEgit is possible to place these
residues within hydrogen bonding distance of K317 on one protofilament and K321 on
the other protofilament. This results in a binding site comprised of residues from two
different tau monomers, as opposed to a binding site comprised of only one monomer
as in the PHF (Figure 3D). However, this two-tau monomer model of 7EFEg bound to the
SF would result in steric clashes if any other residues were added to the 7EFEs
sequence (Figure 3D), particularly with L315, making it harder to assess whether there

is enough space in the SF inter-protofilament interface for the N-terminal 7EFEg
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sequence. Likewise, it was difficult to examine the effect of the R5L mutation on this

interaction due to the resulting steric clashes.

Discussion:

The initial proposal that 7EFEginteracts with 313VDLSKVTSKC322 came from
biochemical studies in which Jicha, et al. confirmed that two antibodies, MC-1 and
Alz50, most likely bind a single epitope of tau comprised of discontinuous segments
7EFEg9 and 313VDLSKVTSKC322. The idea of a single epitope comprising these two distal
sequences was supported by antibody binding assays using a series of tau constructs
containing truncations or mutations in these regions(19). Tau constructs missing either
7EFEg or 313VDLSKVTSKC322 did not exhibit antibody binding, demonstrating that both
sequences need to be present for antibody reactivity. In addition, a series of mutations
to the 7EFE9 segment (Glu7,9 -> Ala7,9; Phe8 -> Ser8) abrogated antibody binding to
tau. Importantly, Jicha, et al showed that tau constructs missing 7EFEs or
313VDLSKVTSKC322 could not be mixed in solution to recover the MC-1/Alz50 epitope,
indicating that this epitope is formed intramolecularly.

In an attempt to examine which sequences might interact with the primary
nucleating sequences of tau 275VQIINKzs0 and 306VQIVYK311, Moore et al. tested the
ability of different tau sequences to accelerate and increase 275VQIINK2go and
306 VQIVYKa311 aggregation(19). Through these experiments, the authors predicted the
heterozipper interaction formed between 306VQIVYK311 and 37sKLTFR379. This predicted
interaction was later confirmed by the AD tau filament structure(12). In addition, Moore,

et al showed that sSRQEFEV1o can form fibrils in vitro(19), although it did not affect the
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aggregation of either 275VQIINK2s0 or 306VQIVYKS3141. This supports the idea that
sRQEFEV 1o instead interacts with 313VDLSKVTSKC322in a different region of the fibril
core. Further experiments similar to those performed by Moore, et al, including
aggregation kinetics and circular dichroism of the individual peptides and a mixture of
both peptides, could help strengthen evidence for the interaction of sRQEFEV+0and
313VDLSKVTSKCs22in the fibril state.

The results obtained by Jicha, et al and Moore, et al are consistent with the
model proposed here where sRQEFEV 1o occupies the un-modeled density that flanks
residues K317 and K321 in the Fitzpatrick, et al. PHF cryo-em reconstruction(12). In
particular, the abrogation of antibody binding by Glu7,9 -> Ala7,9 mutations performed
by Jicha, et al can be explained by the disruption of the charge-charge interaction of
glutamate and lysine residues in the proposed model (Figure 3 B)(17). The loss of this
interaction would most likely greatly reduce the affinity of 7EFEg for the
313VDLSKVTSKC322 segment, leading to the loss of the MC-1 and Alz50 epitope. The
loss of antibody binding from the Phe8 -> Ser8 can be explained in the proposed model
given that Phe8 is facing away from the fibril, allowing it to remain exposed for antibody
binding. Therefore, mutation of Phe8 may not prevent the far N-terminal segment from
binding to the exposed lysines on the fibril core, but may still eliminate antibody
reactivity. This suggests that the 7EFE9 segment needs to be not only in a stacked
conformation bound to K317 and K321 on the fibril core, but also needs F8 to be facing
away from the fibril core and presented for antibody binding. A loss of either of these

conditions would result in a loss of MC-1 reactivity.
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The model of 7EFEginteracting with K317 and K321 in the SF (Figure 3 C, D)
suggests that either the 7EFEg9 sequence binds in a different manner to the
313VDLSKVTSKC322 region on the SF or that the un-modeled density present in the
Fitzpatrick, et al SF reconstruction does not result from the binding of the 7EFEg motif,
but perhaps some other anion. Tau AD filament structures from 3 additional cases seem
to recapitulate the extra density seen at the SF inter-protofilament interface(13). This
indicates that this density may be a common feature of the SF fold and necessary to
interact with the four lysines resulting from K317 and K321 of each protofilament coming
together at the SF inter-protofilament interface.

It is worth noting that the cryo-EM structures of AD tau fibrils display parallel, in-
register beta-strands, whereas the RQEFEV crystal structure forms out-of-register,
antiparallel beta-sheets. Because residues N-terminal to Val306 are not resolved in the
cryo-EM structure, we cannot determine whether sRQEFEV 1o stacks into parallel or
antiparallel sheets in the fibril. Our model used two strands of sSRQEFEV1o stacked in an
anti-parallel beta-sheet as seen in the crystal structure. Although different from the
crystal structure, parallel, in-register beta-sheets of sRQEFEV1o would still form a wet
and dry interface due to the alternating sequence of hydrophilic, charged residues and
uncharged, mostly hydrophobic residues. Therefore, a parallel, in-register conformation
of sRQEFEV1owould still allow Glu7 and Glu9 to form electrostatic interactions with
Lys317 and Lys321 in a manner similar to the model proposed in Figure 3 A-B.

Recently, a new polymorph of tau from the brain of a Pick’s Disease case has
been visualized by cryo-EM(14). This structure adopts a drastically different fold from

the AD filaments; however, the Pick’s Disease filaments are still MC-1 reactive,
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indicating the preservation of the 7EFEg and 313VDLSKVTSKC322 epitope(14). In this
structure, K317 and K321 are exposed to the solvent in a beta-sheet conformation,
which would allow the N-terminal 7EFEg segment to bind K317 and K321 through
electrostatic interactions between the glutamates and lysines similar to the AD PHF
model (Figure 3 A, B). This electrostatic interaction would preserve the MC-1 epitope
and provide an explanation for why MC-1 recognizes both tau fibril polymorphs.

In addition, the potential strengthening of the N-terminal interaction with the fibril
core through the R5L mutation and its discovery in a PSP patient, suggests that this
interaction may also occur in the PSP tau fibril. Although there is evidence that so-called
4R tauopathies, where the dominant species found in aggregated tau are the 4R
isoforms, PSP and Corticobasal Degeneration (CBD) form different tau polymorphs,
their structures have not yet been determined(25). However, as long as the
313VDLSKVTSKC322 region adopts a beta-sheet like fold, and K317 and K321 remain
solvent-exposed, the long-range charge-charge interaction with 7EFEg could be
preserved. In short, there may be a common interaction among the disparate folds of
tau polymorphs.

In the past, our lab has developed inhibitors of tau aggregation by structure-
based drug design(11,16). This requires detailed structural knowledge of a site of the
tau protein in the aggregated state obtained by X-ray crystallography or MicroED. These
inhibitors target segments of the tau protein in the microtubule binding region that is
thought to participate in the fibril core of all tau filaments. However, given the structural
evidence thus far that the microtubule binding region can adopt different folds in

different diseases, it is likely that a spectrum of inhibitors will be necessary to most
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effectively block aggregation or spreading of specific tau polymorphs. Immuno-labeling
with MC-1 seems to indicate that the N-terminal interaction with the fibril core modeled
here is preserved in both AD and Pick’s Disease tau filaments. Therefore, an inhibitor

targeted towards this interaction may be general to all tau filaments, providing another

target for treating tauopathies.
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Figure 1: Crystal structure of tau N-terminal segment sSRQEFEV 1o

A) Schematic of tau primary structure. B) Crystals of sRQEFEV10 grown using the
hanging drop method. C) Atomic model and electron density of sSRQEFEV1o
demonstrating the quality of fit. The view is down the fibril axis, showing two anti-parallel

strands.
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Figure 2: Crystal structure of sSRQEFEVo reveals a wet and a dry interface

A) sSRQEFEV+o forms amyloid-like out-of-register protofilaments with wet and dry
interfaces. Inset shows formation of a polar clasp with neighboring glutamines in the
hydrophobic pocket of the dry interface. B) View down the fibril axis of sSRQEFEV10
highlighting the interactions between residues within the wet and dry interfaces. Water

molecules are shown by aqua spheres.
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Figure 3: Speculative model for sRQEFEV1o interaction with Alzheimer’s Disease
paired helical and straight filaments fibril cores

A) Atomic model of Alzheimer’s disease paired helical filaments (PHF) (5031.pdb) shown
with electron density of modeled (grey) and un-modeled (orange) regions(12).
sRQEFEV10is docked into un-modeled density flanking the solvent-exposed K317 and
K321 residues of the PHF. B) Detail (top) highlighting the interaction of the glutamates
in the wet interface with K317 and K321 of the PHF. Detail (bottom) demonstrating the

possible interaction of the R5L mutation with L315 of the PHF. C) Overview of potential
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interaction of 7EFEg with straight filaments (SF) (503t.pdb) at the inter-protofilament
interface. D) Detail of the potential hydrogen bonding of wet interface glutamates with

K317 and K321 and potential steric clash with L315 of the SF.
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Table 1. Data collection and refinement statistics.

RQEFEV (PDB ID: 6N4P)

Wavelength 0.9792
Resolution range 16.08 - 1.851(1.918 - 1.851)
Space group P2,
Unit cell 16.59 11.45 25.42 90 104.236 90
Total reflections 2416 (226)
Unique reflections 842 (80)
Multiplicity 2.9(2.8)
Completeness (%) 97.2 (96.4)
Mean l/sigma(l) 4.2 (1.6)
Wilson B-factor 14.8
R-merge 0.16 (0.60)
R-meas 0.20 (0.72)
R-pim 0.11 (0.40)
CC1/2 0.97 (0.83)
cc* 0.99 (0.95)
Reflections used in refinement 838 (80)
Reflections used for R-free 85 (8)
R-work 0.19 (0.30)
R-free 0.27 (0.47)
CC(work) 0.96 (0.81)
CC(free) 0.91 (0.83)
Number of non-hydrogen atoms 118
macromolecules 114
solvent 4
Protein residues 12
RMS(bonds) 0.013
RMS(angles) 1.48
Ramachandran favored (%) 100.00
Ramachandran allowed (%) 0.00
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.00
Clashscore 4.55
Average B-factor 21.9
macromolecules 21.5
solvent 32.5

Statistics for the highest-resolution shell are shown in parentheses

Methods:
Crystallization and Data Collection: Synthetic peptide RQEFEV was ordered from

GenScript. RQEFEV was crystallized using the hanging drop method with a 2:1 mixture
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of 60 mg/mL RQEFEV and 0.2 M Ammonium Citrate Dibasic, 30% PEG 3350.
Diffraction data was collected at APS Beamline 24-1D-E using an Eiger detector.

Data Processing and Structure Determination: Diffraction data were indexed and
integrated using XDS and scaled using XSCALE(26). Molecular replacement was
performed using Phaser and an idealized beta-strand as a molecular replacement
probe(27). Model-building and manual real-space refinement was performed in
COOT(28). Automated reciprocal-space and real-space refinement was performed
using Refmac and Phenix(29,30).

Modeling: Modeling was performed in COOT using the RQEFEV crystal structure and
the cryo-em structures for the AD PHF (503l.pdb) and SF (503t.pdb) downloaded from
the PDB. Cryo-em maps for the PHF (EMD-3741) and SF (EMD-3743) were also used

for modeling and generating figures. All figures were made in Pymol (Schrodinger).
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Structures of fibrils formed by a-synuclein
hereditary disease mutant H50Q reveal

new polymorphs

David R. Boyer ©®'3, Binsen Li?3, Chuanqi Sun?, Weijia Fan?, Michael R. Sawaya

David S. Eisenberg ®™

1, Lin Jiang®?* and

Deposits of amyloid fibrils of a-synuclein are the histological hallmarks of Parkinson's disease, dementia with Lewy bodies
and multiple system atrophy, with hereditary mutations in a-synuclein linked to the first two of these conditions. Seeing the
changes to the structures of amyloid fibrils bearing these mutations may help to understand these diseases. To this end, we
determined the cryo-EM structures of a-synuclein fibrils containing the H50Q hereditary mutation. We find that the H50Q
mutation results in two previously unobserved polymorphs of a-synuclein: narrow and wide fibrils, formed from either one or
two protofilaments, respectively. These structures recapitulate conserved features of the wild-type fold but reveal new struc-
tural elements, including a previously unobserved hydrogen-bond network and surprising new protofilament arrangements.
The structures of the H50Q polymorphs help to rationalize the faster aggregation kinetics, higher seeding capacity in biosensor
cells and greater cytotoxicity that we observe for H50Q compared to wild-type a-synuclein.

(a-syn) into amyloid fibrils underlies the group of diseases

termed synucleinopathies—Parkinsons disease (PD), Lewy
body dementia and multiple systems atrophy. (1) a-Syn fibrils
are found in the hallmark lesions of PD and Lewy body dementia
(Lewy bodies), as well as in the hallmark glial and neuronal lesions
in multiple systems atrophy'”. (2) Hereditary mutations in a-syn
have been linked to PD and Lewy body dementia®. (3) Dominantly
inherited duplications and triplications of the chromosomal region
that contains wild-type SNCA—the gene that encodes a-syn—are
sufficient to cause PD (refs. *-°). (4) Recombinantly assembled a-syn
fibrils show cross-f3 structure and their injection into the brains of
wild-type mice induced PD-like Lewy body and Lewy neurite for-
mation, as well as cell-to-cell spreading and motor deficits reminis-
cent of PD"*,

Advances in solid-state NMR and cryo-EM have greatly
increased our knowledge of the structure of full-length amyloid
proteins, allowing us to examine interactions beyond the local views
provided by crystallographic methods’"*. Therefore, we previously
used cryo-EM to determine the structures of wild-type full-length
a-syn fibrils (Fig. 1a,b, left). These structures reveal two distinct
polymorphs—termed the rod and twister'". Both fibrils are wound
from two identical protofilaments related by an approximate 2, fibril
axis. The protofilaments that form the rod and twister polymorphs
are distinct: the rod protofilaments contain ordered residues 38-97
whereas the twister protofilaments contain ordered residues 43-83.
Both polymorphs share a similar structurally conserved f-arch
formed by residues 50-77. However, the protofilament interfaces
between the two polymorphs differ: in the rod polymorph, residues
50-57 from the preNAC region form the interface of the two proto-
filaments, whereas, in the twister polymorph, residues 66-78 from
the NACore form the interface.

f everal lines of evidence suggest that aggregation of a-synuclein

Hereditary mutations offer understanding of the link between
protein structure and disease. H50Q is one such mutation that
was discovered independently in two individuals with PD, with
one patient having a known familial history of parkinsonism and
dementia'>'*. The H50Q mutation enhances a-syn aggregation
in vitro by reducing the solubility of the monomer, decreasing the
lag time of fibril formation and increasing the amount of fibrils
formed'”'*. Additionally, H50Q has been shown to be secreted at
higher levels from SH-SY5Y cells and to be more cytotoxic to pri-
mary hippocampal neurons than wild-type a-syn'. Taken together
these data suggest that patients harboring the H50Q mutation may
develop fibrils more easily and that these fibrils may have different
underlying structures than wild-type fibrils.

The structure of the wild-type rod polymorph suggests that the
H50Q mutation may alter key contacts at the protofilament inter-
face'’. In this structure, two pairs of H50-E57 residues interact
on opposing protofilaments, stabilizing the protofilament inter-
face through charge-charge interactions. The mutation to the
uncharged, polar glutamine may therefore disrupt the rod poly-
morph protofilament interface, leading to different polymorphs of
a-syn, potentially explaining the different observed properties of
H50Q versus wild-type a-syn'”'®. To examine the exact effect of the
H50Q mutation on the structure of a-syn fibrils, we sought to deter-
mine the atomic structures of H50Q a-syn fibrils using cryo-EM
and to compare aggregation kinetics, stability, seeding capacity and
cytotoxicity to wild-type a-syn.

Results

Cryo-EM structure and architecture of H50Q a-syn fibrils. To
pursue cryo-EM structure determination, we expressed and puri-
fied recombinant full-length a-syn containing the H50Q hereditary
mutation and subsequently grew fibrils under the same conditions
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Fig. 1| Comparison of wild-type and H50Q polymorphs. a, Primary structure schematic highlighting residues of the conserved kernel (50-77) that form
protofilament interfaces in a-syn polymorphs. b, A conserved kernel is used to assemble wild-type (left) and H50Q (right) a-syn polymorphs in at least

four different ways.

as those used for cryo-EM studies of wild-type a-syn (see Methods).
After obtaining optimal cryo grid conditions and subsequent high-
resolution cryo-EM data collection and processing, we determined
the near-atomic structures of two polymorphs, which we term nar-
row and wide fibrils, to resolutions of 3.3 and 3.6 A, respectively
(Figs. 1b and 2a-d, Extended Data Figs. 1a,b and 2a and Table 1).
Both the narrow and wide fibrils have pitches of ~900 A, as mea-
sured from the cross-over distances observed in electron micro-
graphs as well as 2D classifications of box sizes containing helical
segments that encompass an entire helical pitch (Extended Data
Fig. 2b,c; see Methods). Narrow fibrils have a width that varies from
55 to 66 A; wide fibrils have a width that varies from 67 to 116 A
(Fig. 2b and Extended Data Fig. 1a). The narrow fibril is wound
from a single protofilament, which we designate protofilament A,
while the wide fibril is wound from two slightly different protofila-
ments, both protofilament A and a second protofilament, which we
term protofilament B (Fig. 2¢,d). Both narrow and wide fibril recon-
structions show identical densities flanking protofilament A, which
we term islands 1 and 2 (Supplementary Note 1 and Extended Data
Fig. 3). Narrow fibrils are roughly five times more abundant than

wide fibrils. Protofilament A contains ordered residues from G36 to
Q99, while protofilament B contains ordered residues T44 to K97
(Fig. 2a,c,d).

The protein chains in the ordered cores of both protofilaments
fold essentially within a two-dimensional layer (Fig. 2b-d), with
stretches of straight pB-strand regions interrupted by sharp turns
(Fig. 3a,b). The fibrils are formed by the chains within the two-
dimensional layers stacking on one another along the fibril axis
every 4.8 A, forming B-sheets that extend for hundreds of nanome-
ters (Fig. 2b).

Differences between protofilaments A and B. To define the differ-
ences in protofilaments A and B observed in the two polymorphs,
we aligned protofilament A with protofilament B (Fig. 3b). The
alignment reveals that residues 47-97 adopt nearly identical confor-
mations in both protofilaments A and B; however, protofilament A
has an ordered f-arch formed by residues 36-46, whereas protofila-
ment B becomes disordered after T44 (Fig. 3b,c). The p-arch in pro-
tofilament A features an extensive hydrogen-bond network among
Y39, T44 and E46 that is not observed in any a-syn structures
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Fig. 2 | Cryo-EM structures of H50Q polymorphs. a, Schematic of a-syn prima

Protofilament A

H50Q wide fibril

ry structure demonstrating location of the ordered core of H50Q

protofilaments A and B, preNAC and NACore and H50Q hereditary mutation. b, View perpendicular to the fibril axes of narrow and wide fibril cryo-EM
reconstructions with the minimum and maximum widths of the fibrils labeled. ¢, View parallel to the fibril axes of sections of narrow and wide fibrils

revealing one layer of each fibril. Narrow fibrils are composed of one protofilam
protofilaments: protofilament A and a less well-ordered chain designated proto
protofilament B differs from protofilament A and is only found in the wide fibril
side chains colored as follows: hydrophobic (yellow), negatively charged (red),

determined so far (Fig. 3b,c). In addition, we note that in proto-
filament A, Q50 is hydrogen bonded to K45, whereas in protofila-
ment B, K45 and Q50 are not hydrogen bonded and appear to be
solvent facing (Fig. 3b,c). This alternative arrangement of K45 and
Q50 may explain why protofilament A forms an ordered f-arch
while protofilament B does not. This suggests that the conforma-
tion of K45 and Q50 can act as a switch whereby, as they become
hydrogen bonded, the amino (N)-terminal residues 36-44 become
ordered, forming the Y39-T44-E46 hydrogen bond triad. We also
note that protofilament B maintains the E46-K80 hydrogen bond
observed in wild-type structures, while participation of E46 in a
hydrogen bond with T44 in protofilament A differs from that in
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ent, designated protofilament A. Wide fibrils are composed of two
filament B. Protofilament A is nearly identical in both fibril species, while
species. d, Schematic representation of fibril structures with amino acid
positively charged (blue), polar, uncharged (green) and glycine (pink).

wild-type structures. Instead, K80 now hydrogen bonds with T81
in protofilament A (Fig. 3b,c). The differences observed here high-
light the impact that hydrogen-bonding arrangements can have on
fibril structure and explain the atomic basis for the asymmetry of
the two protofilaments in the wide fibril polymorph. Indeed, previ-
ous studies on wild-type a-syn fibril structures have revealed fibrils
composed of asymmetric protofilaments whose asymmetry could
be explained by the types of alternative hydrogen-bond patterns
that we observe here®.

Cavities in o-syn fibril structures. We note that all a-syn fibril
structures determined so far display a similar cavity at the center
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Table 1| Cryo-EM data collection, refinement and validation
statistics

H50Q narrow fibril H50Q wide fibril
(EMD-20328,PDB (EMD-20331, PDB
6PEO) 6PES)
Data collection and processing
Magnification 130,000 130,000
Voltage (kV) 300 300
Camera K2 Summit K2 Summit
(Quantum LS) (Quantum LS)
Frame exposure time (s) 0.2 0.2
Movie frames (no.) 30 30
Electron exposure (e7/A2) 36 36
Box size (pixel) 288 224
Inter-box distance (A) 28.8 224
Micrographs collected (no.) 3,577 3,577
Segments extracted (no.) 1,183,284 137,395
Segments after Class2D (no.) 510,477 NA:
Segments after Class3D (no.) 30,133 28,016
Map resolution (A) 33 3.6
FSC threshold 0.143 0.143
Refinement
Initial model used De novo De novo
Model resolution (A) 32 35
FSC threshold 0.5 0.5
Model resolution range (A) 200-3.3 200-3.6
Map sharpening B factor (A2) —148 -207
Model composition
Nonhydrogen atoms 2,205 4,040
Protein residues 320 590
Ligands NA NA
B factors (A2)
Protein NA NA
Ligand NA NA
R.m.s. deviations
Bond lengths (A) 0.003 0.009
Bond angles (°) 0.5 0.7
Validation
MolProbity score 2.09 218
Clashscore 10.62 12.28
Poor rotamers (%) 0 0
Ramachandran plot
Favored (%) 90.3 877
Allowed (%) 9.7 12.3
Disallowed (%) 0 0

*Number of segments after Class2D not available (NA) for the wide fibril as only 3D classification
was performed.

of the B-arch, surrounded by residues T54, A56, K58, G73 and
V74 (Figs. 1b and 2c¢ and Extended Data Fig. 4a,b). However, in
contrast to our previously published wild-type structures, K58
now faces inward towards the cavity, instead of outward towards
the solvent, while T59 now flips away from the cavity (Extended

NATURE STRUCTURAL & MOLECULAR BIOLOGY

Data Fig. 4a). This inversion is possible because lysine and threo-
nine have both hydrophobic and hydrophilic character, allowing
them to be favorably positioned either facing the solvent or the cav-
ity. Indeed, energetic calculations demonstrate that K58 and T59
can have a positive stabilization energy in both cases (Extended
Data Fig. 5b,c).

Presumably the p-arch cavity is filled with disordered solvent
that is not defined by cryo-EM or previously used solid-state NMR
averaging methods. However, we note here that in our narrow and
wide fibril polymorphs we visualize additional density in the cav-
ity that is not accounted for by protein side chains (Fig. 2c and
Extended Data Fig. 4b). We wonder whether this density arises from
noise, or a back-projection artifact, but it is observed in the same
location independently in three protofilaments (protofilament A
from the narrow fibril and protofilaments A and B from the wide
fibril) leading us to believe that it may come from a solvent molecule
(Extended Data Fig. 4b). Since our fibril growth conditions contain
only water and tetrabutylphosphonium bromide, whose long ali-
phatic groups make it too large to fit into the tight cavity, we exam-
ined if the density could come from a water molecule and if any of
the surrounding residues could serve as hydrogen-bond partners.
We observe that the y-hydroxyl of T54, the e-amino of K58 and the
carbonyl oxygen of G73 are the only potential hydrogen-bonding
partners for the putative water molecule (Extended Data Fig. 4b).
In addition, there are several methyl groups from V74 and A56
that are proximal to the putative solvent molecule (Extended Data
Fig. 4b). The distance between the density and potential hydrogen
partners ranges from 4.2 to 5.4 A, which is longer than usual for
hydrogen bonds (Extended Data Fig. 4b). However, given that there
are three hydrogen-bond partners, perhaps the density visualized
in the reconstruction is an average of positions occupied by water
molecules. Nonetheless, given the resolution of our maps we cannot
unambiguously identify the molecule(s) occupying the density in
the center of the cavity.

Wide fibril protofilament interface. The wide fibril contains a
novel protofilament interface formed by residues *KTKE® not
previously seen in wild-type a-syn structures'’. Residues **KTKE®!
are located at a sharp turn in both protofilaments A and B, and,
consequently, the interface between protofilaments is remarkably
small (Extended Data Fig. 6a). Consistent with the minimal size
of the interface, the shape complementarity of 0.57 and buried
surface area of 50 A2 of the wide fibril interface are low compared
to the more extensive preNAC and NACore interfaces seen in
our previous wild-type structures (Extended Data Fig. 6b)". Indeed,
the Cy atom of T59 from each protofilament is the only atom to
interact across the protofilament interface (Extended Data Fig. 6b),
making this interface the smallest fibril protofilament interface
observed to date.

We wondered why the H50Q polymorphs do not utilize the
extensive preNAC or NACore protofilament interfaces found in the
wild-type rod and twister polymorphs, respectively. Our structures
reveal that, unlike the wild-type twister polymorph, the NACore is
buried within the fibril core and is inaccessible as a protofilament
interface (Fig. 2c). However, the preNAC region is more accessible as
a potential protofilament interface in both of the H50Q polymorphs
(Fig. 2¢). To examine why the preNAC region does not form a pro-
tofilament interface, we first compared the preNAC protofilament
interface in the wild-type rod polymorph with the same region in
the H50Q narrow fibril (Extended Data Fig. 7a,b). We noticed that
in the wild-type rod polymorph H50 on one protofilament inter-
acts with E57 on the opposite protofilament, possibly through a
charge-charge interaction (Extended Data Fig. 7b). The mutation to
a polar, uncharged glutamine leads to a loss of interaction with E57
and instead Q50 forms an intramolecular hydrogen bond with K45
in H50Q protofilament A, thereby producing a single protofilament
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Fig. 3 | Comparison of protofilaments A and B. a, Schematic of primary and secondary structure of the fibril core of H50Q protofilaments A and B. Arrows
indicate regions of protofilaments A and B that adopt B-strand conformations. b, Structural alignment of H50Q protofilaments A and B. ¢, Alignment of
protofilaments A and B reveals that protofilament A has a f-arch formed by residues 36-46, whereas protofilament B is disordered before residue 44.
Additionally, in protofilament A, H50Q hydrogen bonds with K45, while in protofilament B, H50Q and K45 adopt different conformations and do not
hydrogen bond. In protofilament A, E46 participates in the Y39-T44-E46 hydrogen-bond triad and K80 hydrogen bonds with T81, while in protofilament

B E46 hydrogen bonds with K80 as in the wild-type rod polymorphs.

assembly (Extended Data Fig. 7a). Further, speculative models
where additional protofilaments are docked at the preNAC region
in either protofilament A or B show severe steric clashes occur-
ring, further supporting the idea that the H50Q mutation disallows
assembly of protofilaments at the preNAC (Supplementary Note 2
and Extended Data Fig. 7¢,d).

Energetic and biochemical analysis of H50Q fibrils. We next won-
dered if the structural differences that we observe in the H50Q ver-
sus wild-type fibrils affect their stabilities. To examine this, we first
calculated modified atomic solvation energies for the H50Q mutant
structures and wild-type a-syn structures (see Supplementary Note 3

NATURE STRUCTURAL & MOLECULAR BIOLOGY | www.nature.com/nsmb

for differences in stabilization energies for some residues in proto-
filaments A and B in the wide fibril). We find that both wild-type
and H50Q fibrils are stabilized by energies comparable to a selection
of known irreversible fibrils, including tau-paired helical filament
structures from Alzheimer’s disease?’, serum amyloid A fibrils from
systemic amyloidosis** and TDP-43 SegA-sym fibrils”, and signifi-
cantly larger than the stabilization energies of the reversible FUS
fibrils** (Fig. 4a and Table 2). To confirm this, we performed stabil-
ity assays to measure the resistance of fibrils to heat and SDS, and
we found that both wild type and H50Q show a similar resistance
to denaturation, consistent with our energetic calculations (Fig. 4c).
This is also consistent with the idea that both wild-type and H50Q
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Fig. 4 | Solvation energy maps and biochemical characterization of H50Q and wild-type a-syn. a, Solvation energy maps of H50Q narrow and wide
fibrils. The stabilizing residues are red; the destabilizing residues are blue. b, ThT assay measuring kinetics of HS0Q and wild-type a-syn aggregation.
Data from three independent replicates for each sample are shown for each time point. Wild-type aggregation plateaus at 30 h whereas H50Q aggregates
faster and plateaus at 23 h. ¢, Stability assay of H50Q and wild-type a-syn. Fibrils were brought to the indicated concentration of SDS and heated at

70°C for 15 min before ThT signal was measured. Both H50Q and wild-type fibrils are irreversible. d, Cell seeding assay of H50Q and wild-type a-syn
performed in HEK293T a-syn-AS53T-YFP biosensor cells. Sonicated fibrils were transfected into biosensor cells using Lipofectamine. After 48 h, the
number of fluorescent puncta indicating aggregated endogenous a-syn-A53T-YFP was counted (see Methods). H50Q fibrils have a higher seeding
capacity than wild-type fibrils. Error bars represent standard deviation of four independent measurements. e, MTT toxicity assay of H50Q and wild-type
a-syn performed in differentiated PC12 cells. H50Q and wild-type a-syn fibrils were introduced to culture medium and after incubation, cell mitochondrial
activity was measured via MTT assay. H50Q requires less fibrils than wild type to significantly disrupt mitochondrial activity. Error bars represent standard
deviation of a minimum of 7 and a maximum of 14 independent measurements. ****P <0.0001. **P <0.01. NS, not significant P> 0.05. P values were
calculated using an unpaired, two-tailed t-test with a 95% Cl.

a-syn are associated with pathogenic, irreversible fibrils formed in  with other studies (Fig. 4c)'®'***. We note that although H50Q fibrils
the synucleinopathies. have a lower max thioflavin T (ThT) signal, this is likely explained by

We next characterized the kinetics of H50Q and wild-type fibril ~ different fibril polymorphs having differential ThT binding and not
growth and found that H50Q aggregation has a shorter lag phaseand  as being due to overall less fibril formation. We also find that H50Q
therefore forms fibrils more rapidly than wild-type fibrils, consistent  fibrils have higher seeding capacity in HEK293T a-syn-A53T-YFP
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Table 2 | Comparative solvation energy calculations

Atomic solvation standard free
energy of stabilization (kcal mol-")

Fibril structure

Per layer Per chain Per residue
H50Q narrow fibril 58 58 (pf A)  0.90 (pf A)
H50Q wide fibril 114 58 (pf A)  0.90 (pf A)

54 (pfB) 1.00 (pf B)

WT rod cryo-EM (PDB 6CU7) 112 56 0.93
WT twister cryo-EM (PDB 6CU8) 66 33 0.80
WT solid-state NMR (PDB 2NOA) 58 58 091
WT rod (PDB 6H6B) 101 51 0.86
WT rod (PDB 6A6B) 122 61 0.96
Tau PHF (PDB 530L) 128 64 0.88
Tau pick's (PDB 6GX5) 98 98 1.00
TDP-43 SegA-sym (PDB 6N37) 73 37 1.00
Serum amyloid A (PDB 6MST) e 58 1.07
FUS (PDB 5W3N) a1 41 0.66

pf, protofilament; WT, wild type.

biosensor cells* and significantly higher cytotoxicity to differenti-

ated neuron-like rat pheochromocytoma (PC12), as measured by
a reduction of mitochondrial activity and cell membrane integrity
(Fig. 4d,e and Extended Data Fig. 8). These results are similar to
other studies demonstrating the enhanced pathogenic properties of
H50Q versus wild-type a-syn'’~'***, and overall our findings support
the idea that the differences in the structures of the H50Q fibrils
compared to wild-type fibrils result in higher pathogenicity.

Discussion
The structures of a-syn fibrils determined here demonstrate that
the H50Q mutation results in two new polymorphs, which we
term narrow and wide fibrils. Structural alignments of wild-type
and H50Q polymorphs reveal that residues 50-77 in all structures
adopt a largely similar $-arch-like fold, which we previously termed
the conserved kernel (Extended Data Fig. 9)". However, different
sequence segments of the conserved kernel assemble protofilaments
into distinct fibril polymorphs (Fig. 1a,b). The wild-type rod poly-
morph utilizes residues from the preNAC region'**"*, the wild-type
twister polymorph utilizes residues from the NACore'' and the
H50Q wide fibril utilizes residues *KTKE® to assemble protofila-
ments, while the H50Q narrow fibril forms a single protofilament
structure (Fig. 1a,b). Therefore, the structures determined to date of
wild-type and mutant a-syn fibrils demonstrate that the conserved
kernel formed by residues 50-77 acts a modular building block to
assemble protofilaments into distinct polymorphs in at least four
different ways.

In all seven a-syn fibril structures, the conserved kernel features
a cavity, possibly a solvent channel surrounded by T54, A56, K58,
G73 and V74 (Figs. 1b and 2c and Extended Data Fig. 4b)'**~*.
However, the H50Q polymorphs determined here are, so far, the
only a-syn fibril structures to resolve density in this cavity. A hydro-
philic cavity is also observed in the human serum amyloid A cryo-
EM structure and two structures of immunoglobulin light chain
fibrils*»***'. Therefore, full-length amyloid fibrils share the property
of crystal structures of amyloid segments where the majority of the
protein packs in a manner excluding water, while some water mole-
cules can be seen hydrogen bonding with the backbone or polar side
chains™. Recent structures of tau fibrils extracted from the brains
of patients with chronic traumatic encephalopathy suggest that a
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hydrophobic molecule may occupy a hydrophobic cavity present in
the fibril core®. This is also similar to crystal structures of amyloid
segments where molecules such as polyethylene glycol can occupy
cavities in the crystal packing™.

The structures of H50Q polymorphs help to explain the dif-
ferences in aggregation kinetics, seeding capacity and cytotoxic-
ity between H50Q and wild-type a-syn that we and others have
observed (Fig. 4b,d,e)'®'*. First, the observation that the H50Q
mutation results in a large proportion of narrow fibrils formed from
a single protofilament may help explain the faster aggregation kinet-
ics of the mutant fibrils. Given that multiple molecules must come
together to nucleate amyloid fibril growth, fibrils composed of a
single protofilament may therefore have a shorter lag time than
fibrils composed of two protofilaments, as half as many molecules
are required to form the nucleus. Thus, the H50Q mutation may
lower the barrier to nucleation and more readily lead to fibril for-
mation. Previous studies on wild-type a-syn have demonstrated
that minor species of single protofilament fibrils exist in polymor-
phic preparations, suggesting that wild-type a-syn can also form
single protofilaments®. However, here we observe that single pro-
tofilament structures dominate, suggesting that the H50Q mutation
may tip the balance to favor single protofilament fibrils and shorter
lag times.

Second, the higher seeding capacity of H50Q versus wild-type
fibrils in our biosensor cell assays may be explained by the presence
of a secondary nucleation mechanism. We speculate that the wide
fibril species represents a step in a secondary nucleation pathway
whereby residues *KTKE® of protofilament A serve as a surface to
catalyze the formation of protofilament B (Extended Data Fig. 10)*.
Several observations support this idea. (1) Protofilament B is never
observed alone, and is only observed with protofilament A in the
wide fibril, whereas protofilament A is observed alone in the nar-
row fibril. (2) The structure of protofilament A in both the narrow
and wide fibril is nearly identical (r.m.s. deviation=0.26 A) and the
helical twist of both the narrow and wide fibril is nearly identical
(cross-over distance ~900 A), suggesting that protofilament A acts
as an unperturbed scaffold for protofilament B to grow off its side.
(3) The wide fibril protofilament interface is exceedingly small, per-
haps making it a labile interface where protofilament B can nucle-
ate and elongate but eventually fall off, forming individual single
protofilament fibrils. Given that we do not observe protofilament
B alone, we speculate that over time protofilament B may convert
into protofilament A, perhaps initiated by the switching of H50Q
into a conformation that allows hydrogen bonding with K45 and
subsequent formation of the Y39-T44-E46 hydrogen-bond triad.
We speculate that the conversion of protofilament B to protofila-
ment A may occur immediately before disassembling from the wide
fibril to form individual narrow fibrils or after disassembly from the
wide fibril (Extended Data Fig. 10).

We note that other mechanisms may lead to the differential seed-
ing capacities that we observe; for instance, there may be a different
seed fibril length distribution due to differing sensitivities to soni-
cation between H50Q and wild-type fibrils. In addition, the mono-
meric a-syn-A53T-YFP may be easier or harder to seed by H50Q
or wild-type fibrils due to species barrier effects. Although for the
latter point, we note that the wild-type fibrils have only one residue
different from the a-syn-A53T-YFP construct, whereas the H50Q
fibrils have two differing residues, making the increased seed-
ing potency of H50Q fibrils more noteworthy despite the greater
difference in sequence.

Third, the ultrastructural arrangement of protofilaments, the
ordered p-arch in protofilament A featuring a unique Y39-T44-E46
hydrogen-bond triad and the presence of islands 1 and 2 represent
major structural differences in the H50Q fibrils compared to previ-
ously determined wild-type a-syn structures. These structural dif-
ferences create new ordered surfaces on the fibrils that may enable
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their heightened cytotoxicity compared to wild type. Previously, it
has been shown that polyQ inclusions can sequester essential cel-
lular proteins and that resupply of sequestered proteins ameliorated
toxicity and reduced inclusion size, presumably by coating the
fibrils and rendering them inert®. This highlights the importance
of surfaces of fibrils in mediating cytotoxicity and suggests that dif-
ferent surface properties of amyloid fibrils may explain differential
cytotoxicities. Indeed, others have shown that two polymorphs of
wild-type a-syn could be homogenously prepared and that these
polymorphs had different cytotoxicities to SH-SY5Y cells, suggest-
ing that differences in structure, including exposed fibril surfaces,
result in different cytotoxicity”’. Therefore, we propose that the
large structural differences observed in our H50Q fibrils compared
to wild type could mediate the higher cytotoxicity of H50Q versus
wild-type fibrils.

Hereditary mutations in a-syn are largely clustered in the pre-
NAC region (residues 47-56) away from the NACore region (resi-
dues 68-78). The E46K hereditary mutation is predicted to disrupt a
key salt bridge that forms between E46 and K80, potentially disturb-
ing the fibril core. Consistent with this, NMR studies have shown
large chemical shifts for residues in the fibril core of E46K fibrils*.
Interestingly, in H50Q protofilament A, E46 participates in a hydro-
gen-bond network with T44 and Y39; therefore, mutation to lysine
may disrupt this network making the formation of the N-terminal
36-46 B-arch mutually exclusive with the E46K hereditary muta-
tion. Further, the observation that the E46-K80 hydrogen bond is
not maintained in protofilament A—unlike the previous wild-type
rod polymorphs and protofilament B—demonstrates that this inter-
action is not necessary to maintain the overall wild-type fold, and
that, in the case of the E46K hereditary mutation, it is the change
to lysine and unfavorable juxtaposition of the positively charged
E46K and K80 that explains the rearrangement of the fibril core as
indicated by NMR*. For mutations A30P and A53T, NMR studies
of fibrils show small perturbations in chemical shifts and second-
ary structures at sites proximal to the mutation, suggesting that the
overall fold of the fibril is largely unchanged’*. Here, the H50Q
mutation seems to lie somewhere in the middle of the A30P, A53T
and E46K mutations; in that, H50Q enforces a new conformation
of the N terminus of the fibril core, disrupts previously observed
protofilament interfaces and creates a new protofilament interface,
while maintaining a conserved B-arch fold in the fibril core. Further
work is needed to determine the exact structural effects of other
a-synuclein hereditary mutations.

Overall, our results demonstrate that the H50Q hereditary
mutation leads to new fibril polymorphs that have more rapid
fibril-forming kinetics, higher seeding capacity and higher cyto-
toxicity. These findings provide a starting point for understanding
the structural basis of mutation-enhanced pathogenesis in the
synucleinopathies.
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Methods

Protein purification. Full-length a-syn wild-type and H50Q mutant proteins were
expressed and purified according to a published protocol'. The bacterial induction
started at an optical density (ODg,) of ~0.6 with 1 mM IPTG for 6h at 30°C. The
collected bacteria were lysed with a probe sonicator for 10 min in an iced water
bath. After centrifugation, the soluble fraction was heated in boiling water for

10 min and then titrated with HCI to pH4.5 to remove the unwanted precipitants.
After adjusting to neutral pH, the protein was dialyzed overnight against Q
Column loading buffer (20 mM Tris-HCI pH 8.0). The next day, the protein was
loaded onto a HiPrep Q 16/10 column and eluted using elution buffer (20 mM
Tris—-HCI, 1 M NaCl, pH 8.0). The eluent was concentrated using Amicon Ultra-15
centrifugal filters (Millipore Sigma) to ~5ml. The concentrated sample was further
purified with size-exclusion chromatography through a HiPrep Sephacryl S-75 HR
column in 20 mM Tris, pH 8.0. The purified protein was dialyzed against water,
concentrated to 3mgml~' and stored at 4C. The concentration of the protein was
determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
catalog no. 23225).

Fibril preparation and optimization. Both wild-type and H50Q fibrils
were grown under the same condition: 300 uM purified monomers, 15mM
tetrabutylphosphonium bromide, shaking at 37 °C for 2 weeks.

Negative stain transmission electron microscopy (TEM). The fibril sample (3 pl)
was spotted onto a freshly glow-discharged carbon-coated electron microscopy
grid. After 1 min, 6 pl uranyl acetate (2% in aqueous solution) was applied to the
grid for 1 min. The excess stain was removed by a filter paper. Another 6 pl uranyl
acetate was applied to the grid and immediately removed. The samples were
imaged using an FEI T20 electron microscope.

ThT binding assay. Purified a-syn monomers (50 pM) were adequately mixed with
20 uM ThT and added into a 96-well-plate. Samples were incubated at 37 °C for 2d
with 600 r.p.m. double orbital shaking. The ThT signal was monitored using the
FLUOstar Omega Microplate Reader (BMG Labtech) at an excitation wavelength
of 440 nm and an emission wavelength of 490 nm.

SDS stability. SDS was diluted in water to make SDS solutions at 2.5, 5, 10 and
15%. Fibrils at the end of the ThT assay were treated with SDS solution at 5:1
volume ratio to obtain SDS concentrations of 0.5, 1, 2 and 3%. Each solution was
transferred to three microcentrifuge tubes and heated at 70 °C for 15 min. After
treatment, the ThT signal was obtained. The 0% SDS solution without heating was
treated with an equal amount of water and used for normalization.

Cell lines. HEK293T biosensor cells expressing a-syn-A53T-YFP were a generous
gift from the laboratory of M. Diamond. PC12 cells originate from the American
Type Culture Collection (ATCC CRL-1721). Cells were not authenticated nor
tested for mycoplasma infection in our hands.

Fibril seeding aggregation in cells. We performed the biosensor cell seeding
assay based on a previously published protocol®. Briefly, the assay works as
follows: exogenous, unlabeled fibrils are transfected into HEK293T cells expressing
a-syn-A53T-YFP. Seeded aggregation of endogenously expressed a-syn-A53T-
YFP is monitored by formation of fluorescent puncta. The puncta represent a
condensation of a-syn-A53T-YFP as a result of seeding by exogenous H50Q or
wild-type fibrils.

HEK293T cells expressing full-length a-syn containing the hereditary A53T
mutation were grown in DMEM (4 mM L-glutamine and 25 mM p-glucose)
supplemented with 10% FBS, 1% penicillin/streptomycin. Trypsin-treated
HEK293T cells were collected, seeded on flat 96-well plates at a concentration of
4x10* cells per well in 200 pl culture medium per well and incubated in 5% CO, at
37°C for 18h.

a-syn fibrils were prepared by diluting with Opti-MEM (Life Technologies) and
sonicating in a water bath sonicator for 10 min. The fibril samples were then mixed
with Lipofectamine 2000 (Thermo Fisher Scientific) and incubated for 15min and
then added to the cells. The actual volume of Lipofectamine 2000 was calculated
based on the dose of 1pl per well. After 48 h of transfection, the cells were imaged
with a Celigo Imaging Cytometer (Nexcelom Bioscience). Fluorescent images were
processed in Image] to count the number of seeded cells. A buffer-treated control
was used for normalization.

MTT mitochondrial activity assay. The addition of sonicated fibrils to nerve
growth factor-differentiated PC12 cells is a well-established assay to measure
cytotoxicity of amyloid fibrils'"*'. Use of this neuron-like cell line allows us to
obtain a biologically relevant assay for cytotoxicity. Our MTT mitochondrial
activity assay followed our previously published protocol', which was adapted
from the Provost and Wallert laboratories™. Thiazolyl blue tetrazolium bromide
for the MTT cell toxicity assay was purchased from Millipore Sigma (catalog no.
M2128-1G). PC12 cells were plated in 96-well plates with nerve growth factor. The
cells were incubated for 2d in an incubator with 5% CO, at 37 °C. The cells were
treated with different concentrations of a-syn fibrils (200 nM, 500 nM,1,000 nM,

2,000 nM), which were sonicated in a water bath sonicator for 10 min before being
added to the cells. After 18h incubation, MTT was added to every well and the
plate was returned to the incubator for 3.5h. Absorbance was measured at 570 nm
to determine the MTT signal and at 630 nm to determine background. The data
were normalized to those from cells treated with 1% SDS to obtain a value of 0%,
and to those from cells treated with PBS to obtain a value of 100%.

Lactate dehydrogenase assay. The lactate dehydrogenase viability assay was
performed using the CytoTox-ONE Homogeneous Membrane Integrity Assay
(Promega, catalog no. G7891). PC12 cells were cultured and differentiated with the
same protocol as described in the MTT assay. Different concentrations of a-syn
fibrils (200 nM, 500 nM, 1,000 nM, 2,000 nM) were added to the cells for 18 h of
incubation with 5% CO, at 37 °C. The assay was carried out in a 96-well plate and
the fluorescence readings were taken in the FLUOstar Omega Microplate Reader
(excitation 560 nm, emission 590 nm; BMG Labtech). PBS- and 0.2% Triton-X100-
treated cells were used as negative and positive controls, respectively,

for normalization.

Cryo-EM data collection and processing. Fibril solution (2 ul) was applied to

a baked and glow-discharged Quantifoil 1.2/1.3 electron microscope grid and
plunge-frozen into liquid ethane using a Vitrobot Mark IV (FEI). Data were
collected on a Titan Krios (FEI) microscope equipped with a Gatan Quantum
LS/K2 Summit direct electron detection camera (operated with 300kV acceleration
voltage and slit width of 20eV). Counting mode movies were collected on a Gatan
K2 Summit direct electron detector with a nominal physical pixel size of 1.07 A per
pixel with a dose per frame 1.2e7/A2 A total of 30 frames with a frame rate of 5 Hz
were taken for each movie, resulting in a final dose 36 e~/A? per image. Automated
data collection was driven by the Leginon automation software package®.

Micrographs containing crystalline ice were used to estimate the anisotropic
magnification distortion using mag_distortion_estimate'’. CTF estimation was
performed using CTFFIND 4.1.8 on movie stacks with a grouping of three frames
and correction for anisotropic magnification distortion. Unblur'® was used to
correct beam-induced motion with dose weighting and anisotropic magnification
correction, resulting in a physical pixel size of 1.065 A per pixel.

All particle picking was performed manually using EMAN2 e2helixboxer.
py". We manually picked two groups of particles for further data processing:
the first group was composed of all fibrils and the second group was composed
of wide fibrils. For the first group, particles were extracted in RELION using
the 90% overlap scheme into 1,024- and 288-pixel boxes. Classification, helical
reconstruction and three-dimensional (3D) refinement were used in RELION as
described”. For the first group of all particles, we isolated narrow fibrils during
two-dimensional (2D) classification and subsequently processed them as a separate
data set. 2D classifications of narrow fibril 1,024-pixel boxes were used to estimate
helical parameters. We performed 3D classification with the estimated helical
parameters for narrow fibrils and an elongated Gaussian blob as an initial model
to generate starting reconstructions. We ran additional 3D classifications using
the preliminary reconstructions from the previous step to select for particles
contributing to homogenous classes (stable helicity and separation of p-strands
in the x-y plane). Typically, we performed Class3D jobs with K=3 and manual
control of the tau_fudge factor and healpix to reach a resolution of ~5-6 A to select
for particles that contributed to the highest resolution class for each structure. We
employed Refine3D on a final subset of narrow fibril particles with 288-pixel box
size to obtain the final reconstruction. We performed the map-map Fourier shell
correlation (FSC) with a generous, soft-edged solvent mask and high-resolution
noise substitution in RELION PostProcess, resulting in a resolution estimate
of 33A.

We extracted particles from the wide fibril dataset using 1,024- and 686-pixel
boxes. 2D classifications of 1,024- and 686-pixel boxes were used to estimate
helical parameters. 2D classifications of 686-pixel boxes were used to further
isolate only wide fibril segments, since there were still some other fibril species that
were included due to the fact that we could not separate all fibril species perfectly
during manual picking. Once a homogenous set of wide fibrils was obtained
during 2D classification of 686-pixel boxes, we performed a 3D reconstruction
using an elongated Gaussian blob as an initial model. The asymmetry present in
the 686 box, 2D class averages of the wide fibril (Extended Data Fig. 2d) prompted
us to use a helical rise of 4.8 A and C1 symmetry, due to the fact that if a twofold
symmetry were present in the fibrils, 2D class averages would display a mirror
symmetry across the fibril axis. After an initial 2D model was generated for the
wide fibril, we re-extracted all tubes corresponding to those particles included in
the final subset of wide fibril 686-pixel boxes with a box size of 224 pixels. All 224-
pixel boxes were subjected to multiple rounds of 3D classification using the initial
686-pixel box wide fibril reconstruction as a reference. We refined the final subset
of particles using Refine3D to a resolution of 3.6 A. We performed resolution
estimation as described above for the narrow fibrils.

Atomic model building. We sharpened both the narrow and wide fibril
reconstructions using phenix.auto_sharpen™ at the resolution cut-off indicated by
the map-map FSC and subsequently built atomic models into the refined maps
with Coot”. We built the model for the narrow fibril de novo using previous
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structures of wild-type a-synuclein fibrils as guides. To build the wide fibril model,
we made a copy of one chain of the narrow fibril structure and rigid-body fit it into
the second protofilament density observed in the wide fibril reconstruction. This
resulted in the wide fibril being composed of one protofilament nearly identical

to the narrow fibril, and one protofilament with less ordered N and carboxy (C)
termini, therefore resulting in an asymmetric double protofilament structure.

For both narrow and wide fibrils, we generated a five-layer model to maintain
local contacts between chains in the fibril during structure refinement. We
performed automated structure refinement for both narrow and wide fibrils using
phenix.real_space_refine*’. We employed hydrogen bond distance and angle
restraints for backbone atoms participating in -sheets and side chain hydrogen
bonds during automated refinements. We performed comprehensive structure
validation of all our final models in Phenix.

Although we did not include coordinates in our final models for additional
residues that could occupy islands 1 and 2 neighboring protofilament A, because
we could not be certain which residues occupy those densities, we built several
speculative models (Extended Data Fig. 4). For island 2, we assumed that there
was a short disordered linker between residue 36 of protofilament A and island
2, resulting in the residues occupying island 2 forming a tight interface with
SGVLYVG* of the fibril core. We noticed that the sequence *KTKE* immediately
precedes the last ordered residue of protofilament A, G36. The sequence *KTKE*
often forms the bends that connect straight -strands in the ordered fibril core, so
we assumed that this sequence would be a good candidate to form the tight bend
that connects G36 to island 2. Therefore, we modeled in residues *VAEAAG®' into
island 2. These residues satisfied the requirements of having short, hydrophobic side
chains forming the tight interface with residues V38 and L40 from the fibril core.

For island 1, we assumed that the densities come either from the N terminus
of protofilament A or from the C terminus of protofilament B. For the former
case, we assume that there is a minimum of approximately eight residues that
are disordered between the end of island 2 and the beginning of island 1 (see
Extended Data Fig. 4). This is because there is 27 A between the end of island
2 (V26) and the beginning of island 1, and we assume a minimum of ~3.3 A
per residue. Therefore, we threaded eight residues at a time from the region
'MDVFMKGLSKAKEGVVAAA®" onto a f-strand backbone placed in the island 1
density to identify candidate octamers. While most sequences could not plausibly
occupy island 1, due to steric clashes with the preNAC region of the fibril core, or
due to glycine residues occupying positions where there were obvious side chain
densities, several candidate sequences were identified (Extended Data Fig. 3).

We followed a similar protocol to identify possible sequences from the C
terminus. In this case, we assume that these residues could come from either a
largely disordered protofilament B molecule in the narrow fibril or an ordered
protofilament B molecule as seen in the wide fibril (see Extended Data Fig. 3).
Here, we assume there is a minimum of ~15 residues from the last ordered residue
of the C terminus of protofilament B—since we assume a minimum of ~3.3 A per
residue and there is ~45 A between K97 of protofilament B and the beginning of
island 1 (see Extended Data Fig. 3). Therefore, we threaded all possible octamers
from the region "*ILEDMPVDPDNEAYEMPSEEGYQDYEPEA' onto a p-strand
backbone occupying island 1 to identify candidate sequences following the same
criterion as above.

We created the speculative model of an H50Q double protofilament containing
a homomeric preNAC interface by aligning a single chain from the H50Q narrow
protofilament with the helical axis of the wild-type ‘rod’ structure (6CU7) and
applying a pseudo-2(1) helical symmetry to generate a symmetrically related
second chain.

Energetic calculation. The stabilization energy is an adaptation of the solvation
free energy described previously’', in which the energy is calculated as the sum of
products of the area buried of each atom and its corresponding atomic solvation
parameter (ASP). ASPs were taken from our previous work’'. Area buried is
calculated as the difference in solvent accessible surface area (SASA) of the
reference state (that is, the unfolded state) and the SASA of the folded state. The
SASA of residue i of the unfolded state was approximated as the SASA of residue i
in the folded structure after removal of all other atoms except the main chain atoms
of residues i— 1 and i+ 1. The SASA of the folded state was measured for each
atom in the context of all amyloid fibril atoms. Fibril coordinates were extended by
symmetry by three to five chains on either side of the reported molecule, to ensure
the energetic calculations were representative of the majority of molecules in a
fibril, rather than a fibril end. To account for energetic stabilization of main chain
hydrogen bonds, the ASP for backbone N/O elements was reassigned from —9 to

0 if they participated in a hydrogen bond. Similarly, if an asparagine or glutamine
side chain participated in a polar ladder (two hydrogen bonds per amide), and
was shielded from solvent (SASAfolded < 5 A2), the ASPs of the side chain N and
O elements were reassigned from —9 to 0. Last, the ASP of ionizable atoms (in, for
example, Asp, Glu, Lys, His, Arg, N-terminal amine, or C-terminal carboxylate)
were assigned the charged value (—37/—-38), unless the atoms participated in a
buried ion pair, defined as a pair of complementary ionizable atoms within 4.2 A
distance of each other, each with SASAfolded < 40 A2). In that case, the ASP of the
ion pair was reassigned to —9. In the energy diagrams, a single color is assigned to
each residue, rather than each atom. The color corresponds to the sum of solvation
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free energy values of each of the atoms in the residue. The energy reported for
FUS in Table 2 is the average over 20 NMR models. The standard deviation is
1.8kcalmol~".

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All structural data have been deposited into the Protein Database (PDB) and the
Electron Microscopy Data Bank (EMDB) with the following accession codes: H50Q
narrow fibril (PDB 6PEO, EMD-20328) and H50Q wide fibril (PDB 6PES, EMD-
20331). All other data are available from the authors upon reasonable request.
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Extended Data Fig. 1| Fourier Shell Analysis. a) Helical reconstructions of Narrow and Wide Fibrils with minimum and maximum widths labeled. b) Gold-
standard half map FSC curves for Narrow (top, left) and Wide (top, right) Fibrils. Map-model FSC curve for Narrow and Wide Fibrils (bottom).
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Extended Data Fig. 2 | see figure caption on next page.
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Extended Data Fig. 2 | Cryo-EM images and processing. a) Cryo-EM micrographs and 2D class averages of Narrow (left) and Wide (right) Fibrils. Scale
bar =50 nm. b) 1024 and 288 pixel box size class averages of the Narrow Fibril used to determine crossover distance. 288 pixel box map projections
match 2D class averages. c) 686 pixel box size class averages used to determine crossover distance. 686 pixel box map projections match 2D class
averages. d) Wide Fibril class averages with a 320 pixel box demonstrate a lack of two-fold symmetry across the fibril axis.
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Extended Data Fig. 3 | see figure caption on next page.
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Extended Data Fig. 3 | Speculative Atomic Models for Islands 1and 2. a) Schematic illustrating possible sequences occupying Islands 1and 2. 8mers from
residues 1-19 and 112-140 were considered as possibilities to occupy Island 1. Island 2 is considered to consist of residues 26-31 followed by a disordered
linker formed by residues *KTKE?. b) Illustration of possible regions from either Protofilament A (left) or Protofilament B (right) that could occupy Island
1. Note that residues from the N-terminus of Protofilament A could account for Island 1in both the Narrow and Wide Fibril; however, only the Narrow

Fibril model is shown here. Island 2 is thought to be formed by the N-terminus of Protofilament A in both Narrow and Wide Fibrils. ¢) Speculative models
for Islands 1and 2. Check marks indicate plausible models while X's indicate implausible models. Island 1 models are from either the N-terminus of
Protofilament A (blue panels) or the C-terminus of Protofilament B (green panels). Examples of sequences that were found to not be allowed to occupy
Island 1 are shown with red dashed circles highlighting steric clashes or $-strand breaking proline residues.
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a
Bl H50Q Protofilament A
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Narrow Fibril Wide Fibril “ Wﬁy

Extended Data Fig. 4 | Alternate conformations of K58 and T59 and potential solvent molecules in the a-syn p-arch cavity. a) Wild-type and H50Q
fibrils display alternate conformations of K58 and T59. We note that in order for the Wide Fibril to form, T59 needs to be facing away from the fibril core.
Therefore the formation of the Wide Fibril is mutually exclusive with our wild-type rod polymorph. b) Environmental distances of putative water molecule
for Protofilament A and B in Wide Fibril and b) Protofilament A in Narrow Fibril.
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Energy per chain: 58 kcal/mol (H50Q Protofilament A + no Islands)
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Extended Data Fig. 5 | PreNAC homozipper Island 1 model and additional solvation energy maps. a) Speculative model of preNAC residues
S0QGVATVA®® occupying Island 1in Protofilament A. b) Atomic solvation map and energetic calculations for Protofilament A with Island 1 as *°QGVATVA%>*®
and Island 2 as °VAEAAG?'. ¢) Atomic energy solvation map for Wild-type rod polymorph (6cu7). Notice that K58 and T59 can have favorable
stabilization energies whether they are facing the solvent or facing the cavity in the B-arch.
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Extended Data Fig. 6 | Comparison of a-syn protofilament interfaces. a) Wide Fibril overview (left). **AEKTKEQV*®* homointerface with Wide Fibril
electron density (middle). SSAEKTKEQV®? homointerface showing a 2.4 A rise between mated strands from Protofilament A and Protofilament B and a
distance of 7.8 A between mated sheets of Protofilament A and B (right). b) Van der Waal's surface, buried surface area, and shape complementarity of
S8KTKE® homointerface, preNAC interface, and NACore interface.
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Extended Data Fig. 7 | see figure caption on next page.
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Extended Data Fig. 7 | H50Q disrupts the wild-type rod polymorph preNAC protofilament interface. a) Conformation of H50Q Protofilament A K45
and H50Q. b) Interaction of K45-H50-E57 in the wild-type rod polymorph protofilament interface. c) Hypothetical H50Q double protofilament using the
preNAC of Protofilament A as a steric zipper interface. Notice that the H50Q mutation disfavors the protofilament interface due to steric clashes with
E57. d) Hypothetical H50Q protofilament interface using preNAC of Protofilament B. Notice the steric clashes between H50Q and E57 at the hypothetical
protofilament interface as well as clashes of other parts of the protofilament with Protofilament A.
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Extended Data Fig. 8 | H50Q fibrils disrupt PC12 cell membranes more than WT fibrils. Differentiated PC12 cells were treated with sonicated WT and
H50Q fibrils and cell permeability was measured via LDH activity in the media (see Methods). H50Q leads to significantly higher cell permeabilization at
1000 and 2000 nM than WT a-syn. Error bars represent standard deviation of four independent experiments. **** = p-value < 0.0001. *** = p-value <
0.001. ns = p-value > 0.05. P-values were calculated using an unpaired, two-tailed t-test with a 95% Cl.
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6CU7 CryoEM (Li, et al., Nat. Comms. 2018) 6CU8 CryoEM (Li, et al., Nat. Comms. 2018)  2N08 ssNMR (Tuttle, et al., NSMB 2016)
RMSD all atom: 3.636 A RMSD all atom: 3.016 A RMSD all atom: 3.096 A
RMSD Ca: 4.504 RMSD Ca: 2.741 A RMSD Ca: 2.690 A

6H6B CryoEM (Guerrero-Ferreira, et al. Elife 2018) 6A6B CryoEM (Li, et al. Cell Research 2018)
RMSD all atom: 2.248 A RMSD all atom: 2.698 A
RMSD Ca: 2.141 A RMSD Ca: 4.607 A
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Extended Data Fig. 9 | Structural alignment of different wild-type and mutant «-syn polymorphs. a) Structural alignment of H50Q Protofilament A with
all wild-type structures determined thus far. b) Structural alignment of residues 50-57 in wild-type and mutant a-syn polymorphs reveals the kernel region
is largely conserved while tail regions, especially the N-terminus, adopt variable conformations.
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Protofilament B converts to Protofilament A
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Extended Data Fig. 10 | Schematic illustrating possible secondary nucleation of Protofilament B by Narrow Fibrils.
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Aggregation of a-synuclein is a defining molecular feature of Par-
kinson's disease, Lewy body dementia, and multiple systems atrophy.
Hereditary mutations in a-synuclein are linked to both Parkinson’s
disease and Lewy body dementia; in particular, patients bearing the
E46K disease mutation manifest a clinical picture of parkinsonism and
Lewy body dementia, and E46K creates more pathogenic fibrils
in vitro. Understanding the effect of these hereditary mutations on
a-synuclein fibril structure is fundamental to a-synuclein biology. We
therefore determined the cryo-electron microscopy (cryo-EM) struc-
ture of a-synudlein fibrils containing the hereditary E46K mutation.
The 2.5-A structure reveals a symmetric double protofilament in
which the molecules adopt a vastly rearranged, lower energy fold
compared to wild-type fibrils. We propose that the E46K misfolding
pathway avoids electrostatic repulsion between K46 and K80, a res-
idue pair which form the E46-K80 salt bridge in the wild-type fibril
structure. We hypothesize that, under our conditions, the wild-type
fold does not reach this deeper energy well of the E46K fold because
the E46-K80 salt bridge diverts a-synuclein into a kinetic trap—a
shallower, more accessible energy minimum. The E46K mutation ap-
parently unlocks a more stable and pathogenic fibril structure.

a-synuclein | Parkinson’s disease | Lewy body dementia | cryo-EM |
hereditary mutations

he group of diseases termed the synucleinopathies—Parkin-

son’s disease (PD), Lewy body dementia (LBD), and multi-
ple systems atrophy (MSA)—are thought to be caused by the
aggregation of a-synuclein (a-syn) into amyloid fibrils. The causal
relationship between the formation of amyloid fibrils of a-syn and
the synucleinopathies is supported by several observations. Ag-
gregated a-syn is a major component of Lewy bodies, the hallmark
lesion in PD and LBD, and the hallmark lesions of MSA (1, 2).
Hereditary mutations in a-syn are linked to familial forms of PD
and LBD (3). Overexpression of wild-type a-syn via dominantly
inherited duplications and triplications of the gene that encodes
a-syn, SNCA, are sufficient to cause PD (4-6). Further, the in-
jection of fibrils of a-syn into the brains of mice induced PD-like
pathology including Lewy body and Lewy neurite formation, cell-
to-cell spreading of Lewy body pathology, and motor deficits
similar to PD (7). Although it is never fully possible to establish
causation, these combined observations suggest the case is strong
for the linkage of aggregated a-syn to the synucleinopathies.

To gain a molecular level understanding of amyloid fibrils of
a-syn, we previously applied cryo-electron microscopy (cryo-EM)
to determine the near-atomic structures of fibrils of recombinantly
assembled a-syn (9). We observed two distinct structures—termed
the rod and the twister—that share a similar structural kernel
formed by residues 50 to 77 but differ in their protofilament in-
terfaces and flanking regions of the fibril core (Fig. 1B and SI
Appendix, Fig. S1 A and B; also see Fig. 4 B and C). The rod and
twister structures display amyloid polymorphism—the formation
of distinct fibril conformations by the same protein sequence.

www.pnas.org/cgi/doi/10.1073/pnas. 1917914117

Amyloid polymorphism has been observed in numerous other
amyloid-forming proteins, including the tau protein and amyloid-
B (7, 10-12). For tau protein, the different polymorphs observed
correspond to distinct diseases, namely Alzheimer’s, Pick’s dis-
ease, and chronic traumatic encephalopathy (7, 10, 11). Al-
though the structures of a-syn fibrils derived from human disease
brain tissue have not yet been determined, previous research has
shown that fibrils derived from PD have different biochemical
properties than fibrils from MSA, including differential seeding
activity and cell-type origin and infectivity, that may result from
the formation of distinct polymorphs in the two diseases (13).
Therefore, atomic structures of fibril polymorphs are key to both
basic understanding of amyloid protein structure and the de-
velopment of disease-specific therapeutics.

Although hereditary mutations offer a crucial link between a-syn
and disease, it is unknown how they might exert their effects. One
hypothesis is that hereditary mutations may encode new structures
of a-syn with enhanced pathogenicity. We note that new structures
formed as the result of hereditary mutations are not true
polymorphs—different structures adopted by the same protein
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A 36 * a-syn E46K 9
1] [ Jorenaq] [Nacore] TR 140
36 98
GVLYVGSKTK ‘GVVHGVATVAEKTKEQVTNVGGAVVTGVTAVAQKTVEGAGSIABATGEVKKD
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38 43 46 48,50 52 5758 64
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Wild-type Twister

Fig. 1. The E46K mutation leads to a repacked protofilament fold. (A) Primary and secondary structure of a-syn wild-type and E46K fibrils. PreNAC comprises
residues 47-56; NACore comprises residues 68-78 (8). Arrows indicate regions adopting p-strand conformation while other residues form loops and turns. The
E46K mutation lies N-terminal to the preNAC region. (B) Protofilament folds of the previously determined wild-type folds (rod and twister) and E46K pro-
tofilament fold determined here (9). Asterisks indicate the location of residue 46.

sequence. Instead, we label them as “quasi-polymorphs”—different
structures adopted by a protein pair with almost identical
sequences.

Several hereditary mutations in o-syn may result in the for-
mation of quasi-polymorphs. Mutations A30P, E46K, H50Q,
G51D, A53E, and A53T have all been discovered to result in
autosomal dominant synucleinopathies (3). Of these, E46K
seems to be the only hereditary mutation that manifests in a
clinical picture closer to LDB whereas other mutations are found
in the context of PD, suggesting that E46K may have a unique
effect on the structure of amyloid fibrils of a-syn (14). Indeed,
solid state NMR studies of a-syn E46K show large chemical shift
differences relative to wild-type fibrils, suggesting large scale
rearrangements in the fibril structure as a result of the E46K
mutation (15).

Consistent with the evidence that E46K alters a-syn fibril
structure and disease manifestation, E46K has been shown to
increase the pathogenicity of a-syn fibrils compared to wild-type.
In vitro studies have shown that E46K results in an increase in
a-syn’s phospholipid binding ability and an enhancement of fibril
formation (16). In addition, E46K promotes higher levels of
aggregation in cultured cells relative to wild-type, A53T, and
A30P a-syn (17). Further, others have found that a-syn bearing
E46K is more toxic to rat primary neurons compared to wild-
type, A30P, and AS3T (18).

Three previous structures of full-length wild-type non-
acetylated as well as three structures of acetylated full-length and
C-terminally truncated a-syn reveal that E46 participates in a
conserved salt bridge with K80 (SI Appendix, Fig. S14) (9, 19-22).
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The E46K mutation must eliminate this salt bridge due to electrostatic
repulsion that disfavors the proximity of K46 to K80, potentially
leading to a different fibril structure (quasi-polymorph). A struc-
tural difference such as this may help explain the altered bio-
chemical properties and solid state NMR (ssNMR) chemical shifts
of E46K a-syn fibrils. Therefore, we sought to determine the
structure of a-syn fibrils containing the E46K hereditary mutation.
We find that the E46K mutation produces a homogenous sample
composed of a single species whose structure differs radically from
structures determined thus far. Consistent with prior studies
demonstrating increased pathogenicity of E46K a-syn, we also find
that E46K fibrils are more powerful seeds in a-syn HEK293T
biosensor cells and more strongly impair mitochondrial activity in
PC12 cells. Combining structural, energetic, and biochemical
analysis, we attempt to understand the structure—function re-
lationship of a-syn fibrils.

Results

Cryo-EM Structure Determination and Architecture of E46K «-Syn
Fibrils. We purified a-syn bearing the E46K hereditary mutation
and generated amyloid fibrils using the same growth conditions
as in our previous studies (9). We then optimized cryo-EM
grids of E46K fibrils and imaged them at 165,000x magnifica-
tion on an energy-filtered Titan Krios equipped with a K2
Summit direct electron detector operating in superresolution
mode. We also took advantage of image shift induced-beam tilt
correction in SerialEM to maintain coma-free alignment during
data collection (23). Using helical refinement procedures in
Relion 3.0, we obtained a 2.5-A resolution reconstruction of
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E46K a-syn fibrils (Fig. 2 A-E, SI Appendix, Figs. S2 A-C and
S3, and Table 1).

The high resolution allowed us to confidently assign side chain
rotamer and carbonyl positions, confirming the left handedness
and the internal C, symmetry of the helical reconstruction, and
to build an unambiguous atomic model de novo (Fig. 2 B-E, S
Appendix, Fig. S3, and Materials and Methods). We were also able
to visualize water molecules hydrogen bonded to polar and
charged side chains such as threonine, serine, and lysine, as well
as to backbone carbonyl oxygen atoms (Fig. 2 D and E and SI
Appendix, Fig. S3). The atomic model reveals that the E46K fi-
brils are wound from two protofilaments formed by ordered
residues Gly36 to Asp98 that come together at a “wet” two-fold
symmetric interface formed by residues K45-E57 (Figs. 2 B and
C and 34).

Comparison of E46K and Wild-Type «-Syn Protofilament Folds.
Overall, the E46K mutation leads to a different protofilament
fold than the previously observed wild-type rod and twister
structures, resulting in a quasi-polymorph of a-syn. Fig. 1 4 and
B compares the secondary and tertiary structure of the E46K
fibril with the wild-type rod and twister. Both the rod and twister
form a similar structural kernel comprised of residues 50 to 77, in
which B-strands (3, p4, and p5 in the rod and 2, p3, and p4 in the
twister form a bent p-arch (Fig. 2). The twister has fewer ordered
residues at the N and C termini of its fibril core compared to the
rod (Fig. 1 A and B and SI Appendix, Fig. S1). The C-terminal
residues in the rod structure form a Greek key-like fold comprising
BS, p6, B7, and 8. However, in the E46K structure, the kernel and
Greek key are not maintained, and a different packing arrange-
ment is formed. This is likely due to the E46K mutation disrupting
the wild-type E46-K80 salt bridge, allowing a rearrangement of the

Pitch ~800 A

backbone (Fig. 2B). Interestingly, K80 is now buried in the fibril
core although we visualize an ordered molecule binding to the
primary amine of the K80 side chain, suggesting that an extensive
hydrogen bond network may help to counteract the apparent un-
favorable placement of this polar, charged residue within the fibril
core. Without the constraint of the E46-K80 salt bridge, a different
set of residues form sheet—sheet interfaces within the protofila-
ment (Fig. 2). Now tightly mated heterozippers are formed by
B-strands B1 and p6, f3 and P4, and a roughly triangular-shaped
bent p-arch fold is formed by p4, pS, p6, and p7 (Fig. 1).

SI Appendix, Fig. S4 A-C helps to visualize the changes in
interacting residues among the structures by displaying all pair-
wise interactions found within the protofilaments of wild-type
and E46K quasi-polymorphs. This analysis of pairwise interac-
tions not only codifies the differences in sets of interacting res-
idues between the wild-type and E46K structures but also clearly
reveals that the E46K structure has more interacting residues
than its wild-type counterparts. Correspondingly, each chain
within the E46K protofilament has a greater buried surface area
than wild-type structures (7,944 A? for E46K; 7,605 A2 for wild-
type rod; 5,082 A? for wild-type twister). In line with this ob-
servation, energetic analysis indicates that the E46K structure
has a lower standard free energy (greater stabilization) than wild-
type structures (SI Appendix, Fig. S1 A-C and Table 2). To verify
the energy estimate, we performed a sodium dodecyl sulfate
(SDS) denaturation assay where both wild-type and E46K fibrils
were incubated with various concentrations of SDS at 37 °C
followed by thioflavin-T (ThT) fluorescence measurements. Our
results demonstrate that E46K fibrils are more resistant to
chemical denaturation than wild-type fibrils, consistent with our
energetic calculation suggesting that E46K fibrils are more stable
than wild-type fibrils (SI Appendix, Fig. S5B).

Fig. 2. Overview of E46K cryo-EM structure. (A) E46K fibril side view demonstrating a pitch of ~800 A. (B) Cross-sectional view of one layer of the E46K fibril.
The fibril is wound from two identical protofilaments related by a two-fold rotational symmetry axis. The E46K protofilament contains ordered residues 36 to
98. (C) Tilted view of E46K fibril cross-section demonstrating the stacking of identical layers. (D and E) Representative side chain and backbone densities
highlight resolution of reconstruction and good map-to-model agreement. (D) Coulombic potential map of 11e88 and Thr92. An ordered water molecule is
bound to the oxygen of the threonine side chain. (E) Coulombic potential map of representative backbone (GIn79-Val82) and side chain amide hydrogen

bonding (GIn62).
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Table 1. Cryo-EM data collection, refinement, and validation
statistics

Name E46K a-syn
PDB ID 6UFR
EMDB ID EMD-20759
Data collection
Magnification x165,000
Defocus range, pm 0.75-3.37
Voltage, kV 300
Camera K2 summit (quantum LS)
Frame exposure time, s 0.2
No. of movie frames 30
Total electron dose, e /A2 36
Pixel size, A 0.838
Reconstruction
Box size, pixels 400
Interbox distance, A 335
No. of micrographs collected 3,078
No. of segments extracted 210,593
No. of segments after Class2D N/A
No. of segments after Class3D 114,260
Resolution, A 25
Map sharpening B-factor, A2 -140
Helical rise, A 4.85
Helical twist, ° 178.92
Point group G
Atomic model
No. of nonhydrogen atoms 4330
No. of protein residues 630
rmsd bonds, A 0.012
rmsd angles, ° 0.958
Molprobity clashscore, all atoms 4.36
Molprobity score 1.64
Poor rotamers, % 0
Ramachandran outliers, % 0
Ramachandran allowed, % 6.6
Ramachandran favored, % 93.4
Cp deviations > 0.25 A, % 0
Bad bonds, % 0
Bad angles, % 0

Information for number of segments after Class2D is not available as only
Class3D was performed for 400 pixel box segments (Materials and Methods)

A key difference between E46K and wild-type structures is
their pattern of electrostatic interactions. The E46K fibril core
has a greater number of charged pairs (interacting pairs of glu-
tamate and lysine), creating a more balanced set of electrostatic
interactions despite having a higher net charge than the wild-type
fibrils (Fig. 3 A-C). This results from the E46K structure con-
taining four electrostatic triads per layer featuring residues K45-
E57-K58 and K60-E61-K96 while the wild-type rod and twister
structures both contain only two electrostatic zippers featuring
residues E46-K80 and ES57-KS58, respectively (Fig. 3 A-C).
Therefore, in line with the observation above that the E46K
structure has overall more interresidue contacts, a higher buried
surface area, and a lower free energy than wild-type, it also has a
richer set of electrostatic interactions.

Interestingly, although the wild-type and E46K structures
differ, many residues adopt similar secondary structures. For
instance, p-strand interrupting loops and turns are formed by
KTKE pseudorepeats (residues 43 to 46, 58 to 61, and 80 to 83)
and glycines (residues 51, 67 to 68, 73, 84, and 93) while other
residues form p-strands (Fig. 1 4 and B). Indeed, if one com-
pares the structures in Fig. 1B, especially the wild-type rod and
E46K, loops and turns between p-strands often lead to a similar
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change in chain direction. For example, turns between p3 and p4
(right turn), p4 and p5 (right turn), p5 and 6 (left turn), p6 and
B7 (left turn), and p7 and P8 (right turn) change the chain in
generally similar manners. However, there are differences in the
extent and radii of the turns that generate the structural diversity
seen in the structures. For instance, the turn between p3 and p4
leads to an ~90° turn in the rod and an ~180° turn in the E46K
structure. Also, the turn between p4 and B5 leads to an ~180°
turn in the rod and an ~100° turn in the E46K structure. These
observations highlight the critical importance of turn and loop
regions in generating amyloid polymorphism.

Electrostatic Zippers Constitute the E46K Protofilament Interface.
Despite having a tighter protofilament fold that buries more
surface area, the interface between E46K protofilaments con-
tains fewer contacts than those in the wild-type rod and twister
structures (Fig. 4 A-C). Instead of the two protofilaments
meeting at a classical steric zipper interface in which beta-sheets
from each protofilament tightly mate with interdigitating side
chains excluding water, the E46K structure forms a largely
solvent-filled interface spanning residues 45 to 57 (buried surface
area = 47.3 A%). This is in contrast to the dry, steric zipper-like
interfaces formed by the preNAC (residues 47-56, buried surface
area = 91.7 A?) and NAC (residues 68-78, buried surface area =
65.3 A?) residues in the wild-type rod and twister, respectively.
Although most residues are too far apart to interact in the E46K
interface, two electrostatic zippers form on either side of the in-
terface (Fig. 44). Electrostatic zippers have previously been ob-
served to enable counterion-induced DNA condensation whereby
anionic phosphates and cations such as Mn>* and spermidines
alternate along the length of the DNA-DNA interface forming a
“zipper” that “fastens” the molecules together (24). In the E46K
protofilament interface, electrostatic zippers consist of carboxylate
anions of E57 interleaving with the K45 side chain aminium cat-
ions, fastening the two protofilaments together (Fig. 44). This
interaction is not only repeated twice per protofilament interface
due to the two-fold helical symmetry but extends for thousands of
layers along the fibril axis. We note that the staggered nature of
the electrostatic zipper leaves unpaired charges on both the top
and bottom of the fibril, potentially attracting additional mono-
mers to add to the fibril through long-range electrostatic interac-
tions. We also observe that no single protofilaments were detected
during class averaging, indicating that, despite its relative lack of
interactions across the protofilament, the E46K interface is ap-
parently strong enough to consistently bind together the two
protofilaments of the fibril.

E46K Fibrils Are More Pathogenic than Wild-Type. We wondered if
the differences in structure between the E46K and wild-type fi-
brils resulted in differences in biochemical properties. Therefore,
we first examined the ability of sonicated E46K and wild-type
fibrils to seed endogenously expressed o-syn-AS3T-YFP in
HEK?293T biosensor cells (25). If seeding occurs, normally dif-
fuse a-syn-AS3T-YFP will aggregate into discrete puncta, which
can be counted and used as a robust measure of seeding. Our
results indicate that, at most concentrations tested, E46K fibrils
are significantly more powerful seeds than wild-type fibrils (Fig.
5A). Whereas the biosensor cell assay supports that E46K fibrils
are better seeds than wild-type fibrils, the biosensor cells express
a-syn-A53T-YFP, and not wild-type a-syn. In addition, differ-
ences in lipofectamine uptake may influence which fibril species
is able to induce more seeding in the biosensor cell assay.
Therefore, in order to directly examine whether E46K fibrils can
seed wild-type protein more strongly than wild-type fibrils, we
next tested the seeding ability of E46K fibrils in an in vitro assay
(SI Appendix, Fig. S5A4). Similar to the biosensor cell assay, E46K
fibrils were more efficient than wild-type fibrils in seeding growth
of wild-type a-syn (SI Appendix, Fig. SSA). Further, the different
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Electrostatic residues and interactions of wild-type and E46K fibrils. (A) Overview of E46K quasi-polymorph fold with charged and ionizable residues

shown (Top). Top and side view of the K45-E57-K58 and K60-E61-K96 electrostatic triads (Bottom). The E46K fibril core has a net charge of +11 per layer (2 x 8
lysine per chain + 2 x 1/2 histidine per chain - 2 x 3 glutamate per chain) and eight charged pairs per layer (2 x K45-E57 + 2 x E57-E58 + 2 x K60-E61 + 2 X E61-
K96). (B) Overview of the wild-type rod polymorph fold with charged and ionizable residues shown (Top). Top and side view of the E46-K80 salt bridge
(Bottom). The wild-type rod fibril core has a net charge of +7 per layer (2 x 7 lysine per chain + 2 x 1/2 histidine per chain - 2 x 4 glutamate per chain) and two
charge pairs per layer (2 x E46-K80 per chain). (C) Overview of wild-type twister polymorph fold with charged and ionizable residues shown (Top). Top and
side view of the E57-K80 salt bridge (Bottom). The wild-type twister fibril core has a net charge of +3 per layer (2 x 5 lysine per chain + 2 x 1/2 histidine per
chain - 2 x 4 glutamate per chain) and two charge pairs per layer (2 x E57-K58 per chain). Asterisks denote the location of residue 46. A red x denotes the

location of the ordered water molecules hydrogen bonding to K80 in the E46K structure.

ThT binding ability of wild-type fibrils either grown without
seeds or with wild-type seeds compared to wild-type fibrils
seeded by E46K fibrils suggests that seeding by E46K fibrils can
induce a different wild-type fibril structure, possibly one similar
to the E46K fibril structure (SI Appendix, Fig. S54). This is
similar to what is seen in Watson and Lee where both non-
acetylated and acetylated a-syn form fibrils to the same extent,
yet acetylated a-syn has a substantially lower ThT signal (26). We
also observe that unseeded E46K has a longer lag phase than
unseeded wild-type a-syn; we speculate why E46K may form fi-
brils more slowly than wild-type in Discussion.

We next compared the ability of E46K and wild-type fibrils to
impair mitochondrial activity of differentiated neuron-like rat
pheochromocytoma (PC12) cells as a proxy for comparing cy-
totoxicities (27, 28). We observe significantly impaired mito-
chondrial activity by lower concentrations of E46K fibrils than of
wild-type fibrils (Fig. 5B). Consistent with previous results
showing increased aggregation in SH-SYS5Y cultured cells, and
higher toxicity to rat primary neurons, our results indicate that

Boyer et al.

the structure formed by E46K fibrils is more pathogenic than
wild-type (16-18).

Discussion

Structural Differences Help Explain Enhanced Pathogenicity of E46K
a-Syn Fibrils. The structural differences between E46K and wild-
type fibrils help rationalize the differences in biochemical
properties we observe. First, we have shown an increased seeding
efficiency of E46K fibrils compared to wild-type in HEK293T
biosensor cells and in vitro (Fig. 54 and SI Appendix, Fig. S5A4).
This difference may arise from the stronger electrostatic tem-
plating mechanism of E46K fibrils than wild-type fibrils: There
are four electrostatic triads per layer in the E46K fibril structure
compared to two E46-K80 salt bridges in the wild-type rod
structure and two ES57-K80 salt bridges in the wild-type twister
structure, and each one of them forms a staggered electrostatic
zipper, with overhanging, unsatisfied charges (Fig. 3 4 and C).
Since all of these electrostatic residues are present in the a-syn-
AS3T-YFP construct in the biosensor cells and in wild-type a-syn

PNAS Latest Articles | 5 of 11

59

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY



Downloaded at UCLA on February 3, 2020

Table 2. Comparative solvation energies

Atomic solvation standard free energy
of stabilization, kcal/mol

Fibril structure Per layer Per chain Per residue
E46K -73.8 -36.9 -0.59
WT cryo-EM rod (6CU7) -59.6 -29.3 -0.49
WT cryo-EM twister (6CU8) -25.0 -12.5 -0.30
Tau PHF (530L) -62.8 -31.4 -0.43
Tau pick’s (6GX5) -44.8 -44.8 -0.48
Tau CTE type | (6NWP) -67.4 -33.7 -0.48
TDP-43 SegA-sym (6N37) -34.2 =171 -0.47
Serum amyloid A (6MST) —68.8 -34.4 -0.65
FUS (5SW3N) -12.2 -12.2 -0.20

used in the in vitro assay, it is plausible that the electrostatic
triads in the E46K fibril guide a-syn monomers to the ends of
EA46K fibrils through long-range electrostatic attraction. Second,
the E46K fibril has a different set of ordered surfaces than wild-
type fibrils, which may lead to a different set of interacting
partners in the cellular milieu. It has previously been shown that
aggregates of polyQ can siphon essential proteins into amyloid
inclusions and that overexpression of these essential proteins can
help alleviate toxicity and reduce aggregate size, presumably by
rendering fibrils inert by coating their surface (29). In this way,
the different ordered surfaces of E46K fibrils may interact more
strongly than wild-type fibrils with certain essential proteins in
the cell (for instance, those involved in mitochondrial homeo-
stasis), and this may help to explain the greater reduction in
mitochondrial activity we observe (Fig. 5B).

Amyloid Polymorphism. The differences in biological activity as-
sociated with structural differences between mutant and wild-
type fibrils highlight the relevance of amyloid polymorphism to
disease. Hereditary mutations may represent one important in-
fluence over the formation of different amyloid polymorphs.
Here, we learn that the E46K hereditary mutation leads to a
distinct a-syn quasi-polymorph by facilitating a large rearrange-
ment in fibril structure, including a repacked protofilament fold
and a protofilament interface. Furthermore, additional recent
cryo-EM studies have captured yet another quasi-polymorph of
E46K a-synuclein fibrils, which is different still from our own
E46K fibril structure (30). The polymorphism displayed by E46K
is reminiscent of modal polymorphism, first introduced by Cas-
par and Cohen (31), whereby identical units have different dis-
positions in different assemblies (in other words, two fibril
structures of the same protein adopt different structures). Al-
though wild-type and E46K fibrils are not strictly modal poly-
morphs because of the difference in sequence at one amino acid
position and hence we refer to them as quasi-polymorphs, it has
recently been shown that, under different buffer conditions from
our own, the wild-type sequence can indeed form a structure—
termed polymorph 2a—similar to the E46K structure de-
termined here (32). This is consistent with the solvent-facing
orientation of side chain 46 in the E46K structure, thereby
compatible with either the negatively charged wild-type gluta-
mate or the positively charged mutant lysine.

The vast difference in structure between the wild-type and
E46K fibrils due to a change at a single amino acid position, or a
change in fibril growth buffer conditions (32), highlights the large
degree of sensitivity of a-syn fibril assembly to certain interac-
tions. This vulnerability to large-scale rearrangements due to
small changes in protein sequence or fibril growth environment
reveals that the fibril misfolding landscape for a-syn is flat with
many local minima (33). Here, a single amino acid change, the
E46K mutation, shifts the fibril misfolding pathway of a-syn to a
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different minimum in the folding landscape. Energetic analysis
reveals that the E46K quasi-polymorph is significantly more
stable than the wild-type folds (—0.59 kcal/mol/residue for E46K
vs. —0.49 kcal/mol/residue for wild-type rod and —0.30 kcal/mol/
residue for wild-type twister) (Table 1). This calculation, along
with the fact that the wild-type sequence has been shown to be
able to adopt the E46K structure (32), prompts the question why
the wild-type sequence does not always form the more stable
E46K structure?

Kinetic Factors That Influence Amyloid Structure. The predominance
of one amyloid polymorph over another depends on stochastic
nucleation events and kinetically driven growth processes, per-
mitting less stable polymorphs in a sample to dominate if they
form and replicate quicker than more stable polymorphs (34).
We hypothesize that the formation of the E46-K80 salt bridge
observed in all structures of the wild-type rod polymorph de-
termined thus far is an early event in the fibril formation path-
way, occurring in the transition state between prefibrillar and
fibrillary structures, that lowers the energy barrier to forming the
rod structure (9, 19, 20). In other words, the early formation of
the E46-K80 salt bridge may divert a-syn into a kinetic trap. By
constraining the residues connecting Glu46 and Lys80 to adopt a
specific conformation that allows Glu46 and Lys80 to maintain
their proximity, the E46-K80 salt bridge shifts the misfolding
pathway away from the E46K structure and toward the rod
structure, thus enforcing the formation of the less stable struc-
ture. This salt bridge could be one contributing factor to the
observation of the similar kernels formed by residues 50 to 77
observed in wild-type rod structures (9, 19, 20). The mutation of
residue 46 to lysine via the E46K hereditary mutation eliminates
the potential to form the E46-K80 salt bridge. This raises the
energy barrier to forming the rod and diverts a-syn to a different
misfolding pathway, resulting in the more energetically stable
E46K structure. These ideas are summarized in Fig. 6, which
imagines the misfolding landscape of the a-syn rod and E46K
quasi-polymorphs (we label the structure on the right the
“compact” polymorph in order to avoid confusion as both E46K
and other sequences could adopt this fold). This folding land-
scape is also consistent with our results that E46K a-syn aggre-
gates more slowly than wild-type (SI Appendix, Fig. S54) given
that the transition state for the wild-type sequence to form the
rod structure is predicted to be lower than the transition state for
the E46K sequence to form the compact polymorph (Fig. 6).
To date, no other studies of wild-type or mutant a-syn have
revealed the twister polymorph we determined in our initial cryo-
EM study (9). It is especially surprising that E46K a-syn does not
form the twister structure given that it was predicted that E46K
would result in a favorable interaction with E83 in the twister
conformation (9). We speculate that—given the role of kinetics in
selecting amyloid polymorphs—the twister polymorph may be the
result of a stochastic nucleation event leading to a rare fibril
polymorph. Therefore, the twister structure may not be easily
reproducible when mutations are added or buffer conditions (in-
fluence of fibril growth conditions discussed below) are changed,
thereby providing an explanation for why we and others have not
recapitulated the twister structure in more recent studies.

Growth Conditions That Influence Amyloid Structure. That the wild-
type sequence can also adopt the E46K fold adds complexity to
the argument that the formation of the E46-K80 salt bridge is an
early event in fibril formation that determines the resulting fibril
structure (32). Clearly, there are other factors at play. One such
consideration is the role of the fibril growth environment.
Guerrero-Ferreira et al. note that the juxtaposition of multiple
positively charged lysines at positions 43, 45, and 58 seen in the
wild-type rod structures may be allowed only in the presence of
poly-anionic counter charges, such as phosphate (32). They

Boyer et al.



Downloaded at UCLA on February 3, 2020

Wild-type Rod
(PreNACore)
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C Wild-type Twister
(NACore)
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Shape Complementarity: 0.83

Buried Surface Area: 91.7 A2
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Fig. 4. Comparison of protofilament interfaces of E46K and wild-type fibrils. (A) The E46K quasi-polymorph forms a two-fold symmetric protofilament
interface comprised of residues Lys45-Glu57. The interface is largely solvent-filled and is held together by electrostatic interaction of Lys45 and Glu57 at both
ends of the interface. The Lys45-Glu57 salt bridge is repeated along the length of the fibril, creating an electrostatic zipper. (B) The wild-type rod polymorph
forms a pseudo-2, symmetric dry steric zipper interface comprised of residues His50-E57 from the preNAC region (residues 47-56). (C) The wild-type twister
polymorph forms a pseudo-2; symmetric dry steric zipper interface comprised of residues Val66-Ala78 from the NACore (residues 68-78). In all panels, the

single asterisk indicates the location of residue 46.

observe that the removal of phosphate from the buffer condi-
tions disallows this juxtaposition of lysine residues, facilitating
the formation of the E46K-like polymorph they term 2a. This
finding emphasizes again the sensitivity of a-syn fibril structure
to perturbations in sequence or growth environment and that
both of these factors play a role in producing varied folds. Fur-
ther, our cross-seeding experiments demonstrating that E46K
fibrils can seed wild-type monomer and the fact that the resulting
fibrils have different ThT binding ability compared to unseeded
wild-type—indicative of a different underlying structure—sug-
gests that the E46-K80 salt bridge can also be disrupted by
templated aggregation with seeds of a different structure (S/

Boyer et al.

Appendix, Fig. S54). Together, these findings indicate that the
force exerted by the E46-K80 salt bridge is relatively small and
can be overcome by different buffer conditions or templated
aggregation. However, these small forces have a large influence
in selecting the polymorph because they are exerted early in the
aggregation pathway.

Interestingly, Guerrero-Ferreira et al. also reconstruct a low-
resolution density map of E46K a-syn grown in phosphate buffer
that resembles the 2a polymorph and our E46K structure de-
termined here (32). This is identical to the buffer they used
previously to grow fibrils of wild-type, C-terminally truncated a-syn
that produced a rod polymorph similar to the one we determined
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with Sonicated Fibrils
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Fig. 5. Biochemical analysis of E46K vs. wild-type fibrils. (A) Fibrils of E46K
and wild-type o-syn were sonicated and transfected into HEK293T a-syn-
AS53T-YFP biosensor cells, and aggregation is measured by the normally
soluble and diffuse intracellular a-syn-A53T-YFP forming discrete puncta,
which are then quantified through fluorescent image analysis (25). At all
concentrations but 20 nM, E46K fibrils are significantly more powerful seeds
than wild-type fibrils. Error bars represent the SD of four technical replicates.
(B) In order to assay the toxicity of E46K and wild-type fibrils, we treated
PC12 cells with sonicated fibrils and measured mitochondrial activity with an
MTT assay (27, 28). E46K fibrils require a lower concentration to significantly
impair mitochondrial activity compared to wild-type fibrils. Error bars rep-
resent the SD of 7 to 14 technical replicates. ****P value < 0.0001. ***P
value < 0.001 *P value < 0.05 ns, P value > 0.05. P values were calculated
using an unpaired, two-tailed t test with a 95% Cl.

(9, 19). This is similar to the case we describe here in which we grow
EA46K fibrils using identical buffer conditions as those used to grow
fibrils of the wild-type rod polymorph, and the E46K mutation re-
sults in a different fold. Taking these results together, this implies
that, under identical buffer conditions, E46K acts as a switch to shift
the fibril folding pathway, likely through the disruption of the E46-

Barrier increased by 46

A K46-K80 electrostatic repulsion 8380

Barrier lowered by

E46-K80 salt bridge

Energy

Rod polymorph

Compact polymorph

K80 kinetic trap discussed above, thereby unlocking a more stable
polymorph.

Initial studies examining the effect of the E46K mutation on
recombinantly assembled a-syn fibrils further emphasize the
importance of fibril growth conditions on selecting polymorphs.
Whereas we find that E46K a-syn forms fibrils more slowly than
wild-type a-syn (SI Appendix, Fig. S54), Choi et al. found that
the E46K mutation accelerates a-syn fibril formation (16).
However, the fibrils formed in their study appear to have a dif-
ferent morphology than our E46K fibrils (16). Specifically, the
E46K fibrils prepared under their conditions have a faster twist
and greater variation in width along the fibril, indicative of a
different underlying molecular structure. This distinction is most
likely due to the differences in buffer conditions between our two
preparations: Choi et al. (16) grew their fibrils in Mops buffer
whereas we grow our fibrils in water and tetrabutylphosphonium
bromide, a fibrillation agent we identified in our initial screening
to identify wild-type fibrils suitable for cryo-EM structure de-
termination (9). The observed differences in fibril morphology
and aggregation kinetics again highlight the sensitivity of a-syn
fibrillation to growth conditions and hints at the ability of E46K
a-syn to form still further polymorphs not determined in
this work.

The Folding Landscape of Amyloid Proteins. As mentioned above,
amyloid polymorphism is likely due to a flat protein folding
landscape in which many local minima exist. This landscape
contrasts with that of most proteins whose sequences have
evolved to encode one structure with the lowest free energy in a
funnel-shaped protein folding landscape (33, 35). The prodigious
polymorphism observed not only in a-syn structures determined
in our work but in other amyloid structures hints that evolution

Barrier independent of charge on residue 46

= = = Not Observed
= Observed

Wild-type
E46K

Y

Conformation

Fig. 6. Proposed misfolding landscape of a-syn rod and compact polymorphs. The E46-K80 salt bridge of the wild-type sequence (A) lowers the transition-
state barrier to the rod polymorph. Thus the salt bridge kinetically favors formation of the rod polymorph, rather than the hypothetical, compact wild-type
structure (B). That is, the compact polymorph we observe here is not observed for the wild-type sequence because the E46-K80 salt bridge acts as a kinetic
trap, diverting the sequence to fold into the rod structure. The E46K mutation thereby serves to raise the transition state energy of forming the rod
polymorph via electrostatic repulsion between K46-K80 (C), thus facilitating the formation of the compact polymorph (D).
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has not played a role in specifying pathogenic amyloid structures.
Therefore, many factors, such as concentration and intrachain
interactions, may guide the sequence to forming a nonevolved
structure. The E46-K80 salt bridge may represent one of these
intrachain interactions that diverts wild-type a-syn into a local
energy minimum (i.e., a kinetic trap), and the E46K hereditary
mutation unlocks this constraint, allowing a more stable struc-
ture to form.

The release of local constraints leading to lower free energy
structures could be a mechanism by which other hereditary
mutations operate as well. This hypothesis is in line with our
previous studies showing that pathogenic mutations and post-
translational modifications can lead to more stable amyloid as-
semblies (36-38). That work was done on shorter peptide
segments, however, and may not have captured all of the inter-
actions present in a full-length amyloid fibril. Therefore, future
work is needed to compare structures of full-length wild-type and
hereditary mutant or posttranslationally modified amyloid fibrils
to identify the possible mechanisms by which hereditary muta-
tions and posttranslational modifications (PTMs) can alter am-
yloid protein pathogenicity. We have previously shown that the
H50Q hereditary mutation alters a-syn’s protofilament assembly,
resulting in more pathogenic fibrils—a first step in understand-
ing the role of hereditary mutations in fibril structure and activity
(39). Recently, a pair of studies demonstrated that N-terminally
acetylated a-syn has different ThT binding ability and different
seeding properties compared to nonacetylated o-syn although
the structures of nonacetylated and acetylated a-syn fibril cores
remain largely similar (21, 26). Further, ssNMR studies of a-syn
hereditary mutants A30P, which lies outside the fibril core of
a-syn structures determined to date, and AS3T, which lies at the
protofilament interface of wild-type rod polymorphs, suggest
only local perturbations compared to the wild-type fibril struc-
ture (15, 40). Also, hereditary mutations in transthyretin have
been discovered that serve to destabilize transthyretin’s native
fold, thereby promoting fibril formation (41). Together, these
data indicate that other modes of mutationally or PTM-encoded
pathogenicity may exist, including effects localized to regions
outside the fibril core or effects on the monomeric protein
structure. Indeed, PTMs such as phosphorylation, oxidative stress,
and truncation, have varying effects on a-syn aggregation and
toxicity (42).

Conclusion

In summary, we have determined a 2.5-A resolution re-
construction of recombinantly assembled E46K a-syn fibrils that
provides the atomic structure of this hereditary mutation initially
discovered in a family with a clinical diagnosis of parkinsonism
and Lewy body dementia (14). The fibril structure of E46K a-syn
greatly differs from, and has a lower free energy than, wild-type
structures, and we attempt to use the structure to rationalize its
higher seeding capacity and mitochondrial impairment com-
pared to wild-type. We posit that, due to fibril a-syn’s unevolved
nature, the E46-K80 salt bridge in wild-type fibrils represents a
local constraint that prevents the formation of the lower free en-
ergy fibril fold; E46K alleviates this constraint, allowing refolding
to a more stable structure. The release of local constraints to allow
repacking into more stable, pathogenic fibrils may be a mechanism
by which other hereditary mutations operate in a-syn and other
amyloid proteins.

Materials and Methods

Protein Purification. Full-length a-syn wild-type and E46K mutant proteins
were expressed and purified according to a published protocol (9). Trans-
formed bacteria were induced at an OD600 of ~0.6 with 1 mM IPTG for 6 h
at 30 °C. The bacteria were then lysed with a probe sonicator for 10 min in
an iced water bath. After centrifugation, the soluble fraction was heated in
boiling water for 10 min and then titrated with HCl to pH 4.5 to remove the
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pellet. After adjusting to neutral pH, the protein was dialyzed overnight
against Q Column loading buffer (20 mM Tris-HCl, pH 8.0). On the next day,
the protein was loaded onto a HiPrep Q 16/10 column and eluted using
elution buffer (20 mM Tris-HCl, 1 M NaCl, pH 8.0). The eluent was concen-
trated using Amicon Ultra-15 centrifugal filters (10 NMWL; Millipore Sigma)
to ~5 mL The concentrated sample was further purified with size-exclusion
chromatography through a HiPrep Sephacryl S-75 HR column in 20 mM Tris,
pH 8.0. The purified protein was dialyzed against water, concentrated to
3 mg/mL, and stored at 4 °C. The concentration of the protein was de-
termined using the Pierce BCA Protein Assay Kit (cat. No. 23225; Thermo
Fisher Scientific).

Fibril Preparation and Optimization. Both wild-type and E46K fibrils were
grown under the same condition: 300 pM purified monomers, 15 mM tet-
rabutylphosphonium bromide, shaking at 37 °C for 2 wk.

Fibril Seeding Aggregation in Cells. We performed the biosensor cell seeding
assay based on a previously published protocol (25). Briefly, the assay works
as follows: Exogenous, unlabeled fibrils are transfected into HEK293T cells
expressing a-syn-A53T-YFP. Seeded aggregation of endogenously expressed
a-syn-A53T-YFP is monitored by formation of fluorescent puncta. The puncta
represent intracellular aggregation of a-syn-A53T-YFP as a result of seeding
by exogenous E46K or wild-type fibrils.

Human embryonic kidney FRET Biosensor HEK293T cells expressing full-
length a-syn containing the hereditary A53T mutation were grown in
DMEM (4 mM L-glutamine and 25 mM p-glucose) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin. Trypsin-treated HEK293T cells
were harvested, seeded on flat 96-well plates at a concentration of 4 x 104
cells per well in 200 pL of culture medium per well and incubated in 5%
CO, at 37 °C for 18 h.

a-syn fibrils were prepared by diluting with Opti-MEM (Life Technologies,
Carlsbad, CA) and sonicating in a water bath sonicator for 10 min. Fibril
concentration was determined as monomer-equivalent concentration. The
fibril samples were then mixed with Lipofectamine 2000 (Thermo Fisher
Scientific) and incubated for 15 min and then added to the cells. The actual
volume of Lipofectamine 2000 was calculated based on the dose of 1 uL per
well. After 48 h of transfection, the cells were trypsinized, transferred to a
96-well round-bottom plate, and resuspended in 200 uL of chilled flow
cytometry buffer (HBSS, 1% FBS, and 1 mM EDTA) containing 2% para-
formaldehyde. The plate was sealed with Parafilm and stored at 4 °C for
imaging. Fluorescent images were processed in ImageJ to count number of
seeded cells.

Mitochondrial Activity Assay. The addition of sonicated fibrils to nerve growth
factor-differentiated PC12 cells is a well-established assay to measure cyto-
toxicity of amyloid fibrils (9, 27, 28, 39). Use of this neuron-like cell line al-
lows us to obtain a biologically relevant assay for cytotoxicity. For our MTT
(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) mitochon-
drial activity assay, the protocol was adapted from the Provost and Wallert
laboratories and was performed in an identical manner to our previous work
(39, 43). Thiazolyl blue tetrazolium bromide for the MTT cell toxicity assay
was purchased from Millipore Sigma (M2128-1G; Burlington, MA). PC12 cells
were plated in 96-well plates at 10,000 cells per well in DMEM (Dulbecco’s
modification of Eagle’s medium; 5% fetal bovine serum, 5% heat-inactivated
horse serum, 1% penicillin/streptomycin, and 150 ng/mL nerve growild-typeh
factor 2.5S [Thermo Fisher Scientific]). The cells were incubated for 2 d in an
incubator with 5% CO, at 37 °C. The cells were treated with different con-
centrations of monomer-equivalent a-syn fibrils (200 nM, 500 nM, 1,000 nM,
and 2,000 nM). After 18 h of incubation, 20 pL of 5 mg/mL MTT was added to
every well, and the plate was returned to the incubator for 3.5 h. With the
presence of MTT, the experiment was conducted in a laminar flow hood with
the lights off, and the plate was wrapped in aluminum foil. The media was
then removed with an aspirator, and the remaining formazan crystals in each
well were dissolved with 100 uL of 100% DMSO. Absorbance was measured at
570 nm to determine the MTT signal and at 630 nm to determine background.
The data were normalized to those from cells treated with 1% SDS to
obtain a value of 0%, and to those from cells treated with PBS to obtain a
value of 100%.

In Vitro Aggregation and Seeding Assay. a-syn wild-type or E46K monomers
(100 pM) were mixed with 60 uM thioflavin-T (ThT) and transferred into a 96-
well plate. The signal was monitored using the FLUOstar Omega Microplate
Reader (37 °C with 600 rpm double orbital shaking, ex. 440 nm, em. 490 nm;
BMG Labtech). For the seeding groups, preformed wild-type or E46K fibrils
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(10 pM) after 10 min of water-bath sonication were added to the wild-type
a-syn monomers immediately before beginning the aggregation assay.

SDS Stability Assay. The wild-type and E46K aggregated a-syn samples at the
end of the ThT assay were treated with addition of 10% SDS to reach SDS
final concentration of 0.5%. The ThT signal was measured after 5 min of
incubation at 37 °C with 600 rpm double orbital shaking. The addition of
SDS and ThT measurement was repeated with increments of 0.5% to a final
SDS concentration of 3.5%. The initial ThT signals at 0% SDS were used for
normalization.

Cryo-EM Data Collection and Processing. Two microliters of fibril solution was
applied to a baked and glow-discharged Quantifoil 1.2/1.3 electron micro-
scope grid and plunge-frozen into liquid ethane using a Vitrobot Mark IV
(FEI). Data were collected on a Titan Krios (FEI) microscope equipped with a
Gatan Quantum LS/K2 Summit direct electron detection camera (operated
with 300-kV acceleration voltage and slit width of 20 eV). Counting mode
movies were collected on a Gatan K2 Summit direct electron detector with a
nominal physical pixel size of 0.843 A per pixel with a dose per frame 1.2 e-/A2, A
total of 30 frames with a frame rate of 5 Hz were taken for each movie,
resulting in a final dose of 36 e-/A? per image. Automated data collection was
driven by the SerialEM automation software package, with image shift
induced-beam tilt correction (23).

Micrographs containing crystalline ice were used to estimate the aniso-
tropic magnification distortion using mag_distortion_estimate (44). CTF es-
timation was performed using CTFFIND 4.1.8 on movie stacks with a
grouping of three frames and correction for anisotropic magnification dis-
tortion (45). Unblur (46) was used to correct beam-induced motion with dose
weighting and anisotropic magnification correction, resulting in a physical
pixel size of 0.838 A/pixel.

All particle picking was performed manually using EMAN2 e2helixboxer.py
(47). All fibril particles were first extracted using 1,024-pixel box sizes and a
10% interbox distance and then subjected to two-dimensional (2D) class
averaging. 2D class averages reveal that E46K a-syn forms fibrils of a single
morphology with a pitch of ~800 A (SI Appendix, Fig. S2B). We next
extracted all fibrils with a 686-pixel box size and 10% interbox distance and
again performed 2D class averaging. 2D class averaging of 686 pixel boxes
resulted in clear separation of beta-strands along the length of the fibril. 2D
class averages and their corresponding simulated diffraction patterns to-
gether indicate that the helical rise is ~4.8 A with a C, rotational symmetry
due to the presence of a meridional reflection (S/ Appendix, Fig. S2B). Due to
the two-fold mirror symmetry present in the 2D class averages, we reasoned
that the fibril had a C; rotational symmetry. Using a calculated helical twist
of 178.92° (given pitch of 800 A and rise of 4.8 A) and C, rotational sym-
metry, we carried out three-dimensional (3D) class averaging with a single
class and a featureless cylinder created by relion_helical_toolbox as an initial
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model (48). The featureless cylinder was refined to a reasonable model where
separation of beta-sheets in the x—y plane of the fibril could be visualized. This
model was then used to separate good and bad particles with a 3D class av-
eraging job with three classes. Fibrils contributing to the best class in the
previous 3D classification were reextracted with a 400-pixel box size and 10%
interbox distance and phase flipped for subsequent classification and high
resolution refinement. An additional 3D class averaging job was performed,
and a final subset of 114,260 helical segments were selected for gold-standard
auto-refinement in RELION. Refinement yielded a final 2.5-A reconstruction (S/
Appendix, Fig. S2C). We sharpened the map using phenix.auto_sharpen with a
sharpening factor of —140 A% and a resolution cutoff of 2.5 A (49).

Atomic Model Building. We used phenix.map_to_model with an input
sequence corresponding to E46K a-syn to build an initial model (49).
Phenix.map_to_model correctly built a segment of the N terminus of
the fibril core, and we manually built the rest of the structure into the density
map in COOT (50). We generated a five-layer model to maintain local contacts
between chains in the fibril during structure refinement. We performed
automated structure refinement using phenix.real_space_refine (49). We
employed hydrogen bond distance and angle restraints for backbone atoms
participating in p-sheets and side chain hydrogen bonds during automated
refinements. We performed comprehensive structure validation of all our final
models in Phenix.

Energetic Calculation. The standard free energy of stabilization of a given
amyloid chain is computed as the difference in atomic solvation energy of a
pseudoextended, solvated chain and the folded chain in the center of five
layers of the known structure of a protofilament (51). The atomic solvation
parameters are those of Eisenberg et al. (52), with additional terms to de-
scribe the entropy change of side chains on folding, as calculated by Koehl
and Delarue (53), scaled by the percentage of side chain surface area buried.

Data Availability Statement. All structural data have been deposited into
the Worldwide Protein Data Bank (wwPDB) and Electron Microscopy Data
Bank (EMDB) with the following accession codes: PDB 6UFR and EMDB
EMD-20759.
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Supporting Information

Supplementary Figures:

Wild-type Rod
Polymorph (6CU7)

Wild-type Twister
Polymorph (6CU8)

E46K Polymorph
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Supplementary Figure 1 Schematic representation and free energy of stabilization maps for the

wild-type and E46K polymorphs

a-c) (left) Schematic representation of fibril structures with amino acid side chains colored as
follows: hydrophobic (yellow), negatively charged (red), positively charged (blue), polar,
uncharged (green), and glycine (pink). (right) Solvation energy maps of fibril structures. The

stabilizing residues are red; the de-stabilizing residues are blue.
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Supplementary Figure 2 Cryo-EM Data Collection and Processing

a) Representative cryo-EM image and power spectrum. Scale bar 50 nm. b) 1024 pixel box class
averages reveal a helical pitch of ~800 A. 686 pixel box class averages and corresponding
simulated diffraction patterns reveal a rise of ~4.8 A and a C: rotational symmetry. c) Gold-

standard half-map-half-map FSC and map-to-model FSC.

Ser42  Thr75

Supplementary Figure 3 Atomic model and density map highlight resolution of reconstruction

and hydrogen bonding networks.
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E46K

Buried Surface Area: 7,944 A2
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Supplementary Figure 4 Pairwise interaction analysis of wild-type and E46K protofilament folds

a-c) Protofilament fold and calculated buried surface area (top) and fibril core primary and
secondary structure with pairs of interacting residues connected by half-circles (bottom) for a)
wild-type rod, b) wild-type twister, and ¢) E46K polymorphs. E46K polymorph has a different
set of interacting residues highlighting the difference in protofilament fold compared to wild-
type. The E46K polymorph also has a larger number of interactions, which is reflected in its

higher buried surface area.
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Supplementary Figure 5 Cross-seeding of wild-type a-syn by E46K fibrils and SDS fibril

stability assay

a) Seeding of wild-type a-syn by wild-type fibrils results in a modestly reduced lag-time while
seeding by E46K fibrils eliminates the lag phase. In addition, both unseeded and self-seeded
wild-type a-syn have similar ThT binding ability shown by their similar ThT aggregation curves;
on the other hand, wild-type a-syn seeded by E46K fibrils has a different ThT fluorescence
intensity, indicating a different underlying structure. Unseeded wild-type a-syn has a shorter lag
phase and higher max ThT signal than E46K a-syn. Breaks in the ThT curves originate from the
microplate-reader being interrupted and re-started to allow other experiments to be performed in

separate wells in the same microplate. Due to normalizing the initial reading to zero, the E46K
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lag phase dips below zero fluorescence AU. The reason for this slight dip after the initial ThT
reading is unknown; however, the classical nucleation-elongation sigmoidal growth curve is still
demonstrated for E46K a-syn. b) E46K and wild-type fibrils were heated to 37 °C and incubated
with varying concentrations of SDS. E46K fibrils are more resistant to SDS than wild-type
fibrils. Individual triplicate measurements are shown and the plotted line represents the average

of the triplicates.
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Title: Why amyloid fibrils have a limited width

David R. Boyer, Nikos A. Mynhier, Michael R. Sawaya

Abstract

Although amyloid fibrils can grow indefinitely along their ladder-like fibril axis by adding
additional rungs of folded monomers to the top and bottom of the fibril, they do not grow
laterally beyond ~10-20 nm. This prevents amyloid fibrils from growing into two-dimensional or
three-dimensional arrays. However, given their ability to form cross-f structures where a primary
tertiary structure element is the lateral association of B-sheets, the reasons for the limited width
of amyloid fibrils are not immediately apparent. We hypothesize that the helical symmetry of
amyloid fibrils limits their width because the separation of symmetrically related subunits in the
helix becomes greater as a function of radial distance from the helical axis. Therefore, the
backbone hydrogen bonds, as well as side chain interactions, that stabilize symmetrically related
layers of the fibril become weaker towards the edge of the fibril, ultimately becoming too weak
to remain ordered. To test our hypothesis, we examined 56 available cryo-EM amyloid fibril
structures for trends in interstrand distance and B-sheet hydrogen bonding as a function of radial
distance from the helical axis. We find that all fibril structures display an increase in interstrand
distance as a function of radius and that most fibril structures have a discernible increase in -
sheet hydrogen bond distances as a function of radius. In addition, we identify a high resolution
cryo-EM structure that does not follow our predicted hydrogen bonding trends and perform real

space refinement with hydrogen bond distance and angle restraints to restore predicted hydrogen

74



bond trends. This highlights the potential to use our analysis to ensure realistic hydrogen bonding

in amyloid fibrils when atomic resolution cryo-EM maps are not available.

Introduction

A wide variety of protein sequences can form amyloid fibrils, ranging from proteins that
form amyloid fibrils during biological processes to proteins that only form fibrils under non-
biological conditions in the test tube'>. However, even though the sequences and exact structures
of individual amyloid fibrils can be quite different, all amyloid fibrils share a common blue-
print®. To a first approximation, amyloid fibrils have a basic building block composed of one
protein sequence that adopts a largely two-dimensional, serpentine-like fold. This fold has two
open surfaces — the top and bottom of the two-dimensional layer — that interact repeatedly with
other identical two-dimensional layers to form a helical lattice. The helix can extend indefinitely
along the helical axis by adding further self-interacting protein chains to the “open” top and
bottom layers of the fibril. This is opposed to most protein structures, which form a “closed”
globular structure where other copies of the same protein do not add on to each other
indefinitely, but exist as discrete, stable entities.

The architectural features of amyloid fibrils described above, as well as further details
about the fibril structure, are encapsulated in the term cross-f fold. The cross-p fold describes not
only the interactions that stabilize the subunits in the helix (quaternary structure), but also the
interactions between different sections of the same protein chain (tertiary structure) and the
conformation of contiguous sections of the protein chain (secondary structure). In the cross-f3
secondary structure, the amino acids in amyloid fibrils largely adopt B-strand conformations

where the backbone carbonyl oxygens and amide hydrogens point alternately up and down the
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fibril axis. In the tertiary structure, B-strands are punctuated by turns that allow the sequence to
fold back on itself and form mated B-strands whose side chains interact in the direction
orthogonal to the fibril axis. Finally, the cross-B quaternary structure is formed by individual
two-dimensional protein chains stacking upon each other along the fibril axis, held together by
the hydrogen bonding of the main chain carbonyl oxygens and amide hydrogens, into parallel,
in-register -sheets.

Given that lateral interactions between mated 3-sheets in the amyloid fibril are so
prominent in all amyloid fibrils, it is a mystery why amyloid fibrils do not grow wider than a
certain amount. Indeed, in crystal structures of amyloid peptides, we often observe that the cross-
B structure can extend many thousands of copies in the plane orthogonal to the fibril axis*. This
is achieved through repeated lateral mating of B-sheets via their side chains in much the same
way the B-sheets grow indefinitely along the fibril axis through repeated mainchain hydrogen
bonding in both crystals and fibrils. Figure 1 illustrates the differences between crystals and
fibrils by comparing the crystal structure of the longest amyloid peptide crystallized to date — AP
20-34 isoasp23° — with an amyloid fibril structure of a full-length amyloid protein — A-B 1-406,
In the crystal lattice, the peptides extend through side chain interactions in the entire plane
orthogonal to the fibril axis, while in the fibril structure, the sides of the fibril structure are open
for additional lateral interactions, yet no additional protein adds to the fibril laterally. In both
cases, additional layers add along the fibril axis (coming in and out of the page) indefinitely

through mainchain hydrogen bonding of B-sheets.

76



AP20-34, isoAsp23 (PDB 6NB9)

AB1-40 (PDB 2M4J) y

i OL\

(fibril axis)

30 A

Crystal Lattice Extends Indefinitely in 3D Helical Lattice Extens Indefinitely in 1D
Figure 1. Comparison between A-B 20-34 isoasp23 crystal structure and A-f§ 1-40 fibril
structure. The crystal lattice repeats indefinitely in all dimensions due to lateral side chain-side
chain interactions as well as backbone hydrogen bonding along the fibril axis. The fibril does not
grow laterally through repeated mating of additional protofilaments, and instead, extends
indefinitely along the fibril axis through backbone hydrogen bonding, similar to the crystal

lattice.

There are two possible mechanisms for amyloid fibrils to grow wider: 1) additional
protofilaments can be added to exposed surfaces of the fibril, ii) additional residues of the protein
chain add to the cross-f fold. The former case is akin to that of a crystal lattice — addition of
protein chains orthogonal to the fibril axis, while the latter case is only applicable to fibrils since
in amyloid fibrils formed from full-length protein there are generally only a certain subset of
amino acids in the protein chain that participate in forming the cross-f§ fold of the fibrils — the
“fibril core”. Residues not in the fibril core form the “fuzzy coat” — a disordered tangle of amino

acids coating the length of the fibril. The fact that additional protofilaments do not add
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indefinitely to the fibril and that many residues are found in the fuzzy coat add to the mystery of
why amyloid fibrils do not grow wider.

A key feature of amyloid fibrils is their helicity, which arises from the twisting of the -
strands in each protein chain. Twisted B-strands generate twisted B-sheets, due to the fact that the
B-strands in a B-sheet have a repeated, asymmetric interface’. In general, a right-handed B-strand
twist is thought to be more energetically stable for L-amino acids, and this gives rise to a left-
handed B-sheet twist®. However, there are also examples of left-handed B-strands and
corresponding right-handed B-sheets in nature’. Figure 2 shows a prototypical left-handed double
helix where the relationship between symmetrically related subunits is given by two parameters:
the helical rwist, in °/subunit, which describes the incremental rotation of each subunit around
the helical axis and the helical rise, in A/subunit, which describes the translation of the subunits
along the helical axis. In cylindrical coordinates, the relationship between identical objects in a
helix is given by:

o(r, ¢,z) = p(r, ¢+ h * twist, z + h = rise) for any integer value h (1)
Where r is the radial distance from the helical axis, ¢ is the angular coordinate, and z is the

height. And the distance between two objects in cylindrical coordinates is:

L =1 + 17 = 2r1;(cos(¢p, — 1) + (2,—21)? (2)
Which reduces to Eq. 3 when calculating the distance between subunits i and i+1 (two

consecutive layers in a helix, Figure XXX):

i,i + 1distance = /2 * radius? (1 — cos(twist)) + (rise)? 3)
Eq. 3 shows that the distance between the i, i+1 subunits is proportional to their radial distance
from the helical axis. In addition, Eq. 3 demonstrates that the i, i+1 distance will be dependent

on the twist and rise parameters of the helix. In the case of amyloid fibrils, the rise will always be
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~4.8 A per layer; however, the twist can vary for each fibril. Fig. 3 shows the relationship
between the i, i+1 distance and radius for different twist values. The 1, i+1 distance increases as a
function of radius according to Eq. 3, with the 1, 1+1 distance increasing more quickly for higher

twist values.

twist

rise

SIXY [Bd1[9H

Figure 2. The relationship between subunits in a helix can be described by an azimuthal twist
around the helical axis and a translational rise along the helical axis. The displacement between
adjacent subunits is /, which can be calculated with Eq. 3. In order to maintain hydrogen bond

geometry between adjacent beta-strands in an amyloid fibril, the strands will tilt according to Eq.

4.
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Figure 3. Simulated 1, i+1 distances versus radial distance from the helical axis for different
twist values. For helices with a larger twist, the distance between adjacent subunits increases

more quickly as a function of radial distance from the helical axis.

We hypothesize the helical symmetry of amyloid fibrils places a restraint on the
maximum width of the fibril. As the distance between the i, i+1 B-strands towards the edge of the
fibril increases, they will not be close enough for B-sheet hydrogen bonding and will not be able
to form part of the ordered core. Furthermore, as Eq. 3 and Figure 3 show, fibrils with a larger
twist will have a smaller maximum width since the 1, i+1 distance will increase more rapidly.
Conversely, fibrils with a smaller twist can grow to a larger maximum width.

Another consequence of the helical symmetry of amyloid fibrils is that as the -strands
get farther from the helical axis, they will have to tilt about the axis orthogonal to the fibril axis

in order to maintain the inter-strand hydrogen bond geometry. In Figure 2, this is the B angle
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between the fibril axis and the line connecting identical parts of the subunits in the helix. As the
radial distance from the helical axis grows, and the distance / between i, i+1 subunits grows, so

will B according to Eq. 4:
B = cos_ln% (4)

In order to illustrate how the helicity of amyloid fibrils affects the B-sheets composing the
fibril as the distance from the helical axis increases, we took the crystal structure of tau peptide
SVQIVY and made a theoretical helix (Figure 4) with a 1°/subunit twist (a twist typical of
amyloid fibrils). To construct the helix, we used the crystallographic symmetry found in the
SVQIVY crystal structure'® to add consecutive peptides laterally outward from the helical axis to
a maximum radial distance of 150 A, giving the fibril a diameter of 250 A. Then, we applied
helical symmetry to one layer of the fibril to generate the full helix. We made two copies of the
helix: one where the strands in the starting layer were left un-tilted and one where the strands
were tilted according to Eq. 4.

Figure 4 shows that as B-sheets get farther from the helical axis, the distance between the
1 and i+1 atom increases according to Eq. 3. Also, it is clear that without the tilting of the strands
counterclockwise around the axis orthogonal to the fibril axis, the hydrogen bond geometry
would not be maintained (Figure 4c). The top graph in Figure 4d shows the measured i, i+1
distances for all atoms as a function of radial distance from the helical axis while the middle and
bottom graphs show the measured hydrogen bond distances and B-strand tilts as a function of
radial distance from the helical axis, respectively. As expected, the hydrogen bond distances and
tilts for the i, i+1 strands increase with increasing interstrand distance according to the rules of

helical symmetry.
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The theoretical helix of Fig. 4 is only a thought experiment. In the real life version of this
helix with a twist of 1°/subunit, the strands would have likely stopped adding laterally to the
helix at around ~70 A once the i, i+1 distance became greater than ~4.9 A (roughly ~60 A radial
distance at 1 °/subunit twist), the backbone hydrogen bonding in the -sheets became greater
than ~2-2.2 A, and the strand tilt became greater than 15°. Therefore, at least in our thought
experiment, the helicity of amyloid fibrils limits their ability to grow wider than a certain

amount.
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Figure 4 A theoretical amyloid fibril built by adding strands of peptide SVQIVY laterally
outward from the helical fibril following the crystallographic symmetry of the SVQIVY peptide
and then helicizing the model with a 1°/subunit twist and 4.8 A rise. a) Side view of the
SVQIVY helix. b) Central cross-section of the helix highlighting the radii of different

protofilaments of the fibril. c) Side-view of selected protofilaments at increasing radius from the
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helical axis — r2 (radius = 13.2 A), 16 (radius = 50.4 A), rio (radius = 87.6 A), and r14 (radius =
124.8 A) — demonstrates that the distance between strands grows larger as the radius increases
and that beta-strands need to tilt to maintain hydrogen bond geometry as the radius increases. d)
Quantification of symmetry related i, i+1 atoms, B-sheet hydrogen bond lengths and off-axis tilts

as a function of radius from helical axis.

Results

Comparing Twist versus Fibril Radius

In order to examine whether the trends we predict are observed in real-life amyloid fibril
structures, we conducted an analysis of 57 cryo-EM amyloid fibril structures determined to date
(see Supplementary Table 2, Pick’s Disease Wide Fibril used in this analysis, see Methods). We
selected cryo-EM structures as opposed to those determined by solid state NMR since the helical
twist and rise are known accurately in cryo-EM helical reconstructions. For the 55 structures, we
first tested to see if there was any correlation between fibril width and fibril pitch (pitch is the
translational distance along helical axis to complete a full 360° rotation; smaller twist values
have longer pitch) since according to Eq. 3 and Figure 3, if fibrils have a large twist, the distance
between symmetrically related i, i+1 atoms will become greater more quickly as the radial

distance increases compared to fibrils with a smaller twist.
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Figure S Plot of pitch versus radius for 57 cryo-EM structures demonstrates the general rule that

fibrils with a larger radius have a larger pitch.

Figure 5 demonstrates that, in general, the wider a fibril is, the smaller its twist (and
hence larger its pitch) must be. It also demonstrates that there is not a perfect inverse correlation

to this finding; in that, there is no lower limit on the twist. Fibrils of any width may have a small
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twist as judged by the fibrils that deviate from the trendline in the upper half of the plot. This

finding supports our prediction that wider fibrils must have smaller twist values. In addition, this
result is consistent with the correlation found by Wu, et al. between the number of residues in the
fibril core (a proxy for fibril width) versus fibril pitch when they correctly identified that the very

small core of RIPK3 fibrils in their study allowed for a large helical twist!!.

Computational analysis of all cryo-EM fibril structures

We next examined 55 fibril structures with atomic coordinates deposited in the PDB to
test whether our predictions for the i, i+1 distance vs. radius, backbone hydrogen bonding length
vs. radius, and backbone hydrogen bonding tilt vs. radius trends follow the trends we observed in
our theoretical SVQIVY helix (Figure 4). Due to the fact that the hydrogen bond measurements
we are making are very sensitive to the atomic coordinates of the fibril structures and that cryo-
EM maps of amyloid fibrils have yet to reach unambiguous, atomic-resolution detail, we wanted
a metric for how well the density supports each atomic coordinate. This would allow us to
consider measurements from the different fibrils in light of the accuracy of the map and model.
We therefore calculated and ranked all structures by their Q-score measurement in order to
determine the most well resolved fibrils (Supplementary Table 1, Supplementary Figure 1) to aid
our computational analysis!2.

Figure 6 shows example plots for four of the structures with Q-scores corresponding to a
resolution of the model and map that is better than 2.5 A (see Supplementary Table 1). For each
structure analyzed in Figure 6 (6ufr'?, 6xyq'4, 6xyo'#, and 6nwp'd), the left most graph shows the
predicted and measured distance between symmetrically related atoms in adjacent layers in the

fibril versus the distance from the helical axis for that atom pair. As Eq. 3 predicts, this distance
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increases at the wider parts of the fibril. The middle plot for each structure measures the
backbone hydrogen bond lengths in B-sheets in adjacent layers in the fibril as a function of radius
from the helical axis, while the right-most graph measures the tilt off the fibril axis of the same
hydrogen bonds. Due to the increasing distance between symmetrically related atoms as a
function of radius (left-most graph), we expect both the hydrogen bond length and tilt to increase
in a manner similar to our theoretical SVQIVY helix (Figure 4). We observe that the structures
in Figure 6 do indeed show modest increases in hydrogen bond length (middle plots) and off-axis
tilt (right plots) as the distance from the helical axis increases. These trends support our
predictions that hydrogen bonding between adjacent layers will become weaker at the wider

parts of the fibril, potentially placing a limit on the maximum width a fibril can grow.
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Figure 6 Plots of 1, i+1 distance for symmetrically related atoms (left), B-sheet backbone

hydrogen bond distances (middle) and off-axis tilts (right) for four of the highest resolution cryo-

EM fibril structures.
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In our survey of all 55 fibril structures included in our analysis, although all structures
display the expected increase in distance between symmetry related atoms as the distance from
the helical axis increases, there are some that show no discernible trend in the hydrogen bond
length and off-axis tilt as a function of radial distance from the helical axis (Supplementary
Figure 2). Figure 7 shows plots of example fibril structures with no apparent trend in the
hydrogen bond length and off-axis tilt as a function of radius. Three of these structures (6zrq'®,
6shs'7, 6cu8!'®) have a lower predicted map/model resolution (3.4 A, 4.0 A, 3.5 A, respectively)
and a relatively small fibril core (34 A, 43 A, 48 A, respectively). These characteristics
potentially contribute to the fact they do not show obvious trends in backbone hydrogen bond
length and tilt as a function of radius because the lower resolution of the map/model potentially
limits the accuracy of the atomic coordinates while the smaller fibril core limits the number of

backbone hydrogen bonds that can be used in the analysis.
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Figure 7 Examples of fibril structures that do not display the expected trends in B-sheet

hydrogen bond length and off-axis tilt.
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Restoring Hydrogen Bond Length and Tilt Trends of a High-Resolution Fibril Structure

Unlike the previous examples with low resolution and small fibril cores, PDB 6Ini'® has a
good Q-score predicted resolution (2.3 A) and a relatively large fibril core (73 A radius). Upon
examination of the structure, it is clear that ideal restraints for hydrogen bond lengths and angles
were not employed during structure refinement (Figure 8). This highlights the fact that even the
higher resolution amyloid fibril cryo-EM maps determined to date do not have sufficient
resolution to accurately model all non-covalent interactions and emphasizes the need to use
geometric and chemical restraints for hydrogen bonding.

In order to test whether refinement of 6Ini with hydrogen bond length and angle restraints
led to the predicted increase in B-sheet hydrogen bond lengths and off-axis tilts as a function of
radius, we added hydrogen bond length and angle restraints to the deposited PDB structure and
refined the structure with restraints against the deposited map using phenix.real space refine?.
Figure 8 shows representative backbone B-sheet hydrogen bonding before and after refinement
for two B-sheet regions, one close to the helical axis and one at the edge of the fibril. The refined
structure shows backbone B-sheet hydrogen bonding lengths and angles closer to idealized
parallel, in-register 3 sheets (Figure 8 b-d). We then re-analyzed the backbone B-sheet hydrogen
bonding lengths and off-axis tilts as a function of radius and saw that our predicted patterns were
more apparent (Figure 8 e) compared to the analysis of the structure from the PDB (Figure 7).
This highlights the importance of using hydrogen bonding restraints during structural refinement
of near-atomic models to model non-covalent interactions as accurately as possible. In addition,
the analysis of the refined structure supports our prediction that backbone hydrogen bond lengths
and off-axis tilts will increase proportional to their distance from the helical axis of the fibril.

Furthermore, it is likely that the combination of limited cryo-EM map resolution and lack of
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hydrogen bond restraints during refinement contributes to why some of the 55 structures in our

analysis do not follow our predictions.
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Figure 8 Real space refinement of PDB 6Ini with hydrogen bond length and angle restraints
restores predicted trends. a) Top-view of fibril 6lni formed by full-length human prion protein. b)
Top-view of boxed sections showing backbone atoms before and after refinement with restraints.
¢) Side-view of boxed sections showing hydrogen bonding before and after refinement. d)

Alternative side view of boxed sections highlighting both the correction of hydrogen bond
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dihedral angles and the tilting of strands that are farther from the helical axis. ¢) Computational
analysis of interstrand distance and B-sheet hydrogen bond length and tilt as a function of radius

after refinement with hydrogen bond restraints.

Discussion

Through a combination of theory and structural analysis, we have shown that the
distances between adjacent layers in amyloid fibrils increase as the fibril grows wider, and that
for fibrils with a faster twist, the distances increase more quickly. This causes the B-sheet
backbone hydrogen bonds that stabilize the fibril to grow longer, and hence weaker, towards the
edges of the fibril, potentially causing fibrils to have a maximum width for a given fibril twist
value. Using our analysis of hydrogen bond lengths and off-axis tilts, we identified a fibril
structure with a high-resolution cryo-EM map that does not follow our predicted trends and
showed that refinement with hydrogen bond length and angle restraints restored the expected
hydrogen bonding patterns. This example highlights the potential utility of examining hydrogen
bond lengths and off-axis tilts relative to radial distance for quality control during atomic model
building into near-atomic cryo-EM maps.

Our analysis of 55 cryo-EM fibril structures indicates that the increase in hydrogen bond
lengths and tilts is not as pronounced or noise-free as our theoretical SVQIVY helix (compare
Figure 4d to Figure 6 and 7, Supplementary Figure 4). There are several possible reasons for this.
First, the SVQIVY helix was constructed to have extra B-sheets added laterally to highlight the
effects of helical symmetry on interstrand distances and hydrogen bonding. Therefore, the
measurements that show the greatest effect of helical symmetry (when atoms are very far from

the helical axis) will not exist in a realistic fibril since the hydrogen bonding between adjacent [3-
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strands will be too weak (interstrand distances > ~5.0 A, Figure 4 c-d). Instead, only those within
a range depending on the twist of the fibril will be observed in real life fibrils, leading to the
more modest trends we observe in our analysis of cryo-EM fibril structures. Second, the
SVQIVY helix was based on a high-resolution microED crystal structure where the position of
the atoms involved in hydrogen bonds are known to a high accuracy. This is unlike cryo-EM
fibril structures that have lower resolution, making the positions of atoms approximate and
necessitating great care in modeling hydrogen bonds. Third, in crystal structures of amyloid-like
peptides, almost all residues adopt a strict B-strand conformation due to the tight packing of the
peptides in the crystal lattice as well as the non-twisting nature of the peptides. The lower
resolution of the fibril structures, as well as the greater diversity of residue conformations in a
full-length fibril with twisted B-strands make our backbone hydrogen bond measurements noisier
in comparison to a theoretical helix based on a high resolution crystal structure.

In addition to the strain the helical twist imposes on the perimeter of fibrils, there may be
other factors that limit the width of amyloid fibrils. One such factor is that not all amino acids are
equally amyloidogenic. In other words, some sequences tend to not to be compatible with the
cross-B fold?!. For instance, proline residues disallow the typical Ramachandran angles of -
strand secondary structure, and charged residues may experience electrostatic repulsion in the
cross-B fold due to the 4.8 A stacking of identical amino acids in parallel, in-register -sheets
along the fibril axis.

A good example for this situation is the protein tau, which forms amyloid fibrils in
Alzheimer’s and other diseases!>?272%. The longest isoform of tau is 441 residues, with a large N-
terminal sequence that is highly positively charged and proline rich, four C-terminal microtubule

binding pseudo-repeat domains containing known amyloidogenic sequences, and an additional
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~40 residue far C-terminal domain. In the fibril structures of tau, 60-90 residues of the repeat
domains form the fibril core, while the remaining 300+ residues from the N- and far C-terminus
are disordered in the fuzzy coat. This is consistent with the fact that the N-terminus is proline-
rich and highly charged, but interestingly, the amyloid-segment predicting software ZipperDB?!
indicates there are amyloidogenic segments in the ~40 residues of the far C-terminus. However,
in all the tau fibril structures determined thus far, these additional amyloidogenic sequences do
not contribute to the fibril core.

We demonstrated that there is a correlation between fibril twist and width; namely, that
fibrils with a large twist must have smaller cores, while those with a smaller twist can have larger
cores (Figure 5). However, it is not clear whether it is the twist that informs the size of the core,
or if the size of the core determines the helical twist. Chou and Scheroga used computational
chemistry techniques to show that -strands favor a right-handed twist (more so than left-handed
or flat) due to the steric interactions of i, i+2 side chains in L-amino acids; however, the twist of
the B-strands is reduced in B-sheets — compared to isolated B-strands — due to interchain
interactions (e.g., backbone hydrogen bonding, side chain-side chain interactions) “flattening”
the twist of the constituent strands®. The large number of B-sheet residues in an amyloid fibril
core therefore leads to many interchain interactions (e.g., backbone hydrogen bonding) that serve
to flatten the twist of the constituent pB-strands leading to extremely small twists (~0.5° —3.5°,
Supplementary Table 2) compared to the large twists (>10°) seen in -sheets in globular proteins.
Therefore, we hypothesize that it is the amount of residues that participate in forming the fibril
core that determines the twist of the amyloid fibril. This leads to smaller cores having larger
twists and larger cores having smaller twists. Then for a given fibril core, the helicity of the fibril

will make the B-sheets at the edges of the fibril less stable, leading to either 1) less residues from
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the constituent protein chains being able to be added or ii) the inability of additional
protofilaments to be added laterally to the fibril.

For scenario (i) above, one could imagine a theoretical protein sequence of 1000 residues
where every residue could adopt the cross-f fold. Given the conclusion of Chou and Scheroga, if
all 1000 residues of our imaginary protein formed part of the fibril core, the twist of the fibril
could approach zero since the amount of interchain interactions favoring flattened p-strands
would outweigh the 1, i+2 side chain steric interactions that favor a twisted -strand. Further
study would be needed to see if this were indeed possible, or if there will exist a strain in the
polypeptide chain that will cause it to twist, leading to a limited width for the fibril.

A potentially illuminating example for the above situation is the fused in sarcoma (FUS)
protein. FUS is a 526 residue protein with a 214 residue N-terminal low complexity domain
(LCD). Recent studies have shown that, when produced separately, both the N- (2-108) and C-
terminal (111-214) halves of the LCD can form fibrils, while the full LCD forms fibrils with
only the N-terminal core?’-?%. This raises the question why a larger core, containing both the N-
and C-terminal LCD, does not form. The authors in Lee, et al. correctly point out that if a
putative fibril formed having both the N- and C-terminal LCD fibril cores present, and the fibril
followed the same helical twist as the C-terminal-only fibril, the interstrand distances in the N-
terminal core (the periphery of the fibril) would become too great?®. However, it is possible that
in a fibril where both sequences contribute to the core, the helical twist may become smaller due
to the additional interstrand interactions flattening the strands, thereby permitting a wider fibril.
Or a fibril may form with a new fibril core structure where both N- and C-terminal LCD
sequences interact and the twist similarly becomes smaller since there are more interchain

interactions flattening the fibril. The fact that neither of these scenarios occur, at least under
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tested experimental conditions, may be evidence that fibrils cannot grow indefinitely wide since
there may be some amount of twist necessary to prevent straining the polypeptide chains, hence
limiting the width of the fibril. This may be similar to tau where even in the largest diameter tau
fibril?® (PDB 6tjx; diameter 388 A), with a twist of -0.61°, containing all four microtubule repeat
domains (residues 274-380) there exist residues (381-441) just beyond the C-terminal end of the
core that are predicted to be amyloidogenic by ZipperDB that are nonetheless not included in the
fibril core.

Numerous studies have identified apparently non-twisting amyloid fibrils. For example,
Schweighauser, et al. and Li, et al, identified non-twisting fibrils of alpha-synuclein from
Parkinson’s Disease and from recombinantly assembled wild-type fibrils, respectively!'*!8. Due
to their lack of helicity, their structures are unable to be determined by current cryo-EM helical
reconstruction methods (although ssNMR would be ideal for structure determination since it
does not rely on the helicity of fibrils). At present, it is unknown what factors lead these fibrils to
not twist. Liberta, et al. demonstrated right- and left-handed serum amyloid A protein amyloid
fibrils from human and mouse, respectively?. Their analysis of Ramachandran angles showed
that right-handed fibrils have a slight majority of residues in left-handed beta-strand
conformation and vice versa for the left-handed fibrils. Therefore, one possible explanation for
non-twisting fibrils is that there is an equal ratio of right- and left-handed beta-strands in the
protein chains, although this has not yet been proven experimentally.

Our theory predicts that the helicity of amyloid fibrils constrains their width; however,
this leads to the question: why do the observed non-twisting fibrils not associate laterally to
create ordered two- or three dimensional arrays? One possible explanation for this is that the

external surfaces of fibrils are not amenable to cross-beta association. This could be due to the
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fact that charged residues tend to prefer to interact with water and remain solvent exposed rather
than be buried inside the fibril core, as in globular proteins. However, there are numerous cases,
including recombinantly assembled wild-type*°, E46K '3, and Tyr39p3! alpha-synuclein, and full-
length human prion protein!® fibrils where protofilaments assemble strictly through electrostatic
interactions. This suggests that fibrils can indeed extend their width through lateral association of
protofilaments mediated by electrostatic interactions, and that in these cases, the helical twist
may impose the limit on width and not the surface characteristics of the fibril. Given these
examples, it is unclear why non-twisting fibrils have not yet been observed to associate laterally.
Perhaps due to their rarity, a fibril surface composition for non-twisting fibrils has not yet been
sampled that may allow more extensive lateral growth. Further work determining the structures
of non-twisting fibrils may illuminate the specific reasons these fibrils do not grow wider. In
conclusion, our analysis suggests that fibril width is controlled by a multitude of factors,
including helicity, the amyloidogenicity of the protein sequence, and the outward facing surfaces
of the fibril.

Understanding the rules that determine the width of fibrils may enable the design of
fibrils of arbitrary width. Here, we have shown that the twist of the fibril plays an important role
in controlling the fibril width; thus, methods to control the twist may present a viable path to
controlling fibril width. For instance, the use of alternating L- and D-amino acids may lead to
fibril backbones that do not twist, therefore forming non-twisting fibrils that could have a larger
width. It has already been shown that fibrils have comparable mechanical properties to that of
steel and silk3%%3. The addition of more amino acids to a given fibril core would add to the
network of interactions that stabilize fibrils and could potentially increase the mechanical

stability of amyloid fibrils. Furthermore, fine-tuning the width of a fibril may affect its
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assembly/disassembly kinetics which may be useful for drug delivery methods that rely on
controlled release of monomers from fibrils**. At present, it is not possible to rationally encode a
fibril structure from a designed amino acid sequence, although meta-analyses such as the one we
conducted here may hold clues to learning the design principles of amyloid fibrils, possibly
enabling structure prediction and/or structure design as has been accomplished with globular

proteins.
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Material and Methods

Preparation of pdb and map files

All pdb and map files were downloaded from the Protein Data Bank (See Supplementary
Table 2 for full list). In order to allow for easy computation, we curated the files as follows. We
moved all fibrils so that their helical axis was coincident with the z=0 axis. We also removed all
alternate rotamers. For many fibrils, we observed that the pdb file did not follow the exact
symmetry of the map file. This is likely due to the fact that refinement programs such as
phenix.real space refine, although they do use non-crystallographic symmetry, do not impose
helical symmetry on the refined pdb. Therefore, we used the helical twist and rise values from
the refined map for each structure, as listed from the corresponding publication and helicized the
model before our analysis using pdbset.

For the analysis of the pitch and radius of the Pick’s Disease Wide Fibril used in Figure
5, we downloaded the Wide Fibril map and Narrow Fibril model from the PDB and built a

hypothetical Wide Fibril model as the authors propose in Falcon, et al. by rigid-body fitting two
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Narrow Fibrils into the Wide Fibril map?’. We measured the maximum radius of the theoretical
Wide Fibril and calculated its pitch using the Wide Fibril helical parameters from Falcon, et al.

QQ-score analysis

We measured the Q-score for all maps and models after moving the fibril axis to the
origin and helicizing all models according to their published helical parameters. We converted
Q-scores into expected resolution by the equation Q-score =-0.178 * (Expected
Resolution)+1.119 from ref.!? (Supplementary Table 1). We plotted the reported resolution from
the publication versus the expected resolution from the Q-score in Supplementary Figure 1. This
indicated that most structures have a better expected resolution than reported in the publication,
possibly suggesting the gold-standard FSC slightly underestimates the resolution for amyloid
fibril reconstructions or that the Q-score analysis needs to be re-calibrated for amyloid fibril
structures compared to globular proteins.

Computational analysis

We wrote a FORTRAN program that measures the maximum distance from the helical
axis for every atom in a fibril in order to create Figure 5. Pitch values for Figure 5 were
calculated from the twist and rise values in the publications. In order to calculate the 1, i+1
distance between symmetrically related atoms, we wrote a Python program that identified i, i+1
chains (symmetrically related chains immediately above or below one another in the helix) and
calculated the distance between identical atoms in the two chains, as well as the distance from
the helical axis for those atoms. In order to calculate the backbone-backbone hydrogen bonding
distance, we added hydrogens to all fibril structures using phenix.reduce?’. We then wrote a
Python 3 program to identify all backbone-backbone hydrogen bonds between amide hydrogens

and carbonyl hydrogens with distance greater than 1.6 A and less than 2.6 A. We also measured
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the off-axis tilt for each hydrogen bond by measuring the magnitude of the carbonyl C-O bond
vector projected onto the X-Y plane. The arccos of this value divided by the magnitude of the C-
O bond vector in all three dimensions, gives the complementary angle to the bond tilt relative to
the fibril axis. We further calculated the Ramachandran angles of all residues in the fibrils so that
we could explicitly examine B-sheet hydrogen bonding — where both hydrogen bond donor and
acceptor are in B-strand conformations.

Code availability

All code used for calculating fibril radii, interstrand distances, hydrogen bond distances
and tilts, centering cryo-EM maps and models, generating hydrogen bond distance and angle
restraints for real space refinement, and helicizing models will be made available on a GitHub

repository upon publication of the peer-reviewed paper associated with this dissertation chapter.
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6l1u 34 0.624 2.780898876
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6qgjh 33 0.591 2.966292135
6n3a 33 0.584 3.005617978
6zch 3.5 0.582 3.016853933
6w0o 2.8 0.578 3.039325843
614s 3.4 0.576 3.050561798
6ic3 33 0.568 3.095505618
6n37 3.8 0.563 3.123595506
6qjp 3.5 0.559 3.146067416
6sst 34 0.552 3.185393258
6lrq 3.5 0.552 3.185393258
6cu? 3.6 0.537 3.269662921
6n3b 3.8 0.533 3.292134831
6rdr 34 0.53 3.308988764
6hud 4 0.523 3.348314607
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6vw2 34 0.52 3.365168539
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6nwq 3.4 0.485 3.561797753
69jq 3.7 0.484 3.56741573
Soqv 4 0.483 3.573033708
503t 34 0.471 3.640449438
6shs 4.4 0.415 3.95505618
6yla 4.2 0.273 4.752808989
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Supplementary Table 1 Q-score analysis of all 55 cryo-EM structures
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Supplementary Figure 1. Plot of reported resolution from publication versus expected

resolution from Q-score analysis (Q-score =-0.178 * (Expected Resolution)+1.119).
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Supplementary Figure 2. Plots of fibril structures showing 1, i+1 distance between symmetry

related atoms, backbone hydrogen bond distances and off-axis tilts between 1, i+1 B-strands.

120

60



8h 8h €L €L~ L1l (Rl 1D ON [ o ud-mmmy/:sdny 1 7oL exdry
8t 8t 69°0 69°0- sl St'L6 i3 ON [ b 1/810°10p//:5dny € n9 Towiy ydsoyd-6¢ A uks-v
[IR% €LY 99'1 991~ 6TIS YTES 13 ON Te s 10'10p"Xp//:dny I ZmIL | ($14-L97) urewoq Axojdwio) Mo gp-ddL
18Y 187 601 60°1- £6L €89 o) ON S'€ . peu-mmay//:sdny € yoz9 | 11 ABojoydiowr asnow - y projAwy winiog
8% 187 61 61- LSSt 9y 0% o) ON 6€ 6 J0TOp Xp//-dng € 1z9 | 4d€ DTS (ddV1) dpndadAjog projAury 19[s|
8t 8t 80 80 00801 S 1D ON 0€¢ s sdng 4 X§59 BZ LM UAs-v
18¥ 187 88°C 88'C 9°00€ [ i3 ON e v ! I Abmg a1 TVANYUY
wy wy PET Pl 0'7€9 €S o) ON e & eummm/:sdny 14 bAxg @11 24K VSN uks-y
wy wLy Il - 9209 39 1D ON (X3 & peummam/:sdny| 4 dix9 (D11 2d4) VS| UAs-y/
Ly Ly fad Prl- 0°06S 7S 1D ON 9¢ e« U A sdng| 4 0Ax9 1244 VSN uks-y
S8y S8t 611 611 8°6TL S¢S ) ON 0'€¢ « 10'10p"Xp//:dny 1 7ps9 INOEA unaIkyjsueiy,
18¥ 187 LTT LTT 7'18€ 12 i3 ON 8¢ 81 ouMmm/:sdpy 4 () wiAse-y598 (09€-11€) ep-ddL
Lt Ly SO'1 S0'1- L'S08 €S o) ON LE e oummamy/:sdny 14 bibg g neL
LY Ly €0°T €0°T L9y Ly 1D ON S¢ 1 dummmy/:sdny I diby PaB3e[ Yy ey
Ly Ly 8€°€ 8¢'¢- £0ST 143 1D ON €€ - oummmy/sdny 1 wfby JAISIM Yp ML
LY Ly 9Tl 9T1- vIL9 99 3 ON 3 oummmy/:sdny 1 yfby eUS “dp NBL
98Lt 98LY S¥8°0 SH8°0~ S6101 1) 3 ON 43 10'10p"Xp//:dny I ofig 12d&y @go neL
8Lt 8Lt SLO SL0- TLYIL 19 o) ON e oummamy/:sdny I §X89 AdN Qid ey
YLy yLY SO'L S0'1- 9718 oL 1D ON v'E dummmy/:sdny [ 1£08 dS av ney
8Y 8Y 85°0 850 L68Y1 69 1D ON €€ @ oummm/:sdny 1 £919 Apoquue ‘Teyap urey) sy
€06t €06t 8091 809'1- 885 8t 3 ON (R4 & oummm/:sdny 1 pny9 Apoquue ‘9eyjop ureyo sy
6€8181 6€818°t 9881£8°0 9881€8°0- 9°TH01 LS o) ON 9¢ 5 oummam/:sdny 14 sadg opim OOSH UAs-v
vI8Y PIgY TL6'0 TL60- S'168 IS 1D ON €€ s dummmy:sdny I 0ady MoueN QOSH UAS-v
88t T [k $6°8L1 (At 88'9¢ ) SOK 9T iz T20C T8 12 991 14 wyxg urewoq D17 Sng
PLY LET 61 SO'6LT 1°6vy S0'vE i3 SOA 8T o T0TOp™Xp//-dny T LXqL IVINYUY
8t v'T 'l St6LL S'68L €L 3 SOA LT S A | T 1uj9 1€2-2C_did4
[ 17T L0 S9'6LL v'6€Tl 9’16 o) SOA 43 v 1/810°10p//:5dny 14 9 Jounp ydsoyd-g¢ A uks-y
P8Y W 868°0 ISS'6LL T0L6 [ o) SOK 53 & eU A AR 7 SA| 14 bijg LESV Uks-y
9Ly 86T 9Tl LE6LI- 0°089 67 ) SOA r'E @ eU A A7 SA| 14 s19 J9pH-O8 uks-y
S10S#8F S10S¥8'F L1180°T €85816'8LT 7908 8t 29 SOA ST i T AAA 7 SANY 4 4n9 9y uks-y
8t [4 vl €6L1 1'L19 8¢ ) SOK S€ o A | 4 nng 8L1-76 dMdY
Lt Ly 90 9°0- 0°0IPI [l @D SO VN s oummamy/:sdny 14 V/N AdM did ey
PEVISY L1LOV'T €1 SE6LL 9999 8t 1D SOA X3 81 dummmy/sdny [ ogug €898 (1£€-987) ASIEV €r-ddL
6Y0LY8 b 6Y0LYS't 766859°0 9001#€ 6L1 6°€TEL 8¢ @) SOA €€ - owmmmy/:sdpy z Bgug MO[s-¥825 (09¢-11¢€) £-dd.L
9Lt 86T 8LC 19°8L1 T'80¢ 8¢ i3 SOA 8¢ 51 oummm/:sdny T LEWY wiAs-yBS (09€-11€) €7-ddL
8t 91 (45 0TI v'9eh 9 ) SOA 8'€ 0 oummm/:sdny € ALMS (LST-LYD) ep-daL
98Lt 98LY 19°0 19°0- [atat 76 @D SO 0¢ 10'10p"Xp//:dny 14 xhg ¢ 2dA1 ago neL
YL LET Tl v6LL 01IL LL 1D SOA ja3 dummmy/sdny 4 baug ¢ odAY g0 ney
PLY LET Tl Y6LI 0TIL S9 o) SOA [5x4 a Summmy/:sdny 4 dmug 1 2dA1 51D ney
wy 96T 4l P6LI 0°80L 89 i3 SO v'e bl oummm/:sdny 14 1€06 AHd AV e
LYy SSET 8Tl 9EP'6LL 9°ISL S 1D SOA v'E 6l oummamy/:sdny 14 1419 oseun|-¢d JO Urewo( ¢HS
SLy SLt 91 91- PyES 67 @D SOA 0¢ a peu-mmny//:sdny [ 8029 OIJIA UF - JSNOW - / POJAWY winiog
YLy LET [ak4 €6'8L1 L'86¢ It ) SOA LT a PUAMA 4 3029 OTJIA UF - JSNOW - PIOJAWY Wnidg
8Y [4 861 6L°081 8'9PS T i3 SOA LT U oummm/:sdny T swg ueuny - y projAwy wniog
(434 17T [45 PP6LT 9YLL €9 i3 SOA 0'¢ I oummmy/:sdny 14 0spgy 9snow - v PIojAwy winiog
SLt SLY [T SS'1- L'L9E [id € SOA 9T o 10'10p"xp//:dny € sdag 90
[ 1T 61 SO'6LL 995 PE o) SOK oy s I0TOp™Xp//-dny 4 bizg | 4dz DTS (ddV1) dpndadAjog projAury 19[s|
981 £7'T ¥S'€ £T8LI I'L¥T LT 1D SOA 9¢ s I0TTOp™Xp//:dny [ 179 (ddv1) apudadAjod projiury jaist
[4rN4 90T 9I'l T6LL L9YL 43 i3 SOA [ s JeU A A /ST T ) (ddv1) opudadAjod projAury jais|
Lt S€T PS'E €T8LI- 0°6€T 8T o) SOA (42 L eu A A/ Sdm| 14 e149 (ddv1) opndadAjod projAury 1ais|
T84 809°0 809°0- 6621 85 @D SOA 0y 5 oummamy/:sdny 14 189 u1NqO[30I01W-Z-12q
8t 60 SST6LL 0°096 9 ) SOA (a3 c S1SOJIa//:SAnY [ 1889 9T LM UAs-y
8t 881 90°6L1 965 8t ) SOA 9'¢ R Summmy/:sdny 4 8199 TISIM LA UAS-Y
8t 76°0 €5°6LI 1616 67 i3 SOA 9'¢ v owmmm/:sdny T L0929 POY LM UAs-y
[ 10T S00°181 9'lep 34 o) SOA (a2 ¢ oummamy/:sdny 14 SS9 0F-1 B~V
L9t St'l SLT6LI L'6LS LE 1D SO 0y : oummamy/:sdny [ Abog Tr1 Beg-Y
61 89°0 99'6L1 L'6LS 8°€S ) SOA 8T ) 10'10p"Xp//:dny 4 00M9 INHOAID Papaas uleiq (p-| B129-Y
(Jrunqns;y) Jae)s-u ISy (o) 3aE3s-u ISIM L | (o) 318)S-] ISIML (y) 19405501D) | (y) smpey XeJA [ dnoan) juiod [drnowrumiAg) I P uone) syuoweyoyoad # | gad ur)oIq

Supplementary Table 2. Information for all structures used in analysis.
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Abstract: Amyloid oligomers are generally thought to be transient assemblies of ~10-100 copies
of an amyloid protein that either precede the formation of or form in parallel to amyloid fibrils.
They have been implicated as the potential etiological agents for numerous amyloid diseases,
including Alzheimer’s. Nonetheless, despite decades of work, and the recent revolution in the
visualization of the atomic structures of amyloid fibrils, there has been little progress in the
structure determination of amyloid oligomers. Here, we make progress towards the cryo-EM
structure determination of a variant of amyloid-f found in Alzheimer’s amyloid plaques — AP
S26s. AP S26s has a D-amino acid at Ser26 and forms stable oligomers in vitro. We find that a
Fab that binds to the N-terminus of the AP peptide can be complexed with AP S26s oligomers
and can act as a fiducial marker to aid image alignments during processing of electron
microscopy images. In this chapter, we summarize current efforts towards determining the cryo-
EM structure of the AP S26s oligomer-Fab 3D6 complex, as well as discuss parallel strategies to

determine both AB S26s and other amyloid protein oligomer structures.

Introduction

Amyloid fibril formation is usually thought of as a two-step nucleation and elongation
process!. The nucleation step involves individual monomers of an amyloid protein colliding to
form a small assembly, or nucleus, which then serves as a starting point for further monomer

addition in the elongation step. The nuclei that precede fibril formation are also termed
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oligomers. In addition to the two-step nucleation and elongation model, studies have posited
additional mechanisms for the generation of oligomers, including the nucleation of oligomers
along the sides of fibrils — termed secondary nucleation — as well as the release of oligomers
from the tips of fibrils?. Adding to this picture is the hypothesized existence of both on- and off-
pathway oligomers?. The former being the nuclei that additional monomers extend from to form
fibrils and the latter being oligomers that do not go on to form fibrils, but instead either persist as
stable structures or disassociate back to monomer. Taken together, the amyloid aggregation
process is thought to be a highly dynamic, where every step in the process is connected.
Visualization of the atomic structures of the different species involved in amyloid fibril
formation is the most direct method of better understanding this process. For instance,
determining the structures of oligomers and fibrils over time would help to resolve not only the
structure of amyloid oligomers, but the possible structural differences between on-pathway and
off-pathway oligomers. If an oligomeric structure resembled that of a small fibril, it would
presumably be an on-pathway oligomer, whereas oligomeric structures incompatible with the
fibril fold would presumably be off-pathway oligomers. Furthermore, studying the relative
populations of different species over time would be enlightening: if oligomer structures
resembling fibrils disappeared at a similar rate as fibril structures appeared, it is more conclusive
these oligomers are on-pathway. Whereas if an oligomer structure that does not resemble a fibril
persists throughout the aggregation process, it is likely this is a stable, off-pathway oligomer.
Similarly, if an oligomer structure does not resemble a fibril and only appears during a certain
period in the aggregation process, it is likely to be an unstable, off-pathway oligomer that forms
and then disassociates back to monomer. Furthermore, late in the aggregation process, after the

formation of amyloid fibrils, if we observe an increase in the population of oligomers, we can
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answer questions relating to secondary nucleation: does secondary nucleation generate on-
pathway or off-pathway oligomers? Are these structures the same or different to the oligomeric
structures found before or at the beginning stages of fibril formation?

Despite the incredible potential that atomic structure determination of the different
species formed during amyloid aggregation process would have, it remains a large technical
challenge. To date, all methods for determining the atomic structures of biomolecules rely on
averaging measurements from many identical molecules. For X-ray and electron crystallography,
the diffraction of crystals composed of a large number of identical molecules is measured and
used to calculate atomic structures. For nuclear magnetic resonance (NMR), the chemical shift of
the individual nuclei of many copies of a biomolecule is measured to calculate the structure and
dynamics of a protein. And in cryo-electron microscopy, many individual 2D or 3D images of
biomolecules are averaged to calculate atomic structures. Since many different species exist
simultaneously in the amyloid aggregation process, it is very difficult to purify a homogenous
species for crystallization or NMR measurements. However, for cryo-EM since individual
images of biomolecules are recorded before averaging, classification methods can be used to sort
the particle images from a single sample into unique groups, provided the images of different
species are sufficiently distinct*. This feature has made cryo-EM an ideal method to study
heterogenous samples in recent years.

We decided to apply cryo-EM to study the atomic structures of oligomers of AP S26s — a
modified version of the amyloid-B peptide found in Alzheimer’s disease plaques®. This variant of
AP contains a D-amino acid at residue Ser26 and has been shown in vitro to have slower fibril
growth and longer-lived oligomers compared to wild-type AP, which rapidly converts to fibrils.

We hypothesized that these attributes make AP S26s a good starting point for cryo-EM structure
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determination attempts since it facilitates trapping of different species along the aggregation
pathway, especially those species that occur before extensive fibril formation. Here, we describe
our attempts at structure determination of AP} S26s oligomers, including the challenges these
oligomers present to cryo-EM structure determination and the use of an antibody fragment to

attempt to overcome these challenges.

Results

We first tested various growth conditions to obtain abundant, disperse, and
homogenously sized AB S26s oligomers by testing exhaustive combinations of: (i) the use of
shaking or quiescent incubation, (i1) different incubation buffers, and (ii1) a range of AP S26s
starting concentrations (see Methods). We identified that 100 uM AP S26s incubated quiescently
at 37° C in 20 mM phosphate buffer pH 7.4 produced the best appearing oligomers by negative
stain EM. We chose quiescent over shaking conditions since this allows slower fibril growth,
allowing us to more easily capture pre-fibrillar oligomers for EM grid preparation. We used ThT
fluorescence and negative stain EM to monitor oligomer and fibril growth over the course of
several days, identifying that oligomers appeared stable over the course of 4-5 days, while fibrils
start to appear variably at 1-3 days between different experiments (Figure 1 a-b). After many
days or weeks of incubation, both fibrils and oligomers appear stable; however, oligomers
become less spherical and more protofibrils appear. In addition, we observe that over time
oligomers and protofibrils start to coat fibrils (Figure 1 b, 167 hrs.).

In order to determine the atomic structures of Ap S26s oligomers, we made cryo-EM
grids of oligomers after incubation for 20 hrs. and 44 hrs. Under our growth conditions, both of

these time points have minimal fibrils and protofibrils present, with the majority of particles
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being spherical oligomers. Furthermore, we selected two time points with the goal of
determining if there are different oligomeric structures over the course of the incubation period.
We took cryo-EM data sets on a Titan Krios (see Methods) for the two time points. A
representative micrograph from this dataset shows discrete oligomers in a thin layer of vitreous
ice, and the corresponding amplitude spectrum of this micrograph shows a ring at 1/4.8 A
indicating an isotropic arrangement of oligomers with B-sheet structure (Figure 1c). Independent
2D classifications of each dataset revealed the overall shapes of oligomers, but little internal
structure (Figure 1d). In addition, the overall shapes of oligomers appeared largely similar at 20
and 44 hrs., suggesting that oligomers are stable over this time period. Ab initio reconstruction
and subsequent 3D classification in both Cryosparc® and RELION” did not result in maps

displaying secondary or tertiary structure.
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Figure 1 Initial AR S26s oligomer growth and cryo-EM data collection and processing. a) Fibril
and oligomer formation assay monitored using ThT fluorescence. Samples were taken at various

time points (dips in fluorescent curve) and examined by EM. b) Cryo-EM images of oligomers
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and fibrils at various time points. Oligomers are stable over the course of days while fibrils start
to appear between 1-3 days. After 7 days, oligomers and protofibrils visibly coat fibrils. ¢) Krios
electron micrograph of oligomers in a thin layer of vitreous ice and amplitude spectrum of
micrograph. Amplitude spectrum displays signal at 1/4.8 A suggesting high B-sheet content of
oligomers. d) Representative 2D classes of oligomers at 20 hrs. and 44 hrs. incubation show a
lack of internal features in the oligomers, as well as no discernible difference in oligomer shape
between the two time points (the large oligomers present at 44 hrs. are also present in 20 hrs. 2D

classes, but not shown here).

We hypothesize that structure determination was hindered both by the heterogeneity of
oligomeric species as well as their lack of medium resolution features (tertiary and secondary
features such as protein domains, a-helices). Since cryo-EM structure determination relies on
iterative orientation refinement starting at low resolution (aligning particle shapes) and
progresses towards medium (tertiary structure) and high resolution (secondary and primary
structure), the uniform shape of the largely spherical oligomers, as well as their high B-sheet
content — which only becomes apparent at resolutions better than 4.8 A, as opposed to 9 A for a-
helices — makes image alignment difficult. We therefore sought to add an “artificial” protein
domain to the oligomer particles by complexing them with a Fab. We hypothesize that the Fab
can act as a fiducial marker during image alignment in much the same way Fabs have aided
image alignment and structure determination of membrane proteins®.

Mass spectrometry fragmentation experiments reveal that the N-terminus of AP S26s is
most susceptible to forming short peptide fragments, while the C-terminal part of the peptide is

more protected from fragmentation (Figure 3a). This indicates that the N-terminus is likely more
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solvent-exposed, which is consistent with both AP fibril structures® as well as ZipperDB!?
predictions that indicate the amyloidogenic sequences are largely clustered in the C-terminal half
of the peptide. We therefore selected Fab 3D6, which binds to the first five residues of the A
sequence, to complex with AR S26s oligomers!'!. The crystal structure of 3D6 complexed with
wild-type AP 1-40 displays strong electron density for AP residues 1-DAEFRH-6 between the
heavy- and light-chain CDRs. This suggests high affinity between 3D6 and its epitope, making it
a good candidate to assist in cryo-EM structure determination. Dot blot experiments reveal that
Fab 3D6 binds to our AP oligomers in a concentration dependent manner (Figure 3b). We
therefore mixed 3D6 with AP oligomers in a sub-stoichiometric ratio (~1:10 Fab:AP S26s
monomer equivalent) assuming that the AB S26s monomer to oligomer conversion rate was
relatively low and that a single Fab may bind a given oligomer that has many copies of the A
S26s peptide (Figure 3¢). Cryo-EM images show Fabs decorating fibrils of A S26s (Figure 3c¢),
and therefore, assuming there was Fab decoration of oligomers as well, we collected a

preliminary cryo-EM data set of the AP S26s-Fab mixture.
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Figure 2 Initial characterization of antibody binding and attempt at data collection of AP S26s

oligomer-Fab 3D6 particles. a) Mass spectrometry fragmentation experiment identifies that intact
oligomers have a Gaussian distribution of m/z values, indicating an average MW of 150 kDa. In
addition, fragmentation mapping indicates N-terminal portions of the peptide are most
susceptible to fragmentation, suggesting they are the most solvent-exposed part of the peptide. b)
Dot blot assay demonstrating that Fab 3D6 recognizes AP S26s oligomers. ¢) Cryo-EM images
of oligomers before and after mixing with Fab 3D6. After mixing, Fab 3D6 can be seen
decorating a fibril. d) 2D classification of oligomers reveals that there is an absence of Fab

binding.
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Surprisingly, cryo-EM data processing revealed that no Fab was bound to oligomers, and
oligomer 2D class averages looked largely the same as our initial cryo-EM experiments of
oligomers without Fab (Figure 3d). Ab initio reconstruction and 3D classification efforts did not
result in viable maps for this oligomer preparation, similar to our initial cryo-EM experiment.
Therefore, we sought to improve our AP S26s-3D6 complex sample preparation. We first
attempted to produce oligomers in greater abundance and with greater apparent homogeneity
than our initial condition. Our most successful attempt (see Methods) came by seeding AP S26s
monomer with 5% (v/v) sonicated AP S26s fibrils, which, to our surprise, produced many
spherical oligomers stable over many days and of more homogenous size compared to non-
seeded preparations (Figure 3 a-b). We term this preparation “G2” and used it going forward in
our attempts to produce better AB S26s oligomer-3D6 complexes.

We investigated several methods to improve our production and purification of the
oligomer-Fab complex including size exclusion and ion exchange chromatography (see
Methods); however, the best method we found was to perform a pulldown using Ni-conjugated
magnetic beads. In this method, we incubated 3D6 bound to Ni-conjugated magnetic beads with
AP S26 oligomers at various molar ratios, washed the sample with buffer to remove unbound
Fab and oligomers, and eluted the oligomer-Fab complex from the beads with 500 mM
imidazole buffer. To remove imidazole and excess Fab in the elution, we used Amicon 100 kDa
spin filters to buffer-exchange the sample to 20 mM Tris-HCI pH 7.4, 150 mM NacCl (a “good”
buffer for cryo-EM).

Supplementary Figure 1 highlights two different pulldown experiments; first using our
original, un-seeded oligomer growth condition with less Fab (1:15 Fab:Ap S26 monomer

equivalent), and second using our G2 seeded condition with a larger amount of 3D6 (1:2.5

137



Fab:AB S26s monomer equivalent). In the first condition, more protofibrils and less isolated
oligomers can be seen compared to the G2 seeded condition. In both conditions, Fab can be seen
binding to individual oligomers after the pulldown. This results in one or two Fabs binding to the
oligomers in the first condition where less Fab was used, and as many as six to eight Fabs
binding to oligomers in the second condition when more Fab was used. We decided to proceed
with the latter condition for cryo-EM since we reasoned that there would be less of a chance of
Fabs partially occupying different epitope sites on the oligomer, potentially confounding image
alignment.

We collected an initial negative stain data set of the AB S26s-3D6 particles to examine
potential heterogeneity and also test whether the bound Fabs could be used to aid image
alignment during data processing. 2D classification revealed oligomer classes with between two
to eight bound Fabs, and ab initio reconstruction and 3D classification revealed 4 principle
classes of particles, each with Fabs in different positions, suggesting point group symmetries of
C3, C6, or D6 (Figure 3 b-c). In all classes, Fab 3D6 binds an inner spherical oligomer density
around its equator. The inner spherical density in all classes is about 70 A in diameter,
suggesting the oligomer MW is ~200 kDa and is composed of ~50 AP S26s peptides in each
oligomer (assuming 1.3 g/cm?® protein density and 4.5 kDa AB S26s MW), which is consistent
with our mass spectrometry data demonstrating a Gaussian distribution of oligomer sizes
centered around 150 kDa (Figure 3a). In addition, the 70 A diameter for the central oligomer
density includes the negative stain, making the true diameter for the oligomer likely less than 70
A and hence even more in line with our mass spec data.

A potential model for the 3D6-bound AP S26s oligomers is presented in Figure 3d. Here,

we assume the oligomer has six-fold rotational symmetry (C6), given the arrangement we see in
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our 3D reconstructions. We also assume the peptides in the oligomer form a 15 layer stack of in-
register, parallel B-sheets with a spacing of 4.8 A and height of 70 A. This architecture, similar to
that of a fibril, would place the N-termini of the peptide facing laterally outward from the
oligomer thereby satisfying the observation that antibody binding mainly occurs along the sides
of the oligomer. Although this model is based on limited experimental constraints, it nevertheless
helps us to envision the data processing strategies that could be employed to resolve the
oligomer-Fab structure. For instance, the arrangement of Fabs can help us to determine which
point group symmetries the complex may have and guide our testing of different symmetries
during 3D classification. In a six-fold rotational arrangement like that in Figure 3d, employing
C6 symmetry would help reduce angular searches to a range of 60°. However, as can be seen
from the negative stain 3D reconstructions, particularly the bottom left reconstruction in Figure
3c, the Fabs can bind at different positions along the height of the oligomer. The bottom left
reconstruction also demonstrates that two Fabs can stack upon one another along the height of
the oligomer.

The closely packed N-termini protruding laterally outward in our oligomer model creates
more potential Fab binding sites than can be satisfied given the size of the Fab. Therefore, likely
up to two Fabs could bind along the side of the oligomer, or one Fab could bind at different
heights. This may confound image averaging methods and lead to blurred reconstructions along
the height of the oligomer-Fab complex. To overcome this, after obtaining an initial
reconstruction of the complex, we could mask out the Fabs and perform local angular searches or
skip angular searches while performing an offset search to try to iteratively align the inner

oligomeric density.
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Additional arrangements of the oligomer-Fab complex that may present challenges to
structure determination are illustrated in Figure 3e. The left most arrangement is the easiest to
tackle given that the outer symmetry of the Fabs (C3) is a subset of the inner oligomer symmetry
(C6). If successful refinement is achieved using the apparent C3 symmetry of the Fabs, the
internal symmetry of the oligomer will become apparent and the Fabs can be masked out or
signal subtracted, allowing for refinement of the oligomer with C6 symmetry (this applies for
different symmetry subsets as well, e.g., C2/C4/C6, C3/C6/C9). The middle left arrangement
highlights the potential case of a symmetry mismatch between the apparent outer symmetry of
the bound Fabs and the inner symmetry of the oligomer (C5/C6). In this case, we can proceed as
in Liu, et al. where the structure of a C5/C12 portal vertex complex from herpes simplex virus 1
was determined using sub-particle extraction and symmetry expansion techniques'2. The right
two arrangements highlight the potential problem of partial occupancies of the Fabs bound to the
oligomers. This can be overcome either by initial refinement using C1 until the internal
symmetry of the oligomer becomes apparent and then subsequent masking or signal subtraction
of the Fabs for refinement with the internal symmetry of the oligomer. Alternatively, different
symmetries could be tested during initial refinement, such as the highest apparent symmetry of
the Fab molecules (e.g., if neighboring Fabs are 60° apart, C6 could be used) which would lead
to lower resolution Fab densities due partial occupancy at each binding site. If the apparent
symmetry of the Fabs matches that of the internal oligomer symmetry, the oligomer density
should become clear; if the apparent symmetry of the Fabs does not match the internal symmetry
of the oligomer, sub-particle extraction and symmetry expansion techniques could be used as in

the C5/C6 symmetry mismatch case.
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Figure 3 Seeded oligomer growth and improved Fab 3D6 labeling of oligomers. a) ThT assay
monitoring growth of seeded AP S26s oligomers. ThT curve indicates an initial exponential
growth phase, followed by an extended elongation phase. Samples were removed at 210 hrs. for
analysis by EM. b) 5% v/v of sonicated seeds (top left) were used to seed oligomer and fibril
growth. After 210 hrs. of quiescent incubation at 37° C, abundant and well-dispersed oligomers
can be seen (top right). Oligomers at this time point were immunoprecipitated with a large excess
of Fab, buffer exchanged, and visualized by EM (bottom left). Negative stain AP S26s oligomer-

Fab 3D6 particles and 2D class averages (bottom right) show oligomers decorated by between
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~2-8 Fab molecules. d) Hypothetical architecture of the oligomer-Fab complex showing six-fold
rotational symmetry. The side view of the model highlights how steric constraints impose
potential ambiguity of the Fab position along the height of the oligomer. €) Hypothetical

arrangements of the oligomer-Fab complex that could present challenges during data processing.

Given the above possible arrangements of the oligomer-Fab complex, and the potential
data processing strategies that could be used to determine the oligomer structure, we proceeded
with preparing cryo-EM grids of the G2 seeded oligomers complexed with Fab 3D6. We
discovered that the Fab changed the properties of the particles such that normal Quantifoil or
UltrAuFoil grids with a variety of glow discharge and blotting conditions always gave rise to
aggregated particles (Figure 4 a). We therefore tried both Quantifoil grids with single layer
graphene oxide purchased from a manufacturer, as well as preparing single layer graphene oxide
Quantifoil grids ourselves immediately before use (see Methods). We learned that preparing
fresh graphene oxide coated Quantifoil grids led to the best hole coverage (highest percentage of
holes with usable graphene) as well as generally led to better particle distribution and
concentration than the graphene oxide grids purchased from the manufacturer.

We therefore prepared and collected preliminary cryo-EM data for oligomer-Fab
complex particles to ensure that the complex does not disassociate due to forces involved during
the blotting procedure. Our preliminary cryo-EM data set revealed that the oligomer-Fab
complex withstood the shear forces present during grid blotting, so we proceeded to collect a
high resolution data set on the CNSI Titan Krios. 2D class averaging from our Krios dataset

reveals oligomer-Fab particles that appear similar to our negative stain class averages: a central
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oligomer density decorated with ~6 Fabs. Ab initio reconstruction and 3D classification efforts
are underway to determine the structure of the oligomer-Fab complex.

a

Oligomer Complex = O 1g0mu Complex
Quantifoil e, “Quantifoil Graphene Oxide
‘ : from Manufacturer

Figure 4 Cryo-EM grid preparation and data processing of AP S26s oligomer-Fab 3D6 complex.
a) Oligomer complex using standard Quantifoil (left) or gold grids (not shown) leads to
aggregation. On Quantifoil GO R1.2/1.3 grids ordered from EMS, oligomers are not aggregated,
but are crowded and difficult to identify (middle). Homemade graphene oxide Quantifoil grids
(see Methods) lead to better particle distribution and ice thickness (right). b) Krios image (left)

and initial 2D classification (right) of oligomer-Fab particles.

Discussion
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We have demonstrated that although AP S26 oligomers have features making them
amenable to study by cryo-EM — able to be produced in enough quantity, stable over a multi-day
time scale, exist as discrete particles, do not aggregate during cryo-EM grid preparation — they
nonetheless exhibit features prohibitive to structure determination — heterogeneity and lack of
medium resolution sub-structure to facilitate image alignment. We therefore used Fab 3D6,
which recognizes a linear epitope at the N-terminus of the AP peptide, to act as a fiducial marker
to aid image alignment. We showed that during negative stain and cryo-EM image processing,
the attached Fabs can aid in image alignment and classification, and may present a way forward
to revealing the atomic structure of A S26s oligomers. Efforts are currently underway to
process high resolution images of oligomers decorated with Fab 3D6 in order to determine the
atomic structure of the complex.

One possible drawback of our current strategy is the non-redundancy of the 3D6 epitope.
Due to the fact that our mass spec and antibody labeling experiments show that the N-terminus
of the AP S26s peptide is solvent-exposed, and that oligomers are composed of ~50 peptides,
Fab 3D6 could be binding the oligomers in many possible unique permutations. Combining this
with the fact that there may be many different oligomer species, each with a different structure,
this creates a large combinatorial problem for cryo-EM image alignment and averaging.
Although we discussed strategies for overcoming partial or non-identical labeling of oligomers
by Fab 3D6, it is worth outlining other potential solutions to oligomer structure determination
methods.

One potential solution is to use an antibody that binds to A S26s oligomers in a unique
manner. This could be achieved by employing an antibody that binds to the C-terminal region of

AP S26s that is largely buried in the oligomer core. This would reduce the number of exposed
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epitopes, possibly resulting in a few unique antibody-accessible binding sites making image
alignment simpler. For instance, in the case of a-synuclein fibrils, there exist antibodies that only
bind to one tip of the fibril structure. This is likely because it is only at one end of the fibril
where the antibody epitope is available for binding, whereas in the rest of the fibril, it is covered
by other layers. If the oligomer similarly had a single binding site for an antibody due to the fact
that most antibody epitopes were buried in the oligomer core, this would greatly facilitate image
alignment.

In order to attempt a different antibody labeling strategy, we obtained nanobodies Nb3
and Nb9 that are shown to bind with strong affinity to residues 17-28 of the wild-type AP
peptide'3. We also designed a bivalent version of Nb3, containing two Nb3 sequences connected
by a linker. Our preliminary experiments show that all three nanobody constructs bind to A
S26s oligomers, indicating that the 17-28 epitope is still available for binding, despite a D-amino
acid at Ser26. These three nanobodies will serve as backups in case structure determination with
Fab 3D6 is unsuccessful. One potential drawback of using nanobodies is their smaller size (Nb3
and Nb9 are 15 kDa, bivalent Nb3 is 30 kDa), which potential limits visualization in cryo-EM
images. However, their lack of a constant domain makes them less flexible than Fabs, which may
aid image alignment. We will test the ability of Nb3, Nb9, and bivalent Nb3 to help image
alignment of AP S26s oligomers in a similar manner to our oligomer-3D6 complex: we will first
screen the oligomer-nanobody complexes by negative stain EM, and if the nanobodies can be
visualized on the oligomer, we will attempt cryo-EM structure determination.

Another strategy that could overcome the intractability of oligomers for cryo-EM single
particle analysis is cryo-electron tomography!4. This method relies on obtaining partially

complete 3D volumes (tomograms) of unique objects by collecting images of the sample tilted
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+/- ~60°. Although this leads to a reconstruction of the objects in the tomogram, it comes at a
cost of lower resolution (~2-4 nm) because the electron dose must be kept low enough to prevent
radiation damage over the course of the tomogram. Since we are interested in the atomic
arrangement of the AP S26s peptides in the oligomers, oligomer reconstructions from
tomography would likely not reveal much more than the shape of our oligomers without
revealing their internal structure. However, it may be possible to use sub-tomogram averaging to
align and classify oligomer volumes found within the tomograms to achieve higher resolution.
This may at the very least inform us of the symmetry of the oligomer, which could then be used
in either our single particle analysis or subtomogram averaging to further improve resolution.
Recent advances including EMClarity'> and M'®, have pushed the boundary of subtomogram
averaging to near atomic resolution for samples such as the ribosome and the immature HIV-1
Gag particle. It may therefore be possible to apply state-of-the-art cryo-ET methods to determine
structures of AP S26s oligomers if single particle analysis fails.

Given that our goal is to determine the atomic structures of amyloid oligomers to reveal
for the first time their atomic structure, and to see if there is a universal architecture to oligomer
structures similar to the cross-f fold in fibrils, we are largely agnostic to which amyloid protein
we study. Therefore, in addition to new antibody labeling approaches and cryo-ET of AP S26s
oligomers, it may be expedient to examine additional amyloid protein oligomers. We initially
experimented with AP S26s due to the fact that it forms long-lived oligomers, which are helpful
for structural studies; however, we have shown that AP S26s has a large amount of heterogeneity
that makes cryo-EM structure determination difficult. Indeed, cryo-EM images of AP S26s fibrils
after an extended 30 day incubation show at least three fibril polymorphs (Supplementary Figure

2). Given that oligomers are precursors to fibrils, this suggests that A S26s oligomers may have
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at least three fibril polymorphs and perhaps more since not all oligomers may convert to fibrils,
or certain oligomeric species may form that then disassociate. Unlike fibrils where multiple
polymorphs can be either identified by eye during manual particle picking, or separated by 2D
classification with large box sizes, oligomers of A} S26s are not easily identifiable by eye or by
2D classification. A more viable starting point for determining the structure of recombinantly
assembled oligomers may be to start with a protein that forms monomorphic fibrils, which may
potentially suggest more monomorphic oligomers. For instance, a-synuclein bearing the
hereditary mutation E46K forms fibrils of a single type and therefore oligomers of this protein
may be more likely to be homogenous'”.

In conclusion, we have made efforts toward determining the structures of AP S26s
oligomers and have shown that while the heterogeneity and lack of clear internal features of
oligomers make image alignment and classification difficult, antibody labeling methods may
provide a solution to this problem. We have outlined a clear strategy for producing and screening
oligomer-antibody complexes and have applied it to a AP S26s oligomer-Fab 3D6 complex,
producing reconstructions of 3D6 labeled oligomers and getting as far as high resolution cryo-
EM data collection and preliminary data processing of AR S26s oligomer-3D6 particles. We have
also discussed both potential pitfalls of and potential improvements to our method. Alternative
strategies such as cryo-ET and a different amyloid protein starting point may also be worthwhile
endeavors to reveal amyloid protein oligomers. Future work using a combination of these
methods will hopefully lead to routine structure determination of amyloid oligomers, as has been
accomplished for amyloid fibrils, furthering our understanding of amyloid protein folding and

amyloid disease.
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Materials and Methods

Peptide Reconstitution

Peptides were synthesized as in Foley, et al. and stored as a lyophilized powder?. In order to
create smaller aliquots of peptide, we reconstituted lyophilized powder in 100 pL 20 mM
NH4OH and re-lyophilized small aliquots of dissolved peptide for storage at -20° C and future
use. For reconstitution of peptide immediately prior to use in oligomer growth experiments, we
followed the procedure in Foley, et al.’ Briefly, peptide was dissolved in chilled 20 mM NaOH
and kept on ice. Amount of NaOH added was calculated so that after dilution into oligomer
growth buffer, final % v/v of NaOH was less than 3% in order to minimize potential peptide
hydrolysis. Solubilized peptide solution was sonicated in a water bath sonicator for 30 seconds
and its concentration was measured with a NanoDrop using absorbance at 280 nm and molar
extinction coefficient at 280 nm of 1490 M-'cm’!.

Oligomer Growth

We screened various oligomer growth conditions using a combination of different buffers,
starting peptide concentration, and incubation conditions. Buffers tested included: PBS, MOPS,
20 mM phosphate buffer pH 7.4, and 20 mM Tris-HCI] 150 mM NaCl. For 20 mM phosphate
buffer pH 7.4, we also screened 0-200 mM NaCl. We screened starting peptide concentration
ranging from 5-100 pM, and incubation conditions were either quiescent at 37° C or using
double orbital shaking (400 rpm) in an Omega microplate reader (BMG Labtech). All growth
conditions were monitored using ThT fluorescence (20 uM ThT) and 440/485 nm
excitation/emission. For both non-seeded and seeded oligomer growth, the condition that
produced the most oligomers with good dispersity and homogenous size was 100 uM A S26s,

20 mM phosphate buffer pH 7.4, 20 uM ThT, with quiescent incubation at 37° C.
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For the “G2” seeded oligomer growth condition, we generated fibrils by incubating 50
uM AP S26s in 20 mM phosphate buffer pH 7.4, 20 uM ThT using 400 rpm double orbital
shaking for 3 days. The resulting fibrils were sonicated to generate short, fragmented fibrils. The
sonicated fibrils were used at 5% v/v in our standard oligomer growth condition (100 uM A}
S26s, 20 mM phosphate buffer pH 7.4, 20 uM ThT, with quiescent incubation at 37° C).

Fab 3D6

Fab antibody was synthesized and obtained from Biolntron Biological Inc., China. Fab antibody
was expressed and purified from CHO-K1 cell line (ECACC, Cat no:. 85051005).

Heavy chain:
EVKLVESGGGLVKPGASLKLSCAASGFTFSNYGMSWVRQNSDKRLEWVASIRSGGGRT
YYSDNVKGRFTISRENAKNTLYLQMSSLKSEDTALYYCVRYDHYSGSSDYWGQGTTVT
VSSAKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSETVTCNVAHPASSTKVDKKIVPRDCG

Light chain:
YVVMTQTPLTLSVTIGQPASISCKSSQSLLDSDGKTYLNWLLQRPGQSPKRLIYLVSKLD
SGVPDRFTGSGSGTDFTLKISRIEAEDLGLYYCWQGTHFPRTFGGGTKLEIKRADAAPTV
SIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYS
MSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC

Immunoprecipitation of oligomers

We coupled Fab 3D6 to Ni-conjugated magnetic beads in 700 ul PBST (PBS-tween) buffer for
two hours at RT. We washed the beads twice with PBST buffer to remove excess of Fab. We
then added oligomer solution to Fab-bound beads. We incubated the bead-Fab-oligomer solution

for two hours at room temperature with mild shaking, washing the solution twice with 200 pl
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buffer before eluting using 50 mM tris, pH 7.5, 150 mM NaCl and 500 mM imidazole buffer.
We tested various molar ratios of Fab and oligomers by adjusting the volume of Fab or
oligomers used in the immunoprecipitation. We buffer exchanged the elution into 20 mM Tris-
HCI pH 7.4, 150 mM NaCl using an Amicon 100 kDa spin filter before preparing grids for
electron microscopy.

Immunoprecipitation of oligomers

We mixed Fab 3D6 to Ni-conjugated magnetic beads in XXX buffer and then added oligomer
solution to Fab-bound beads. We incubated the bead-Fab-oligomer solution for four hours at
room temperature with mild shaking, washing the solution twice with XXX buffer before eluting
using XXX buffer. We tested various molar ratios of Fab and oligomers by adjusting the volume
of Fab or oligomers used in the immunoprecipitation. We buffer exchanged the elution into 20
mM Tris-HCI pH 7.4, 150 mM NaCl using an Amicon 100 kDa spin filter before preparing grids
for electron microscopy.

Negative stain electron microscopy

2 pL of sample was added to glow-discharged Formvar Carbon Cu grids (EMS) and incubated
for 1 min. 90% of sample was blotted off using filter paper and 4 uL of 2% uranyl acetate was
added for 2 min. 90% of uranyl acetate was removed through blotting and a final 4 pLL was added
and removed immediately (wash). Negative stain grids were imaged in either a FEI T12, T20, or
TF20 microscope.

Cryo-electron microscopy

For our first two cryo-EM samples (Figures 1 and 2), we used UltraAuFoil R2/2 or Quantifoil
R1.2/1.3 grids, respectively. Samples were aliquoted to glow-discharged grids, blotted in a

Vitrobot Mark IV (FEI), and plunge-frozen in liquid ethane. For the AB S26s oligomer-Fab 3D6
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complex, we used homemade graphene oxide over Quantifoil R1.2/1.3 grids prepared as follows:
(1) we diluted 4 mg/mL graphene oxide (Sigma) to 0.2 mg/mL using ddH20 and sonicated the
diluted solution for 30s in a water bath; (i1) we centrifuged the sonicated solution at 300 rcf for
30s to remove large aggregates; (iii) we then diluted the sample further to ~0.03 mg/mL and
added 1 pL of the final solution to glow discharged grids until the solution evaporated; (iv) after
drying, we examined the grids in the electron microscope for graphene oxide hole coverage and
the presence of large aggregates, and adjusted the final dilution step (step iii), diluting more if
there were too many multi-layer graphene oxide flakes over the holes or diluting less if there was
too little single-layer graphene oxide coverage of holes. We collected cryo-EM images using a
Titan Krios (FEI) equipped with a Gatan K3 Bioquantum direct electron detector/energy filter
system and using an accelerating voltage of 300 kV and slit width of 20 eV. Automated data
collection was performed using SerialEM or Leginon. Pre-processing for all data-sets was
performed using a combination of WARP'®, CTFFIND4!3, and RELION” for CTF estimation
and motion correction. We used a combination of WARP, crYOLO'", and MicrographCleaner?’
to pick particles and Cryosparc® and RELION for 2D classification, ab initio reconstruction, and

3D classification.
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Supplementary Figure 1 Comparison of oligomer pulldown experiments. The 10/02 oligomers
were grown without seeding and the pulldown used less Fab (1:15 Fab:A-beta S26s monomer
equivalent). Growing without seeding often leads to more protofibrils and more clumping of
oligomers, while using less Fabs leads to incomplete labeling of oligomers. The G2 seeded
condition grows more homogenous and discrete oligomers with less clumping, and the use of
more Fab for the pulldown (1:2.5 Fab:A-beta S26s monomer equivalent) leads to more complete

labeling of oligomers.
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Supplementary Figure 2 Cryo-EM images of A-beta S26s fibrils after extended incubation

shows highly polymorphic fibrils.
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