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ABSTRACT OF THE DISSERTATION

Genetic Causes of Amyloid Fibrils

and Their Structures

by

Gregory Marc Rosenberg
Doctor of Philosophy in Human Genetics
University of California, Los Angeles, 2023
Professor David S. Eisenberg, Co-Chair

Professor Daniel H. Geschwind, Co-Chair

The conversion of human proteins into the highly ordered fibrillar aggregates known as amyloid
fibrils is implicated in a wide range of diseases. The number of proteins known to exhibit this
activity is constantly growing and the molecular mechanisms that lead to amyloid aggregation are
not fully understood. | focus on genetic mutations as a mechanism by which to predict novel
amyloidogenic proteins. | also examine how mutations can explain some structural features of
amyloid fibrils formed by mutant proteins. | developed a computational method for predicting
previously unknown amyloidogenic proteins by calculating the propensity of disease mutations to

induce amyloid aggregation. This method, called Identification of Mutations Promoting



Amyloidogenic Transitions (IMPACcT), identified protein TFG as a novel amyloidogenic protein. |
biochemically validated the amyloidogenic nature of mutant protein TFG and determined the
structures of the mutant amyloid fibrils, demonstrating the direct and indirect influence of each
mutation on the structure and stability of the fibrils. Lastly, | composed a literature review of the
mechanisms by which mutations drive the conversion to an amyloid fibril and influence the
resulting molecular structures. This body of research expands our understanding of amyloid

proteins and opens avenues for further study of the relationship between genetics and amyloids.

This dissertation includes three supplementary files.

Chapter 2 has two supplementary spreadsheets: Table S2-1 is a spreadsheet containing
information regarding all the candidate mutations identified by the IMPAcCT method; Table S2-2 is
a spreadsheet containing the results of a statistical test on patterns in the kinds of mutations which

were predicted to be amyloidogenic by the IMPACT method.

Chapter 4 has one supplementary spreadsheet: Table S4-1 is a spreadsheet containing relevant

information on all pathogenic amyloid proteins considered in the review.
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Chapter 1: Introduction

Amyloid formation is a component of the etiology of a wide variety of diseases and over 50
proteins are capable of forming amyloids. Amyloids are highly structured protein aggregates, and
many years of research have gone into elucidating their common structural features as well as
the unique features of individual amyloid proteins. Still, our knowledge of how amyloid formation
contributes to disease is incomplete; we do not even have complete knowledge of every protein

which can form amyloids in disease.

The goal of my research has been to discover unknown amyloidogenic proteins as well as uncover
the mechanistic contribution of genetic factors, mainly Mendelian disease mutations, to the
structure of amyloid fibrils and their relationship to disease etiology. The work included in this
dissertation is the development and validation of a method to discover novel amyloid proteins
based on the computational prediction of amyloidogenic disease mutations, cryo-electron
microscopy structures of two amyloid fibrils of the same protein, each with a different disease
mutation, and a literature review of the genetic causes of amyloid fibril formation which includes
a catalogue of every known pathogenic amyloid and descriptions of the effects of and

mechanisms behind genetic factors which lead to amyloid formation.

Chapter 2 of this dissertation is a scientific article describing my method of discovering novel
amyloid proteins through a computational analysis of disease mutations on a subset of human
proteins. This method has since been termed “Identification of Mutations Promoting
Amyloidogenic Transitions”, or IMPAcCT. The IMPAcT method works by compiling documented
protein-coding disease mutations from publicly available databases, such as ClinVar, which occur

in some subset of human proteins. In our case, proteins containing low-complexity domains were
1



chosen. The wild-type protein sequences and the mutant protein sequences are then scored by
ZipperDB, a database which scores the propensity of a protein sequence to form an amyloid.
Mutations which are calculated to convert a non-amyloidogenic sequence into one which is

amyloidogenic are considered hits.

After implementing this method, | took steps to validate its output. Out of the proteins with
mutations identified by the IMPAcT method, many were known to be amyloidogenic. One protein
which was not known to be amyloidogenic was chosen for further validation: TFG. The low-
complexity domain of TFG was expressed, purified, and tested for amyloidogenicity, and proved
to indeed be amyloidogenic when the sequence contained the mutations identified by the IMPACT
method. The identification of TFG as a novel amyloidogenic protein validates the IMPACT method

and evinces an amyloid component of the etiology of the diseases caused by mutations in TFG.

The IMPACT method is also versatile in that it can be repurposed with some different parameters
to identify more novel candidates. Most apparently, the method can be applied to a different
subset of the human proteome than the initial study. Also, the computation of amyloid propensity
can be modulated by replacing the structural template that ZipperDB uses to calculate the amyloid
propensity. The method may even be modified to judge the amyloidogenic effects of mutations in
noncoding regions of the genome such as expression quantitative trait loci (eQTLs). | plan to
implement some of these modifications and publish the results. This will further demonstrate the
utility of this method to the field of amyloid research as well as expand the scope of the field to

even more proteins.



Including the corresponding author and me, this article has six authors. Kevin Murray and |
formulated the method together and | was responsible for implementing it through computer
scripting. Lukasz Salwinski assisted in collecting data from mutation databases and | was
responsible for parsing that data for my specific application. Michael Hughes provided scripts for
identification of low-complexity domains as well as for accessing the ZipperDB database in a high-
throughput fashion. Kevin Murray and Romany Abskharon provided guidance on expression and
purification of protein constructs. | performed all other formulation of the overall research project,

data analysis, experimentation, and writing, with oversight and direction from David Eisenberg.

Chapter 3 of this dissertation is a scientific article describing the cryo-electron microscopy
(cryoEM) structure determination of two amyloid fibrils formed from recombinant protein
constructs of the TFG low-complexity domain containing each of the two amyloidogenic mutations
identified by the IMPACT method. Through the determination of these structures, | describe how
the different mutations directly contribute to the differences between the amyloid fibril cores. | also
describe the structural features which are common to both structures, making them a hallmark of
the TFG amyloid overall. | also compare the structures to other pathogenic and non-pathogenic
amyloid structures and find that some features of the TFG structures are more similar to non-
pathogenic amyloids, but certain stabilizing features, like glutamine ladders, may make some of
the metrics used for comparison, like solvation energy, misleading. | also explore, based on the
determined structures, why the mutants are able to form amyloids while the wild-type construct
does not. The structures reveal how the mutations contribute to the formation of amyloid fibrils

and thus provide a physical mechanistic explanation for the mutations’ pathogenicity.



Including the corresponding author and me, this article has six authors. Romany Abskharon
assisted in preparation of samples for imaging, namely freezing the cryoEM grids after loading
samples of amyloid fibrils which | made. David Boyer and Peng Ge both assisted with acquiring
time on electron microscopes for imaging my samples and provided expert guidance for utilizing
software for processing of cryoEM data for structure determination of amyloid fibrils. Michael
Sawaya provided the software | used to calculate solvation energy values and generate the figure
containing that information. He also noticed some of the structural details which | describe in the
article, namely the few extended B-strand conformations in the fibril core of the G269V mutant
and the wave-like shape of the peptide backbone at the protofilament interface of the same
mutant’s fibril core. He also provided guidance on the aesthetics of some figures. | performed all
other data analysis, experimentation, and writing, with oversight and direction from David

Eisenberg.

Chapter 4 of this dissertation is a literature review on the genetic causes of amyloid formation and
structure. In the review | catalogue every protein which is known to form pathogenic amyloids and
classify them based on whether their wild-type form, mutant form, or both are known to form
amyloid fibrils. | also compare the amyloid fibril structures of wild-type and mutant proteins for the
several amyloid proteins for which both wild-type and mutant fibril structures have been
determined. | also describe the biochemical mechanisms by which mutations contribute to
amyloid formation and divide them into six different categories. The next section of the review
examines haploinsufficiency in amyloid protein-coding genes and relates this to the inheritance
patterns of most amyloidogenic disease mutations and how that can inform us of the mechanisms
of amyloid pathogenicity. | end the review with a section about the scientific merit of determining

the structures of amyloid fibrils formed by mutant proteins.



The review serves as a call to action for more research into the effects of genetic factors on the
formation and structures of amyloid fibrils. This review is a unique and valuable addition to the
literature of the amyloid field, especially due to the inclusive list of pathogenic amyloid proteins
which is more comprehensive than any other review on a similar subject and the enumeration of

amyloidogenic mechanisms of mutations.

Including the corresponding author and me, this review has five authors. Kevin Murray helped
with the initial conception of the subjects the review would cover including helping to finalize the
categories of amyloidogenic mutation mechanisms. He also made the figure for the mutation
mechanism section of the review. Michael Sawaya helped with finalizing the overall organization
of the review and assisted me with the comparisons of wild-type and mutant amyloid structures.
He also provided advice on figure aesthetics, especially for the figures for the structure
comparisons section. Yi Xiao Jiang assisted with proofreading and editing as well as providing
important references for some of the amyloid proteins he has studied in his research. | wrote the
entire text of the review, gathered all the references except for those provided by Yi Xiao, and
made all the figures except for the one made by Kevin, with oversight and direction from David

Eisenberg.

Chapter 5 of this dissertation is a resource document which is related to the literature review of
chapter 4. This document contains short profiles describing each pathogenic amyloid protein
included in the review in chapter 4. Each profile includes information on the protein relevant to
the topics discussed in chapter 4: a description of the protein’s function, the amyloid disease(s) it

causes, the evidence which confirms its amyloid nature, and the mechanisms by which its
5



mutations, if any, induce amyloidogenicity. These amyloid protein profiles serve as a

comprehensive resource for information on every known pathogenic amyloid protein.

| composed the document in its entirety and gathered every reference except for some collected

by Yi Xiao for certain proteins.

In all, the research included in this dissertation is significant due to the development and validation
of a method for discovery of novel amyloid proteins, the structure determination of two mutant
amyloid fibrils which demonstrate the influence of disease mutations on amyloid structures, and
a comprehensive review of pathogenic amyloid proteins and how their mutations contribute to
their amyloidogenicity. All the research described here is original and was performed mainly by
me, with contributions from other authors for their expertise in certain techniques. This work fulfills
the scientific goals of my graduate studies and makes a significant contribution to science, and in

particular to the study of amyloid proteins.



Chapter 2: Bioinformatic identification of TRK-fused gene protein (TFG) as a previously

unrecognized amyloidogenic protein

Gregory M. Rosenberg, Kevin A. Murray, Lukasz Salwinski, Michael P. Hughes, Romany

Abskharon, David S. Eisenberg

Abstract

Low-complexity domains of proteins have been shown to self-associate, and pathogenic
mutations within these domains often drive the proteins into amyloid aggregation associated with
disease. These domains may be especially susceptible to amyloidogenic mutations because they
are commonly intrinsically disordered and function in self-association. The question therefore
arises whether a search for pathogenic mutations in low-complexity domains of the human
proteome can lead to identification of other proteins associated with amyloid disease. Here, we
take a computational approach to identify documented pathogenic mutations within low-
complexity domains which may favor amyloid formation. Using this approach, we identify
numerous known amyloidogenic mutations, including several such mutations within proteins
previously unidentified as amyloidogenic. Among the latter group, we focus on two mutations
within the TRK-fused gene protein (TFG), known to play roles in protein secretion and innate
immunity, which are associated with two different peripheral neuropathies. We show that both
mutations increase the propensity of TFG to form amyloid fibrils. We therefore conclude that TFG
is a novel amyloid protein and propose that the diseases associated with its mutant forms may be

amyloidoses.

Introduction
Low-complexity domains (LCDs) are common, but functionally mysterious regions of proteins in

the human proteome of which several are associated with amyloidoses(1-3). Low-complexity
7



domains are characterized by long segments made up of relatively low sequence diversity and
are also commonly intrinsically disordered. LCDs are thought to be integral to the self-association
of some proteins involved in RNA-binding, the formation of membraneless organelles, and the
self-association of intermediate filament proteins(4—9), but not all proteins with LCDs exhibit these
functions. Whereas subsequent dissociation of these complexes is a hallmark of the normal
function of LCDs, proteins with LCDs may become prone to aggregate irreversibly into pathogenic
amyloids due to missense mutations which encourage protein misfolding(3, 10, 11). Some
examples of amyloidgenic LCD-containing proteins are FUS, TDP43, and HNRNPAL which are

all associated with ALS.

Because LCDs are often disordered, cross-f structures are presentin LCD condensates(12), and
many proteins containing them form amyloids in disease, we speculate that these domains may
be more susceptible to mutations that cause the formation of an amyloid to be energetically
favorable. Under this assumption, we chose to focus our search for novel amyloidogenic proteins
on those proteins which contain a LCD (Figure 2-1). This search for unidentified amyloidogenic
proteins based on pathogenic mutations expands on previous work(9, 13) by considering a larger
subset of the human proteome. Our approach is agnostic to details about the queried proteins
(besides identifying LCDs based on amino acid sequence) such as their functions or the diseases
with which they are associated. Also, while our approach does identify many known
amyloidogenic proteins, our focus is solely on those that have never been documented to form

amyloid fibers either in vivo or in vitro.

Here we advance computational screening methods to identify mutations which may cause a
functional LCD to become amyloidogenic(9). We define an amyloid as an irreversible, fibrous

protein aggregate with a cross-f sheet scaffold. The common methods of experimental



identification of amyloid are the binding of amyloidophilic dyes such as Congo red or Thioflavin T
(ThT) and x-ray diffraction revealing the ~4.7-4.8 A separation of B-strands and ~10 A separation
of B-sheets. Amyloids are found in a wide range of diseases from Alzheimer’s to type Il
diabetes(14). These amyloidoses are characterized by deposition of insoluble amyloid
aggregates which, by mechanisms not completely understood, lead to cellular injury, tissue
damage, and organ dysfunction(15). If amyloid deposition drives disease, it is crucial to identify
the protein responsible to develop reliable treatments for the disease. We propose that many
diseases have yet undiscovered amyloid components to their etiology. In this work, our algorithm
identifies numerous known amyloidogenic mutations as well as many mutations not previously
associated with any amyloidoses. Among the second group of mutations, we demonstrate that
two from the protein TFG increase the amyloid propensity of the protein. The identification of this
and other potential undiscovered amyloid proteins is important for understanding the

pathogenesis and expanding the treatment options of their associated diseases.

Results

To identify LCDs, we first applied the SEG algorithm(16) to the human proteome to categorize
amino acid segments as either high complexity or low complexity. We then conservatively defined
a low-complexity domain as any low-complexity segment of at least 35 amino acids with leeway
for 5 interrupting high complexity amino acids in a row. Under these criteria, 3,251 human proteins
contain at least one LCD. We then scoured Uniprot Knowledgebase (UniprotKB)(17), Online
Mendelian Inheritance in Man (OMIM)(18), and ClinVar(19) for pathogenic missense mutations
within the LCDs of these proteins and found 738 documented disease-related mutations. This set
of mutations was collected while remaining agnostic to the functional consequences for the

affected protein, so among these mutations are some that are pathogenic because they increase



amyloid propensity, but also many that are pathogenic for various other reasons unrelated to

amyloidogenicity.

Among the residues that make up LCDs, prolines are the most common, followed by glycine,
serine, and alanine (Figure 2-2A). Glycine is by far the most common residue to be replaced in
pathologies, with 501 of the 738 disease-related mutations being changed from glycine (Figure
2-2B). The most common mutation is from glycine to arginine, followed in descending order by
glycine to aspartate, glycine to valine, and glycine to serine. The next most common residue to
be replaced in pathologies is arginine with 57 mutations. This is followed by proline mutations,
making up 50 of the documented disease-related mutations. These findings suggest that glycine

residues are especially important in maintaining normal function of human LCDs.

Next, we sought to identify the mutations from the set of 738 pathogenic mutations that increase
the propensity of a functional sequence to form a steric zipper, the common adhesive protein
motif driving amyloid(20). To achieve this, we used ZipperDB, a database which predicts the fibril-
forming propensity of segments within proteins(21). ZipperDB evaluates the energetic fit of 6-
residue segments in the conformation of a steric zipper. Therefore, for each mutation we analyzed
two 11-residue sequences centered on the mutated residue: one containing the wild-type residue
and one containing the mutant residue. For each of these sequences, all 6 possible hexamers
containing the residue of interest were assigned energy values by ZipperDB (Figure 2-3, Figure
2-4A). Proline residues are not energetically favorable in B sheets, so segments containing this
residue tend to have very high positive energy scores. Since proline is a common residue in LCDs
(Figure 2-2A), this skews a significant portion of the data to high positive values and Figure 2-

4A does not include this skewed portion of the plot (Figure S2-1).

10



In detail, we identified amyloidogenic mutations as follows: we predict a mutation to be
amyloidogenic if a hexamer containing the wild-type residue has an energy value greater than the
ZipperDB threshold of -23 kcal/mol (therefore with lower amyloid propensity) and the
corresponding hexamer containing the mutant residue has an energy value lower than or equal
to -23 kcal/mol (therefore with higher amyloid propensity) (Figure 2-3, Figure 2-4A, Table S2-1).
Mutations which generated these hexamers were predicted to cause a gain-of-function amyloid
propensity. This group contains 88 mutations, the most common changes being glycine to serine,

glycine to valine, glycine to cysteine, and proline to leucine (Figure 2-4B).

Conspicuously, changes to charged amino acids are greatly underrepresented in this predicted-
amyloidogenic set. For example, glycine to arginine changes are completely absent whereas they
are the most common type of pathogenic mutation in LCDs in general. This is unsurprising,
however, since amino acid side chains on the interior of a steric zipper need to be able to pack
closely together as well as to stack on top of each other along the fiber axis and these charged

side chains will repel each other making amyloid formation energetically unfavorable.

Furthermore, statistical analysis reveals that glycine is the only residue that, when mutated, has
statistically significant differences in whether the mutation is predicted to be amyloidogenic or not
depending on which residue it mutates into (Table S2-2). In other words, for glycine only, the
amino acid it mutates into is significant in determining whether the mutation is predicted to be
amyloidogenic or not. Taken together, there are many documented mutations within LCDs that
may drive a functional sequence to become amyloidogenic, but mutations from glycine and proline

are more likely than others to be of this kind.

11



To validate that our approach is capable of identifying amyloidogenic mutations, we combed the
list for known amyloidogenic mutations and found several. Two of the listed mutations in
hnRNPA1 (D314V and D314N) and the mutation in hnRNPA2B1 (D302V) have been
experimentally shown to induce fiber formation(3). One of the listed mutations in KRT8 (G62C)
has been demonstrated to enhance aggregation propensity(9). Desmin, a protein which can form
amyloid fibers in myofibrillar myopathy(22), has three mutations in the list (S2I, S46F, and S46Y)
that are associated with myofibrillar myopathy and have been shown to cause abnormal
aggregation(7). A mutation in PABPN1 (G12A) mimics a pathogenic polyalanine expansion(23)
and an extended polyalanine segment in this protein has been shown to induce fiber
formation(24). Known amyloidogenic proteins TDP43 and FUS also have mutations that appear
on the list, but so far, these mutations have not been experimentally tested for increased amyloid
propensity. These examples confirm that our approach can identify at least some mutations that

contribute to the formation of amyloid fibers.

To determine if our approach identifies novel amyloid mutations, we analyzed one of the
pathogenically altered proteins, TRK-fused gene protein (TFG). As part of its native function, TFG
self-associates into octameric oligomers and its LCD facilitates these octamers to form larger
complexes(25). The two mutations in TFG which were identified by our method, G269V and
P285L, have been associated with Charcot-Marie-Tooth disease type 2 and hereditary motor and
sensory neuropathy with proximal dominant involvement, respectively(26, 27), and both
mutations were shown to result in abnormal aggregation of the protein. We also found that the
WT protein and the protein with the P285L mutation are able to phase separate in vitro in the
presence of a crowding agent, but with the G269V mutation the protein forms amorphous

aggregates (Figure S2-2).
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We expressed and purified the LCD of TFG (residues 237-327), fused with mCherry to increase
solubility, in three forms: the wild-type sequence (WT), containing the G269V mutation (G269V),
and containing the P285L mutation (P285L). Each construct was shaken at 37°C for 138 hours
with thioflavin T, a dye which fluoresces in the presence of amyloid fibers(28, 29). Both mutant
constructs demonstrated strong ThT fluorescence while the WT construct did not (Figure 2-5A).
The presence of fibers from the mutant constructs and the absence of fibers from the WT
construct were confirmed by electron microscopy (Figure 2-5B). Both mutant fibers displayed an

apparent twist, typical of amyloid fibers.

The amyloid nature of the TFG 237-327 fibers was also confirmed through X-ray diffraction. Drops
of solutions containing the fibers were suspended between glass rods and allowed to dry, which
aligns the fibers between the rods. The fibers were placed in an X-ray beam with the length of the
fibers perpendicular to the direction of the beam. The resulting diffraction pattern for both mutant
fibers displayed distinct rings at resolutions representing the characteristic dimensions of an
amyloid fiber: 10 A representing the intersheet spacing and 4.7 A representing the interstrand
spacing (Figure 2-5C). We observed nearly the same behavior in the full-length protein, with the
differences being faster fiber formation, likely due to lower solubility, and the WT sequence was
able to form fibers, although at a significantly slower rate (Figure S2-3). In short, we found TFG
exhibits amyloid behavior when pathogenically altered, as predicted by our bioinformatic

approach.

Discussion
Interpretation of predicted amyloid-driving mutations in terms of atomic structure
The most common residues within LCDs to be replaced in pathologies are glycine, arginine, and

proline, all of which are known to be important for the normal function of many LCDs especially in
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regard to the regulation of phase-separation properties(30-32). Due to their functional importance
in LCDs, altering these residues can result in pathology for various reasons unrelated to
amyloidogenesis, but in this study we are most interested in pathogenic mutations in LCDs that
result in increased amyloidogenicity specifically, and the trends in predicted amyloidogenic
mutations in LCDs are slightly different than overall pathogenic mutations in LCDs, with proline
being the second most common residue to have mutations predicted to be amyloidogenic rather

than arginine.

The observed frequency of predicted amyloid-driving mutations (Figure 2-4B) can to some extent
be understood in terms of atomic structures. Mutational replacement of a residue can destabilize
the native state, favoring a conformational change leading to a pathogenic loss of native function;
alternatively, replacement can favor formation of amyloid, leading to pathogenic amyloid. Both
effects are possible with replacement of glycine, which we identified as the most commonly
replaced residue associated with disease (Figure 2-2B) and with the most replacements
predicted to be amyloidogenic (Figure 2-4B). Glycine residues confer flexibility to the peptide
backbone which is important in maintaining the liquid properties of phase-separated protein
droplets(30). Glycine’s lack of a sidechain larger than a hydrogen atom disfavors secondary
structure, since it grants an extra flexible peptide bond, and hence does not preferentially form a-
helices or B-sheets(33). This means that glycine residues are less likely than other residues to
contribute to the stability of an amyloid fiber core which is typically enriched with B-sheets. We
previously demonstrated that glycines can introduce kinks into the backbone of beta-strands in
amyloid structures derived from low-complexity segments(34), which may partially destabilize
kinked backbones in low-complexity amyloid structures. We have also found that glycines lead to
extended beta-strand motifs in these low-complexity amyloid structures, which may also

contribute to their lability(35). Considering only single-nucleotide variant missense mutations,
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glycine can potentially mutate into serine, alanine, glutamic acid, arginine, valine, aspartic acid,
cysteine, and tryptophan (Figure S2-4). The most common glycine mutations which we predicted

to be amyloidogenic are glycine to valine, glycine to cysteine, and glycine to serine.

Glycine to valine is the second most common glycine mutation predicted to be amyloidogenic.
Valine has a relatively bulky side chain which is branched at the B carbon, and side chains like
this prefer to form B-sheet secondary structures. Changes from glycine to valine would likely
facilitate the formation of a steric zipper for this reason, especially if the surrounding sequence is
already somewhat amyloid-prone other than being broken by the glycine residue and, as is the
case for some glycine-rich LCD proteins (FUS and TDP43), forms metastable complexes with
copies of itself as part of its function. One of the TFG mutations which increases amyloid

propensity is a glycine to valine mutation (G269V).

Glycine to cysteine is the third most common glycine mutation which is predicted to induce
amyloid propensity. The cysteine side chain is a thiol group which, when oxidized, can form
disulfide bonds with other oxidized cysteine side chains. These covalent bonds normally greatly
increase the stability of globular proteins, but these are normally intramolecular bonds.
Intermolecular disulfide bonds can potentially stabilize cross-f interactions and contribute to the
formation of amyloid fibers(36, 37). This intermolecular disulfide bonding is especially likely if the
glycine to cysteine mutation creates a sequence with only a single cysteine in a region that is
routinely exposed to copies of itself, as in many LCDs in which cysteines are not particularly
common (Figure 2-2A). A glycine to cysteine mutation in KRT8 (G62C) has been shown to

increase amyloid propensity(9).
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Glycine to serine is the most common residue change out of the glycine mutations which are
predicted to increase amyloid propensity. It is unclear exactly what benefit a serine residue would
bring to the structure of an amyloid fiber since it has a polar side chain which is not able to form
hydrogen bonds with itself when stacked like glutamine side chains. Nonpolar residues are more
common on the interior of pathogenic amyloids, but polar residues do sometimes exist in steric
zippers. One alternative role for serine is possibly facilitating the formation of a turn and
contributing to the dagger-like fold which is seen in some structures of amyloid cores(20). Glycine
to serine mutations in FUS which are associated with ALS (G206S, G191S) appear in our list of

potentially amyloidogenic mutations.

After glycine mutations, proline mutations are the most common mutations predicted to be
amyloidogenic in our set of interest (Figure 2-4B). Like glycine, proline is thought of as a
secondary structure-breaker. Proline side chains break up B-strands due to steric restrictions of
their phi and psi angles imposed by their unique side chains, which forms a bond with the a-amino
nitrogen of the peptide backbone(38). Besides breaking the secondary structure necessary to
form a steric zipper, the proline side chain also disfavors the formation of amyloid fibrils by
removing the peptide backbone nitrogen’s availability for interstrand hydrogen bonding, which
normally is a major contributor to the stability of the overall fiber(7). With only single-nucleotide
variant missense mutations, proline can potentially mutate into serine, alanine, arginine, leucine,

threonine, glutamine, and histidine (Figure S2-4).

The most common proline mutation predicted to be amyloidogenic is from proline to leucine.
Leucine is a nonpolar side chain with a branched gamma carbon. Packing of hydrophobic
residues in the core of an amyloid fiber tends to increase stability and is preferred to polar residues

in pathogenic amyloids(20). This explains how a mutation to leucine could contribute to the
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formation of an amyloid fiber. One of the TFG mutations which increases amyloid propensity is a

proline to leucine mutation (P285L).

It is important to consider the possibility that the distribution of common mutations predicted to be
amyloidogenic may be sequence context-dependent rather than a result of which residue changes
are most amyloidogenic in general. In other words, the reduced amino acid diversity in individual
LCDs may limit which mutations actually increase the likelihood of a steric zipper within their
sequence context. This could explain phenomena like proline to leucine mutations being more
common in the list than proline to threonine mutations, the latter of which would have
comparatively higher B-sheet propensity yet is much less common. Another consideration is
codon limitations. Single-nucleotide missense mutations only allow for a limited number of amino
acid changes and some are more likely than others due to similarities in codons and codon
number (Figure S2-4). This explains why proline to leucine mutations are the most common type
of proline mutation among the mutations predicted to be amyloidogenic, but there are no glycine
to leucine mutations, since glycine to leucine mutations are impossible with only a single
nucleotide change. It also makes it more significant that glycine to cysteine mutations are
commonly predicted to be amyloidogenic even though there are fewer ways for single nucleotide
changes to result in that mutation compared to glycine to alanine mutations (Figure S2-4). The

underlying reasons for the distribution of mutations in this list requires further study.

Use of ZipperDB to assess mutations most likely to be amyloidogenic

We used ZipperDB to score sequences on their propensity to form a steric zipper, the core of
amyloid fibers. ZipperDB threads sequences onto a peptide backbone based on the crystal
structure of NNQQNY, a fibril-forming peptide from the yeast sup35 prion protein and generates

an energy score. It is possible to utilize a different peptide backbone for steric zipper predictions,
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but NNQQNY is the default and the one used for all the existing segments in the database.
ZipperDB is not the only existing method for predicting amyloid fibers, but it is useful for high-
throughput applications and is structure-based rather than sequence-based. Different amyloid-
prediction tools can be variable in their predictions. To demonstrate this, we used
AMYLPRED2(39) to predict amyloidogenic regions in TFG and its mutants (Figure S2-5).
AMYLPRED2 employs up to 11 different amyloid-prediction methods and outputs their
consensus. We ran AMYLPRED?2 using 10 methods and there was enough consensus for a high-
confidence prediction of an amyloid segment containing the G269V mutation, but not the P285L
mutation. ZipperDB’s scoring system is calibrated against experimental amyloid structures and
has proven very reliable in predicting sequences which can form fibers(3, 21, 40, 41). Though,
there are some important drawbacks to note. ZipperDB only considers homozippers while many
amyloid fibers contain heterozipper interfaces at their cores, which can contribute to
underprediction of amyloid-forming segments. Also, ZipperDB does not consider the sequence
context of each segment it analyzes, so segments that may form fibers in theory may not actually
be able to interact due to being buried in the interior of the protein or some other interference from
surrounding segments, which can contribute to overprediction of amyloid-forming segments.
These considerations mean that our method of identification has the potential to miss amyloids
that would have been better identified by other methods and also include erroneous amyloid

predictions.

Validation of our algorithm to identify amyloidogenic proteins

Our analysis has proven able to identify mutations which grant amyloidogenic gain of function.
Within the list of mutations predicted to be amyloidogenic, there were many which have been
previously demonstrated to promote amyloid fibrillation, as well as many mutations which have

unknown structural consequences. Also, there were many mutations in proteins known to be able
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to form amyloids, but the mutations themselves have no documentation on their biochemical
consequences. It is also important to note that even if the mutation has the potential to cause the
protein to form an amyloid, this does not necessarily mean that the protein will form an amyloid
under physiological conditions in disease. This makes it difficult to gauge the specificity and
sensitivity of our method. These considerations also factored into the model protein we used to
validate our method, TFG, since TFG had previously been shown to aggregate when
pathogenically altered in both cell models and tissue biopsies from diseased patients. However,
other proteins in our list have also been demonstrated to aggregate when pathogenically altered
but have not been shown to be amyloids, namely LMNA and CHCHD10(42, 43). We are currently
analyzing the behavior of these proteins in regard to amyloid formation. Some other interesting
proteins from our list of potential amyloid mutations include proteins that have the gene ontology
(GO) molecular function term “identical protein binding”. This term encompasses all the known
amyloid proteins from the list along with TFG and LMNA, but also other interesting proteins such
as UBQLNZ2, which is involved in some forms of ALS(44), and GRM®6, in which mutations can lead

to night blindness due to disrupted trafficking of the protein(45).

The LCD of TFG was able to form amyloid fibers only when containing mutations, in line with what
our method predicts (Figure 2-5A,B). However, the WT sequence of the full length protein is able
to form amyloid fibers along with the mutant sequences, albeit at a much slower rate (Figure S2-
3). This is not contradictory to our prediction, since the mutants show increased fiber-forming
propensity in both contexts, but the discrepancy is interesting and warrants explanation. In the
WT sequence there exist many segments predicted to be able to form a steric zipper, inside and
outside the LCD, and any of these segments could drive its amyloid formation. There may have
been differences in solubility between the full length protein and the LCD alone, especially since

the LCD was conjugated to a molecule of mCherry, and if the full length protein is less soluble it
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may have been more prone to forming fibers than the LCD alone in general. In the same vein, the
WT sequence of the LCD may have been able to form fibers if given more time or dissolved in
different buffer conditions. Another potential explanation is the inclusion of the PB1 domain in the
full length protein which functions as a mediator of homo-oligomerization for TFG(25). This
domain, not present in the mCherry-LCD constructs, may have facilitated self-interaction of the
protein which promoted fiber formation. Regardless of the cause of the discrepancy, behavior of
both the full length protein and the LCD conjugated to mCherry were consistent with our

predictions.

Summary

In this study we combined documented disease-causing mutations with structure-based
computation to predict amyloidogenic mutations. This method was validated by the identification
of known amyloidogenic mutations as well as demonstrating the formation of amyloid fibers from
sequences with mutations not previously identified as amyloidogenic. Our analysis has revealed

many possible unidentified amyloid proteins which need to be validated biochemically.

Experimental Procedures

Low-Complexity Region Prediction

Amino acid sequences in the human proteome were evaluated for low complexity using SEG
reference with default settings: window length = 12, trigger complexity 2.2, extension complexity
2.5. A sequence was determined to be a low-complexity region if it contained at least 35 residues

scored as low complexity with at most 5 interrupting non-low-complexity residues.

Protein Expression and Purification
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Recombinant TFG(237-327) for the WT, G269V, and P285L forms was purified using a pHis-
parallel-mCherry vector, using a previously described method(6). Briefly, protein was
overexpressed in BL21(DE3) Gold E. coli cells. Cultures were grown to an ODgpp=0.4-0.8, then
induced with 0.5M IPTG overnight. Cells were pelleted by centrifugation and the clarified lysate
was purified by Ni-NTA columns followed by size exclusion chromatography and dialyzed into

PBS.

Recombinant full length TFG was purified similarly except using a pet28b+ vector with a His tag

but no mCherry and being dialyzed into buffer containing 20mM Tris pH8 and 150mM NacCl.

Phase Separation Assay

Recombinant full length TFG constructs were dissolved to 10uM concentration in buffer containing
25mM Tris pH 7.4, 150mM KCI, 2.5% v/v glycerol, and 10% w/v PEG 8000. Protein was first
added to a microcentrifuge tube and diluted by adding the buffer on top of it. The total solution
volume was 80uL. 3 aliquots of 20uL were then pipetted into a NUNC 384-well clear-bottom

microplate and imaged immediately using differential interference contrast (DIC) microscopy.

In Vitro Aggregation Assay

Wild-type and mutant TFG LCD was diluted to 50uM in 1X PBS containing ThT at 40uM to a final
volume of 150uL in black Nunc 96-well optical bottom plates (Thermo Scientific). A single PTFE
bead (0.125 inch diameter) was added to each well to facilitate agitation. Plates were incubated
in a microplate reader (FLUOstar OMEGA, BMG Labtech) for ~138 hours at 37°C with 700 rpm
double orbital shaking. Fluorescent measurements were recorded every 15 minutes using A ex =

440 nm and A em = 480 nm. This was performed with n=6 technical replicates.
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Aggregation assays with full-length TFG were performed with the same method, except the PBS

was replaced with buffer containing 20mM Tris pH8 and 150mM NacCl.

Transmission Electron Microscopy

10 uL of aggregated wild-type and mutant TFG samples (taken from in vitro aggregation
experiments) was spotted onto carbon film on 150 mesh copper grids (Electron Microscopy
Sciences) and incubated for 4 minutes. Grids were stained with 10 uL uranyl acetate solution (2%
w/v in water) for 4 minutes. Excess solution was removed by blotting and air dried for 4 minutes.

TEM images were acquired with a JOEL 100CX TEM electron microscope at 100 kV.

X-Ray Fiber Diffraction

Aggregated samples of TFG were centrifuged at 15,000 rpm for 30 minutes and buffer was
exchanged with water twice. Samples were suspended between two siliconated glass capillaries
~1 mm apart, forming a bridge between the two capillaries. Sample was allowed to dry and the
capillary with the dried aggregate was mounted on an in-house x-ray diffraction machine and

diffracted with x-rays for 8 minutes, with the diffraction pattern collected on a CCD detector.

Data availability
The data that support the findings of this study are available from the corresponding author, D.S.E.,

upon reasonable request.
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STEP 2

Residues within LCDs
with Pathogenic
Missense Mutations

~800

STEP 3

Residues within LCDs
with Pathogenic
Missense Mutations
which increase
Amyloid Propensity
~90

Figure 2-1 Schematic representation of our algorithm for identification of previously

unrecognized amyloidogenic proteins. These proteins contain the mutated residues in the set

at the intersection of all three circles: residues within LCDs with pathogenic missense mutations

which increase amyloid propensity. We determined these residues in the three steps shown.

Estimates for the number of residues represented in steps 1-3 are derived from this study. To

estimate the number of residues with pathogenic missense mutations we used Simple ClinVar

(https://simple-clinvar.broadinstitute.org/). To calculate the estimate for the number of missense
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mutations which increase amyloid propensity, we extrapolated the percentage of mutations within
LCDs which increase amyloid propensity (88/732; ~12%) to our estimate of total known

pathogenic missense mutations in humans (~40,000) and rounded up.
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Figure 2-2 Census of amino acid residues present in LCDs. A) Counts of all residues in LCDs
in the human proteome. B) Heatmap displaying counts of all LCD residues involved in
documented pathogenic missense mutations and which residues they change into. Note that
many residue changes are not possible from single-nucleotide variants, which accounts for many

of the data points of 0 in the heatmap.
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Figure 2-3 Schematic summary of the methodology by which we discovered
amyloidogenic mutations. Top: Diagram of Protein TFG which contains a PB1 domain and a
low complexity domain. We investigated only mutations in the low complexity domain. Bottom:
Analyzing the sequence context of the mutant residue. We calculated Rosetta energy scores
using ZipperDB for every hexamer containing the wild-type residue as well as the mutant residue.
Each wild-type hexamer is compared to its corresponding mutant hexamer. Wild-type scores
greater than -23.0 which correspond to a mutant score less than -23.0 imply greater amyloid

propensity and are of the most interest.

27



Mutant Score

_ Pathogenic Mutations in LCDs

(<]
—25-8
25 b o ®
e o °®
)
—96- °®
® @
@
|
—27 °
@ 3 -
_28_4
Pathogenic Mutations in the Region of Interest
=
=
[V
z
>
T -8
o O
o
ke -6
o v
E o
’_
=1 -4
o
w
< 2
%]
G
o 0

| |
PGSAERLTQKVDCHIYNFMW
Mutant Residue

28



Figure 2-4 Mutant residues in the LCDs throughout the human proteome with greater
propensity to form amyloid than their corresponding WT residue. A) Energy scores of wild-
type and mutant segments in LCDs computed by ZipperDB. Because each mutation generates 6
possible score pairs, only the score pair which mapped to the “region of interest” (inset) or with
the greatest negative change from WT to mutant score is plotted for each mutation. The dashed
line shows mutations which do not affect the ZipperDB score. The x and y intercepts are both at
-23.0 kcal/mol-of-segment, the ZipperDB threshold for a predicted amyloid-forming steric zipper.
Inset contains a zoomed view of the lower right quadrant of the plot which is the “region of interest”
containing points corresponding to a wild-type segment with a score above -23.0 kcal/mol-of-
segment and a mutant segment with a score below -23.0 kcal/mol-of-segment, indicating a
mutation that increases the amyloid propensity. B) Heatmap displaying counts of the kinds of

mutational changes in the “region of interest’
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Figure 2-5 Amyloid properties of the LCD of protein TFG. A) Time dependent ThT
fluorescence for TFG LCD mutants. G269V and P285L are documented pathogenic mutations of
TFG. All constructs are at 50uM concentration in PBS with ThT at 40uM concentration. Each
construct has n=6 technical replicates, except the PBS blank which has n=3 technical replicates,

and y-axis values represent the mean ThT fluorescence value of all replicates for each construct.
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B) Electron micrographs of the samples at the endpoint of the ThT curves. Fibers were present
only in the mutant constructs.C) X-ray fiber diffraction of TFG fibers. Rings are present at 4.7 A

and 10 A spacing with distinct wedges, indicative of cross-f structure
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Figure S2-1 Full plot of ZipperDB scores for WT and mutant sequences. The vast majority
of mutations with very high positive ZipperDB scores for the WT and/or mutant score are due to

sequences containing prolines which are unlikely to form steric zippers.

31



Figure S2-2 Phase separation properties of full length TFG mutants. Constructs were diluted

to 10uM concentration in buffer containing 25mM Tris pH 7.4, 150mM KCI, 2.5% v/v glycerol, and
10% w/v PEG 8000. Differential interference contrast (DIC) microscopy images were taken at 10x
magnification immediately after adding buffer to the proteins. WT and P285L separated into many

large, roughly circular droplets while G269V formed amorphous aggregates.
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Figure S2-3 Amyloid properties of full-length protein TFG. A) Time dependent ThT
fluorescence over time for full length TFG mutants. G269V and P285L are documented
pathogenic mutations of TFG. All constructs are at 50uM concentration in buffer containing 20mM

Tris pH8 and 150mM NaCl with ThT at 40uM concentration. Each construct has n=3 technical
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replicates and y-axis values represent the mean ThT fluorescence value of all replicates for each
construct. B) Electron micrographs of the samples at the endpoint of the ThT curves. Fibers were
present in all constructs. C) X-ray fiber diffraction of TFG fibers. Rings are present at 4.7 A and

10 A spacing with distinct wedges, indicative of cross-p structure
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Figure S2-4 Counts of possible missense mutations by single nucleotide variants. The
values in each cell represent the number of ways a codon for the WT residue could be mutated

into a codon for the mutant residue through single nucleotide variants.
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Figure S2-5 Output of AMYLPRED2 for amino acids 251-300 of the TFG WT sequence (top),
TFG with the P285L mutation (middle), and TFG with the G269V mutation (bottom). Number
signs represent positions predicted to be a part of an amyloidogenic region. The light blue box
shows the predicted amyloid regions for each prediction tool incorporated into AMYLPRED2. The
yellow box shows regions for which at least 5 out of the 10 prediction methods overlapped in their
predicted amyloid segments. Only the G269V mutation had a consensus between enough of the

amyloid predictors to cause AMYLPRED2 to have a hit in this region. The only change between

35



the WT and P285L sequence was a slight change in the output of WALTZ with one of its predicted
amyloid segments extending to include the leucine at position 285 in the mutant sequence.

Images taken from http://thalis.biol.uoa.gr/AMYLPRED2/

Table S2-1 Mutations in LCDs which alter a non-amyloidogenic WT segment into an
amyloidogenic mutant segment. The WT and mutant scores included in the table are
representative of the hexamer pair with the most dramatic negative change from the WT to the
mutant score. WT and mutant scores are in units kcal/mol. The table is sorted by gene name in

alphabetical order.

Table S2-2 Comparison of distribution of mutation types predicted to be amyloidogenic or
not for each WT residue. P Values obtained through Fishers exact test. P Values could not be
calculated for some initial values where 100% of the mutations were predicted to be
amyloidogenic or not. Hypothesis tested is whether there is a difference between the distributions

of the mutations that were predicted to be amyloidogenic versus not amyloidogenic.
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Chapter 3: Fibril structures of TFG protein mutants validate identification of TFG as a
disease-related amyloid protein by the IMPACT method
Gregory M. Rosenberg, Romany Abskharon, David R. Boyer, Peng Ge, Michael R. Sawaya,

David S. Eisenberg

Abstract

We previously presented a bioinformatic method for identifying diseases that arise from a
mutation in a protein’s low-complexity domain that drives the protein into pathogenic amyloid
fibrils. One protein so identified was the tropomyosin-receptor kinase fused gene protein (TRK-
fused gene protein or TFG). Mutations in TFG are associated with degenerative neurological
conditions. Here we present experimental evidence that confirms our prediction that these
conditions are amyloid related. We find the low-complexity domain of TFG containing the disease
related mutations G269V or P285L forms amyloid fibrils, and we have determined their structures
using cryo-electron microscopy. These structures are unmistakably amyloid in nature and confirm
the propensity of the mutant TFG low-complexity domain to form amyloid fibrils. Also, despite
resulting from a pathogenic mutation, the fibril structures bear some similarities to other amyloid
structures which are thought to be non-pathogenic and even functional, but there are other factors
that support these structures’ relevance to disease, including increased propensity to form
amyloid compared to the WT sequence, structure-stabilizing influence from the mutant residues
themselves, and double-protofilament amyloid cores. Our findings elucidate two potentially
disease-relevant structures of a previously unknown amyloid and also provide new perspectives

on factors that contribute to the pathogenicity of amyloid fibers.

Introduction
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Previously we developed a method to search for pathogenic mutations which induce amyloid
aggregation of an otherwise functional protein(1). We have since named this method the
Identification of Mutations Promoting Amyloidogenic Transitions method, or the IMPACT method.
Briefly, the method entails comparing the computed amyloidogenic propensity of mutant protein
sequences to their wild-type (WT) counterparts and retaining those mutations which generate an
amyloidogenic sequence from a non-amyloidogenic WT sequence. With the assumption that low-
complexity domains (LCDs) would be prime candidates for amyloidogenic gain of function due to
commonly functioning in protein self-association and often being intrinsically disordered, we
applied this method to every LCD in the human proteome and identified many candidate
mutations in proteins not previously shown to be amyloidogenic. We demonstrated that two of
these mutations, both in the TRK-fused gene protein (TFG), do indeed induce fibrillar aggregates

with amyloid characteristics.

TFG functions in the early secretory pathway by regulating the transport of secretory vesicles
between the endoplasmic reticulum (ER) and ER-Golgi intermediate compartments (ERGIC)(2).
More specifically, TFG brings together secretory vesicles from the ER by interacting with the
conserved coat protein complex Il (COPIIl) on the surface of the vesicles(3). This interaction
persists until the vesicles tether and fuse with the ERGIC membrane. Thus, the TFG-COPII
interaction is crucial for preventing the diffusion of COPII coated vesicles away from the ER-
ERGIC interface, an event which would derail protein secretion. To perform its role in clustering
vesicles, TFG self-assembles into homomeric cup-shaped octamers via interactions encoded in
its N-terminal Phox and Bem1p (PB1) domain and a subsequent coiled-coil motif. However, the
majority of TFG’s 400 amino acids compose an intrinsically disordered region. Within this region
is an LCD (residues 237-327), rich in proline, tyrosine, and glutamine (Figure 3-1A), which

functions to further polymerize these octamers into larger assemblies(2).
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Mutations in the TFG LCD are associated with degenerative neurological disorders including
Charcot-Marie-Tooth disease type 2 (CMT2) and hereditary motor and sensory neuropathy with
proximal dominant involvement (HMSN-P)(4, 5). CMT2 is a group of axonal neuropathies,
typically with autosomal dominant inheritance, characterized by progressive axonal degeneration
and deterioration of muscle strength leading to distal wasting, weakness, sensory loss with
reduced tendon reflexes, and foot deformity(6). HMSN-P is also a slow, progressive axonal
degeneration disease with autosomal dominant inheritance and is characterized by painful muscle
cramps and muscle weakness in early stages, sensory disturbances (dysesthesia, hypesthesia,
and hypopallesthesia), and, in late stages, virtually no muscle strength in the extremities making
patients unable to walk and bedridden with impaired respiration similar to ALS(7). The mutations
associated with these diseases have also been shown to lead to aggregation of TFG in cells(4,

5).

Here we determined the cryo-electron microscopy (cryoEM) structure of the amyloid fibers
produced by the TFG LCD with both of the disease mutants identified by the IMPACT method,
G269V and P285L, which are associated with CMT2(4) and HMSN-P(5), respectively. These
structures further validate the amyloid propensity of this protein, elucidate a potential molecular
basis for the effects of these mutations on disease, and add nuance to the paradigm of structural

features which evince either pathogenic or non-pathogenic amyloids.

Results
Fibril Formation of the TFG LCD
We expressed and purified the LCD of TFG (residues 237-327) conjugated to a molecule of

mCherry, for enhanced solubility, with the WT TFG sequence (mC-TFG-LCD), containing the
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G269V mutation (MC-TFG-LCD-G269V), or containing the P285L mutation (mC-TFG-LCD-
P285L). We shook the constructs at 37°C for 138 hours in the presence of the amyloidophilic dye
Thioflavin T (ThT) to monitor amyloid fibril formation in vitro. mC-TFG-LCD-G269V and mC-TFG-
LCD-P285L formed ThT-positive aggregates while mC-TFG-LCD did not (Figure 3-1B). The
mutant protein fibrils were visualized with negative stain electron microscopy (EM) (Figure 3-
1C,E) and the cross-f3 nature of the fibrils was confirmed via X-ray diffraction of aligned and dried

fibrils (Figure 3-1D,F).

Cryo-EM Structure of mC-TFG-LCD Mutant Fibrils

To understand the relationship of the G269V and P285L disease mutations to the formation of
fibrils and further confirm their amyloid nature, we determined the cryo-EM structure of the mC-
TFG-LCD-G269V fibrils to a resolution of 2.8 A (Figure 3-2A) and the mC-TFG-LCD-P285L fibrils
to a resolution of 2.6 A (Figure 3-2B). Data collection and refinement statistics for mC-TFG-LCD-

G269V and mC-TFG-LCD-P285L are summarized in Table 3-1.

The mC-TFG-LCD-G269V fibrils have a uniform morphology consisting of two protofilaments of
the same sequence (although one has three more residues resolved than the other) but slightly
different structures and interacting through a class 4 zipper interface(8, 9) (parallel, face-to-back,
up-down packing) (Figure 3-2A). The fibril has a pitch of 578 A, a left-handed helical twist of -
3.07°, and a helical rise of 4.93 A. As expected from the initial biochemical evidence, these
features are all consistent with identifying this structure as an amyloid fibril. The fibril core contains
two protofilaments, one with a wide core of 29 residues (P262- G290) and one with a narrow core
of 26 residues (P265-G290) (3 fewer residues resolved) (Figure 3-2A). Each protofilament
consists of a single dagger-shaped B-arch and constitutes less than 30% of the LCD (Figure 3-

1A).
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The disease-relevant mutation G269V is present and buried in the interiors of both protofilaments.
V269 resides at the center of the longest B-strand of each protofilament (Figure 3-2A) and fits
tightly with side chains from the opposite arm of the $-arch. Thus, V269 excludes water from the
interior of the protofilaments and contributes to a heterotypic steric zipper. Moreover, as a
participant in the only hydrophobic interaction in the interior of each protofilament, V269

contributes strongly to the energetic stability of the 3-arch and at the protofilament interface.

The mC-TFG-LCD-P285L fibrils have two distinct polymorphs: a narrow, untwisting fibril (making
up the minority of fibrils) whose structure could not be determined, and the major polymorph which
consists of two identical protofilaments related by a pseudo 21 screw axis forming a class 1 zipper
interface (parallel, face-to-face, up-up packing) (Figure 3-2B). The fibril has a pitch of 877 A, a
left-handed helical twist of 179.02°, and a helical rise of 2.39A. As expected, these features align
with the biochemical evidence of amyloid fibrils. The protofilaments both consist of 35 residues

(P265-A299) and form shapes reminiscent of the lower-case letters “d” and "p”.

The disease-relevant mutation P285L is present and buried in the protofilament interior. L285 is
a member of the longest B-strand of the protofilament core, fills in the space left by the glycine
residue across from it, and forms a hydrophobic interaction with 1270. Water molecules resolved
in the interior of the fiber core reveal that L285 forms a barrier between solvent-accessible surface
area and a glutamine zipper. Q283 is interacting with 3 water molecules while the zipper made

up of Q267, Q287, and Q289 are protected by L285 from solvent infiltration.

Structural Differences are Directly Attributable to Effects of Mutant Residues
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The fibril cores formed by mC-TFG-LCD-G269V and mC-TFG-LCD-P285L have distinctly
different folds. The most consistent feature between the two is the glutamine steric zipper formed
by residues Q267, Q287, and Q289 (Figure S3-1). Although, only the narrow protofilament of the
mMC-TFG-LCD-G269V fibril exhibits this structural motif, while the wide protofilament has a
different arrangement of these glutamine residues in relation to each other. Besides this similarity,
the portion of the core from G/V269 to P/L285 has a distinct shape in each structure and also the
MC-TFG-LCD-P285L fibril core has several extra C-terminal residues resolved (Y291-A299) and

these residues form both intra- and inter-protofilament interactions.

The difference in shape of the 269-285 segment is due to the different residues terminating this
section in either structure. In the mC-TFG-LCD-G269V structure, there is a valine at position 269
which participates in a B-strand from Q266 to S273, but in the mC-TFG-LCD-P285L structure
there is a glycine at position 269, which allows more flexibility in the peptide backbone, creating
a slight kink which disrupts the B-strand and flips 1270 from solvent-facing to the protofilament
interior allowing it to interact with L285, the mutant residue. This kink changes the shape of this
segment from a dagger-like fold to a wider, flattened out turn which has a solvent-accessible
channel. The G269V mutation contributes to a longer B-strand which constrains the core to a
more dagger-shaped fold, while the P285L mutation stabilizes the kink centered on G269 by

introducing a hydrophobic interaction with 1270.

The shape difference of the 269-285 segment also contributes to the presence or absence of
Y291-A299 in the resolved fibril core. This is because, in the mC-TFG-LCD-P285L structure,
residues T296-Q298 form a short polar zipper with residues Q278-T280 on the opposite
protofilament. Q278-T280 are constituents of a short B-strand which, in the mC-TFG-LCD-P285L

structure, is almost orthogonal to the central protofilament interface, while in the mC-TFG-LCD-
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G269V structure it is almost parallel to the protofilament interface. This makes the 296-298
segment available to interact with residues 296-298 only in the P285L structure because of the
shape of the entire 269-285 segment, and this shape is attributable to which mutation the protein

has.

The last major difference between the two structures is that the mC-TFG-LCD-G269V structure
has asymmetric protofilaments not related by a screw axis, while the mC-TFG-LCD-P285L
structure has symmetrical protofilaments related by a pseudo 2; screw axis. This symmetry
difference is difficult to explain, but a difference in the structures of the protofilament interfaces
can actually be attributed to the difference in mutations. The narrow protofilament of the mC-TFG-
LCD-G269V fibril has two proline residues in the segment which makes up the protofilament
interface. Looking down the fibril axis, these proline residues seem to be in a relatively straight
segment resembling a typical B-strand, but when viewed orthogonal to the fibril axis this segment
has some obvious buckling causing the peptide backbone to have a wave-like shape (Figure 3-
3). This warp in the backbone shape, along with slight opposite angling of the planes of each
individual protofilament, cause the zipper interface to be somewhat staggered in the mC-TFG-
LCD-G269V fibril despite not being related by a screw axis. The G269V mutation may stabilize
this unusual configuration by forming a hydrophobic interaction with P285 and thus forcing the
P282-P285 segment to conform to a B-sheet-like interaction in one dimension and warp in another
dimension. The mC-TFG-LCD-P285L fibril does not exhibit this buckle in the peptide backbone
because the corresponding proline residues (P282 and P285) are either involved in a turn which
does not exist in the mC-TFG-LCD-G269V fibril (P282 participates in a turn) or mutated to a
different residue (P285 is mutated to leucine). Thus, both structures exhibit a staggered zipper
interface, but the staggering is related to two different structural mechanisms which can be

indirectly linked to the mutant residues.
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Energetic Analysis Reveals Resemblance to Reversible, Functional Amyloids

We calculated the atomic solvation energy of the mC-TFG-LCD-G269V and mC-TFG-LCD-P285L
fibrils using the coordinates of the ordered fibril cores (Figure 3-4A,C) and compared their values
to other amyloid fibril structures. The solvation energy per residue is -0.32 kcal mol** for mC-TFG-
LCD-G269V and -0.33 kcal mol* for mC-TFG-LCD-P285L which are both similar to the reversible
hnRNPA2 WT LCD fibril (-0.34 kcal mol* per residue)(10). The solvation energy per layer is -17.6
kcal mol™* for mC-TFG-LCD-G269V and -23.2 kcal mol* for mC-TFG-LCD-P285L which are also
similar to the hnRNPA2 WT LCD (-19.5 kcal mol*)(10). Other amyloid structures with similar
calculated energies belong to the FUS-LCD (PDB ID: 5w3n; energy per residue: -0.20 kcal mol?;
energy per layer: -12.2 kcal mol?)(11), the fungal prion Het-s (PDB ID: 2rnm; energy per residue:
-0.30 kcal mol?; energy per layer: -18.8 kcal mol?)(11), and a heparin-induced recombinant tau
fiber “tau 4R snake” (PDB ID: 6qjh; energy per residue: -0.30 kcal mol?; energy per layer: -17.7
kcal mol*)(11). The FUS-LCD structure is ostensibly functional and reversible(12), but Het-s,
while functional, is not reversible(13), and tau 4R snake does not seem to be functional, but it is
not representative of the structures of tau fibers extracted from patient brains(14) and its
reversibility is unknown. Definitively pathogenic structures tend to have significantly more stable
solvation energy values, such as for TTR fibers (PDB ID: 6sdz; energy per residue: -0.68 kcal
mol?; energy per layer: -62.1 kcal mol*)(11) and serum amyloid A (PDB ID: 6mst; energy per
residue: -0.65 kcal mol?; energy per layer: -68.8 kcal molt)(11). Thus, based on solvation energy,
we would group the mC-TFG-LCD-G269V and mC-TFG-LCD-P285L amyloid fibers with

functional and/or reversible amyloids rather than pathogenic ones.

One explanation why our energetic algorithm predicts relatively poor stability for the fibril cores is

the abundance of polar residues that form the inter and intramolecular steric zippers in each
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structure, mainly glutamine residues (Figure 3-4B,D). Pathogenic amyloids are better stabilized
by hydrophobic interactions in their cores than by polar interactions(11). The dominance of
glutamine in the fibril cores resembles the glutamine-rich B-arches of the reversible, functional
drosophila amyloid Orb2(15) (Figure S3-2). However, glutamine zippers are also found in
pathogenic amyloids such as in some TDP-43 fibrils(16) and aggregates of huntingtin(17). In both
mutant fibrils, the glutamine side chains in the interior of each protofilament are positioned such
that they form hydrogen bonds with the glutamines above and below them along the fibril axis
(Figure S3-3). Also, in the mC-TFG-LCD-G269V fibril, Q278 of the narrow protofilament and
Q264 of the wide protofilament form a hydrogen bond between the two protofilaments in addition
to inter-layer hydrogen bonds (Figure S3-3A). In the mC-TFG-LCD-P285L fibril, an intra-
protofilament hydrogen bond ladder is formed between Q286 and Q294 (Figure 3-3B).
Interestingly, in the mC-TFG-LCD-P285L structure, one of the interior glutamine residues does
not participate in interlayer hydrogen bonding because it is being solvated by water molecules.
Overall, this hydrogen bonding activity may compensate for the destabilizing effect of their

hydrophilicity.

Another destabilizing feature of the mutant fibrils is the abundance of proline residues within the
fibril cores. Prolines weaken 3-sheet formation owing to proline’s inability to donate a hydrogen
bond to a backbone carbonyl oxygen in an adjacent layer of the fibril—a consequence of proline’s
unique side chain being covalently bonded to the peptide backbone amide. In the mC-TFG-LCD-
G269V fibril, the wider protofilament core contains four prolines and the narrower one contains
three; one of these prolines (P285 in both protofilaments) is directly across from the mutant valine
residue, participating in a hydrophobic interaction, thus the valine is compensating for the
structural weakness incurred by the presence of the proline residue. In the mC-TFG-LCD-P285L

fibril, both protofilaments contain three prolines and one of them (P282) participates in the
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protofilament interface and thus is able to somewhat contribute to the structural stability of the
fibril. The TFG LCD as awhole is relatively proline-rich, containing 14 prolines among its 90 amino
acids. The presence of these prolines within the fibril core would significantly destabilize this fibril
due to its lack of hydrogen bonding capability(18) but may be compensated for by the hydrogen

bonding of the glutamine side chains, as described above.

One feature that distinguishes the mutant TFG fibrils from reversible amyloids, however, is the
presence of two protofilaments. Most reversible amyloid structures consist of only a single
protofilament which may make them more amenable to disassembly(11). The double-
protofilament structure also bolsters stability by compensating for the meager energy per chain
(~-9.0 kcal mol* for mC-TFG-LCD-G269V and ~-11.5 kcal mol* for mC-TFG-LCD-P285L) which
is poor due to the previously mentioned energetic penalty of desolvating glutamine side chains
as well as the relatively low number of amino acids in each protofilament. The bundling of two
protofilaments is a feature more common to pathogenic amyloids, and every structure of an

amyloid known to be conditionally labile has a single-protofilament core(11).

To empirically test the stability of the mutant TFG fibrils, we heated aliquots of the fibrils at a range
of temperatures from 40°C to 100°C for 10 minutes each. For the mC-TFG-LCD-G269V fibrils, we
found that the fibrils remained present after being heated to 70°C, but dissociated after being
heated to 80°C (Figure 3-5A). For the mC-TFG-LCD-P285L fibrils, fibrous aggregates were
visible up to 80°C and disappeared only at 90°C, although even at 60°C the fibrils appeared bristly
(Figure 3-5B). The same trend was observed in response to treatment with varying
concentrations of guanidine hydrochloride (GdnHCI), a chemical denaturant (Figure S3-4). For
mMC-TFG-LCD-G269V, fibrils began dissociating but were still abundant in 2M GdnHCI, fibrils were

extremely sparse in 2.5M GdnHCI, and all fibrils had disappeared in 3M GdnHCI (Figure S3-
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4A,B). For mC-TFG-LCD-P285L, fibrils remained abundant, but bristly, in 2M GdnHCI, appeared
further dissociated but still abundant in 2.5M GdnHCI, but extremely sparse in 3M GdnHCI (Figure
S3-4C,D). These results suggests that both mutant fibrils are relatively stable and difficult to

dissociate.

Asymmetric C5 Hydrogen Bonding Capability

One feature of the mC-TFG-LCD-G269V fibril, but not the mC-TFG-LCD-P285L fibril, which
straddles the line between resembling reversible or irreversible amyloid fibrils is its capability to
form C5 hydrogen bonds, but only within one of its two protofilaments. C5 hydrogen bonds are
intraresidue interactions between the amide proton and carbonyl oxygen of an individual amino
acid(19). These bonds are favored in extended B-strand conformations called EAGLS (extended
amyloid-like glycine-rich low-complexity segments) where || and |y| angles are both > 150°(20).
The mC-TFG-LCD-G269V fibril exhibits two residues which conform to this extended (unpleated)
B-strand conformation: S273 and Q278, but only in the wide protofilament; the corresponding
residues in the narrow protofilament exhibit backbone torsion angles consistent with a pleated B-
strand (Figure S3-5). C5 hydrogen bonds would compete with interlayer hydrogen bonding along
the fibril axis, which can contribute to the reversibility of fibrils which exhibit extended 3-sheets by
reducing the energetic penalty of amyloid dissociation(20). It is thus an important feature that only
one of the mC-TFG-LCD-G269V protofilaments has C5 hydrogen bonding capabilities, and this
difference between the two protofilaments also contributes to their slight differences in shape,
with the narrow protofilament being slightly more curved and having the positions of two glutamine
side chains (Q267 and Q287) swapped relative to the wide protofilament. Despite the fiber-
destabilizing effects of C5 hydrogen bonds, since this feature is not common to both
protofilaments, it is not clear how much it contributes to reversibility or irreversibility of this mutant

TFG LCD fibril in particular.
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G269V and P285L Mutations Contribute to Structural Stability

Since these amyloid fibril structures result from particular pathogenic mutations (G269V and
P285L) and the WT sequence did not form fibrils, it is relevant to ascertain how these amino acid
changes contribute to the formation of these particular structures. In regard to the G269V mutation,
valine preferentially forms 3-strand secondary structure and so contributes to the stability of steric
zippers(21). In the mC-TFG-LCD-G269V structure, V269 forms a hydrophobic interaction with the
proline residue across from it (P285) and this is the only hydrophobic interaction in the interior of
the individual protofilaments. In regard to the P285L mutation, leucine is not particularly prone to
B-strand secondary structure, more likely participating in a-helix secondary structure, but it is
much more amenable to being in a B-strand than the WT proline residue. Leucine is also capable
of interlayer hydrogen bonding of the peptide backbone while proline is not. In the mC-TFG-LCD-
P285L structure, L285 forms a hydrophobic interaction with the isoleucine residue across from it
(1270) which helps stabilize the fold of the protofilament. Since hydrophobic interactions are more
stabilizing for amyloid fibrils than polar interactions, the hydrophobic interactions formed by the
mutant residues in both structures may be integral to the formation and persistence of these

structures.

To understand why the WT sequence may not form these fibril structure, we modeled the WT
sequence into the structure of the mC-TFG-LCD-G269V fibril and the mC-TFG-LCD-P285L fibril
(Figure S3-6). When we do this with the mC-TFG-LCD-G269V fibril, we see that the potentially
important hydrophobic interaction between residues 269 and 285 that the mutant valine residue
participated in is abolished and a gap is open where water can fit and potentially destabilize the
adjacent glutamine zippers (Figure S3-6A). The missing piece of the steric zipper at the core of

the two protofilaments is thus detrimental to the formation of the fibril structure we observe for the
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G269V mutant. As for the mC-TFG-LCD-P285L structure, when the mutant leucine is replaced
with the WT proline, P285 may still be able to form a hydrophobic interaction with 1270, but not in
such a way that blocks solvent from accessing the adjacent glutamine zipper like leucine is able
to do (Figure S3-6B). This gap may preclude the mC-TFG-LCD-P285L structure from forming
from the WT sequence, similar to the mC-TFG-LCD-G269V structure. These considerations
explain the relevance of the mutations to the observed structures and why they are not observed

for the WT sequence.

Discussion

Validation of the IMPACT method

The IMPACT method identifies amyloidogenic mutations by comparing the amyloid propensity of
wild-type and mutant protein sequences(1l). Mutations which convert a nonamyloidogenic
sequence to amyloidogenic are considered hits. The fibril structures presented in this work are
formed by a protein with either of two of the mutations identified by the IMPACT method as being
amyloidogenic. The presence of the mutant residues in both of the resolved fibril cores is an
indication of the IMPACT method’s ability to predict these sequences’ amyloid propensities, and
more generally the efficacy of the IMPACT method to identify previously unrecognized amyloid-
related conditions. Noting this, the IMPACT method identified many other mutations as
amyloidogenic in proteins which have not previously been recognized as amyloidogenic. Some
of the other interesting candidate proteins are LMNA (mutations: G602S and R624H) and
CHCHD10 (mutation: P34S), which have been shown to aggregate when mutated(22, 23), and
KRT74 (mutation: D482N) since other keratin proteins are amyloidogenic(24—27) and the KRT74
mutation is associated with hypotrichosis of the scalp(28) which is a disorder than is sometimes

associated with amyloidosis of another protein called corneodesmosin(29).
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The IMPACT method can also be repeated with different parameters to obtain even more
candidates. For example, in our usage we applied the method to proteins with LCDs and to
mutations only within LCDs, but this could be expanded to a different subset of the human
proteome such as all proteins with intrinsically disordered regions or even potentially the entire
human proteome. Also, the method employs the ZipperDB database which bases its scoring
method on the energetic fit of a protein sequence to a particular steric zipper structure. The
structural template which ZipperDB uses can be modified to different archetypal steric zipper
classes or even a custom steric zipper structure. Our validation of the initial implementation of the
IMPACT method is encouraging for the veracity of its other predictions and for the merit of

implementing the method in the future with a broader scope or modified parameters.

Functional or Pathogenic Amyloids

Since the fibril structures of TFG are derived from protein sequences containing disease-
associated mutations, it may have been expected that the structures would resemble pathogenic
amyloids. However, what we see instead are many similarities to reversible and/or functional
amyloids. These similarities are comparable values of solvation energy, polar steric zippers,
extended B-strands, and the presence of only a single polymorph(10). Despite these similarities,
the structures do share similarities to pathogenic amyloids: multiple protofilaments and a near
lack of kinked segments called LARKS(30). On top of this, some of those features associated with
reversible and/or functional amyloids are not unique to reversible and/or functional amyloids (poor
solvation energy in irreversible Het-s fibers; polar steric zippers in TDP-43 fibers) and not all
functional amyloids are reversible (Het-s, RIPK1/3(31), Pmell7(32)). Also, it is conceivable that
a reversible amyloid fibril can be pathogenic. This distinction between functional and reversible
amyloids is important because features that suggest a fibril structure belongs to one of these

groups do not compound to suggest it belongs to both groups. For example, the C5 hydrogen
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bonding capability of mC-TFG-LCD-G269V could be considered evidence of reversibility, but this

does not automatically make it evidence of functionality as well.

Functional amyloids, reversible or not, have associated cellular mechanisms that have evolved to
manage their aggregation and maintain their functions(33). So, cellular machinery may not be as
well-equipped to mount a response to amyloid fibrils made from a mutant protein which does not
form them as part of its normal function, regardless of the potential reversibility of the fibril. Since
TFG’s normal function does not seem to require the formation of amyloid-like fibrils, the mutant
fibrils’ commonalities with functional or reversible amyloids may be misleading when judging their

pathogenicity.

Another consideration is how much these mutant structures reflect potentially transient structures
formed by the LCD during the normal functioning of TFG. The protein has been shown to be
capable of phase separation(1) and its function has been proposed to require the formation of a
membraneless compartment between the ER and ERGIC in which COPII-coated vesicles move
through(3). Phase separation behavior and the formation of membraneless organelles, especially
when facilitated by intrinsically disordered regions of proteins, are thought to involve the otherwise
disordered regions taking on secondary structure which includes hydrogen bonding between (3-
strands(18). Formation of amyloids is mediated by the formation of expansive hydrogen bond
networks between layered (B-strands, so the ability of TFG to form amyloid fibers supports the
proposition that the native function of its LCD involves the formation of $-strands connected by
hydrogen bonds. Our observation that TFG forms amyloid fibrils is in line with numerous other
examples of functional phase-separating proteins which also form amyloid fibrils(11, 12, 34, 35),
which contribute to the same conclusion that p-strand secondary structure and hydrogen bonding

are important for liquid-liquid phase separation of some proteins.
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Potential Mechanisms of Pathogenicity

The underlying reason for the association between amyloid fibrils and disease is not fully
understood. Amyloid fibrils themselves may be cytotoxic(36, 37), or oligomeric intermediates
between monomers and fibers may be the pathogenic species(38, 39). Indeed, both could be true,
with some diseases resulting from either aggregation state, depending on the protein or mutations
involved. If fibrils of mutant TFG are able to dissociate, it is less likely that fiber-related cytotoxicity
is the basis of the mutation’s disease-association. However, regardless of the reversibility of the
fibrils, if the mutant protein preferentially forms an amyloid fibril rather than its functional structure,
this would manifest indistinguishably from a more mundane loss-of-function mutation. TFG
knockout mouse models develop neuromuscular junction degeneration(40), so itis likely that even
if the only effect of the TFG mutations is a preference for an inert or reversible amyloid fibril, this
would be sufficient to explain the observed disease state. This is in addition to the possibility that
the mutant TFG fibrils are indeed irreversible in cells and cytotoxic. There are multiple ways the
formation of these fibrils could cause disease, and elucidating the actual mechanism requires
more biochemical study of the protein, but loss of function due to aberrant amyloid formation

seems sufficient to explain the mutation’s role in disease.

mCherry is Unlikely to Influence Fibril Core Structure

The addition of an mCherry tag to the LCD constructs was intended to ensure solubility and
discourage amorphous aggregation, similar to previous work on similar constructs(10). This tag
was not cleaved off at any point during experimentation, so it is relevant to ask if this tag affected
the formation of the fibrils we observed. It is unlikely that this tag significantly influenced the
formation of fibers based on three lines of reasoning. First, the WT construct was not able to form

any fibers, so it is unlikely that the mCherry is what drove fibril formation in the mutant construct.
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In fact, mCherry may have increased solubility and discouraged self-interaction relative to the full-
length protein since the full-length protein has a larger disordered region as well as a PB1 domain
which functions in self-oligomerization of TFG. This evidence suggests that this construct would
be selective for fiber structures with greater energetic favorability than the untagged full-length
protein since the full-length protein may be more prone to interact with itself and aggregate.
Second, the end of the mCherry tag is 34 amino acids away from the residues which make up the
fibril cores in our structures. These 34 amino acids include a short 6-residue linker and 28 residues
of the TFG LCD which is intrinsically disordered (25 for the wide protofilaent of mC-TFG-LCD-
G269V, making that sequence 31 amino acids away from mCherry). This distance allows enough
flexibility for the interaction of the residues included in the fibril cores to be uninfluenced by the
mCherry tag. Third, the mCherry tag is completely unresolved in the final structures. This means

there is no single preferred interactions between the mCherry and the fibril cores.

Summary

Here we present two near-atomic resolution structures of the amyloid fibril core formed by the
LCD of TFG with either of two pathogenic mutations. These structures are a further validation of
the prediction by the IMPACT method that these particular disease-related mutations are amyloid-
promoting. The mutated residues were found to facilitate the stability of the fibril core structures
and thus fibril formation may be an explanation for their relevance in disease. The fibrils also have
similarities to functional and reversible amyloid fibrils, implying that these features are not
sufficient to explain the difference between pathogenic amyloids and functional/reversible

amyloids.

Materials and Methods

Low-Complexity Region Prediction
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The amino acid sequence of TFG was evaluated for low complexity using SEG(41) with default
settings: window length = 12, trigger complexity 2.2, extension complexity 2.5. A sequence was
determined to be a low-complexity domain if it contained at least 35 residues scored as low

complexity with at most 5 interrupting non-low-complexity residues.

Protein Expression and Purification

Recombinant TFG(237-327) for the WT, G269V, and P285L forms was purified using a pHis-
parallel-mCherry vector, using a previously described method(35). Briefly, protein was
overexpressed in BL21(DE3) Gold E. coli cells. Cultures were grown to an OD600=0.4-0.8, then
induced with 0.5M IPTG overnight. Cells were pelleted by centrifugation and the clarified lysate
was purified by Ni-NTA columns followed by size exclusion chromatography and dialyzed into

PBS.

In Vitro Aggregation Assay

Wild-type and mutant TFG LCD were diluted to 50uM in 1X PBS containing ThT at 40uM to a
final volume of 150puL in black Nunc 96-well optical bottom plates (Thermo Scientific). A single
PTFE bead (0.125 inch diameter) was added to each well to facilitate agitation. Plates were
incubated in a microplate reader (FLUOstar OMEGA, BMG Labtech) for ~138 hours at 37°C with
700 rpm double orbital shaking. Fluorescent measurements were recorded every 15 minutes
using A ex =440 nm and A em =480 nm. This was performed with n=3 technical replicates of the

mutant and n=6 technical replicates of the WT.

Transmission Electron Microscopy
10uL of aggregated wild-type and mutant TFG samples (taken from in vitro aggregation

experiments) was spotted onto carbon film on 150 mesh copper grids (Electron Microscopy
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Sciences) and incubated for 4 minutes. Grids were stained with 10uL uranyl acetate solution (2%
wi/v in water) for 4 minutes. Excess solution was removed by blotting and air dried for 4 minutes.

TEM images were acquired with a JOEL 100CX TEM electron microscope at 100 kV.

X-Ray Fiber Diffraction

Aggregated samples of TFG were centrifuged at 15,000 rpm for 30 minutes and buffer was
exchanged with water twice. Samples were suspended between two siliconized glass capillaries
~1 mm apart, forming a bridge between the two capillaries. The sample was allowed to dry and
the capillary was used to mount the aggregate in an X-ray beam from a Rigaku FR-E rotating
anode x-ray generator for 8 minutes. The diffraction pattern was collected on an R-axis IV++

imaging plate detector.

Heat Sensitivity Assay

TFG fibrils were formed at 37°C as described above. At the endpoint of shaking, the sample was
diluted 1:5 in PBS and divided into 7 aliquots of 10uL each. Each aliquot was individually heated
to either 40°C, 50°C, 60°C, 70°C, 80°C, 90°C, or 100°C for 10 minutes using a BioRad T100

Thermocycler. The entire aliquot was then used to prepare a TEM grid as described above.

Guanidine Hydrochloride Sensitivity Assay

TFG fibrils were formed as described above. The fibrils were diluted 1:5 in solutions of GdnHCI
dissolved in PBS such that solutions of OM, 2M, 2.5M, 3M, 3.5M, 4M, and 4.5M GdnHCI were
made containing equal concentrations of TFG fibrils for a final volume of 187.5uL for each GdnHCI
concentration. These solutions were transferred in triplicate in 50uL aliquots to a black Nunc 384-

well optical bottom plate (Thermo Scientific) to continue shaking under identical conditions to the
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fibril formation step, except without any PTFE beads, for 2.25 hours. TEM grids were prepared

from these samples as described above.

CryoEM Data Collection, Reconstruction, and Model Building

Two and half microliters of mC-TFG-LCD-G269V or mC-TFG-LCD-P285L fibril solution were
applied to Quantifoil 1.2/1.3 electron microscope grid which was glow-discharged for 4 min. Grids
were blotted with filter paper to remove excess sample and plunge frozen into liquid ethane using

a Vitrobot Mark IV (FEI).

For mC-TFG-LCD-G269V, the cryo-EM dataset was collected on a Titan Krios (Thermo Fisher
Scientific) microscope equipped with a Bioquantum K3 (Gatan) camera located at the Stanford-
SLAC Cryo-EM Center (S2C?). The microscope was operated at 300 kV acceleration voltage and
a slit width of 20 eV. Movies were acquired with a nominal pixel size of 0.86 A (x105,000 nominal
magpnification) with a dose per frame of ~1.3 e /A2 40 frames were recorded for each movie (total
dose per movie was 50 e/A?). Automated data collection was driven by EPU automation software
package (Thermo Fisher Scientific). Defocus was set to —1.8 to —=2.6 ym. A total of 15,192 movies

were collected.

For mC-TFG-LCD-P285L, cryoEM dataset was collected on a Titan Krios (Thermo Fisher
Scientific) microscope equipped with a Bioquantum K3 (Gatan) camera. The microscope was
operated at 300 kV acceleration voltage and a slit width of 20 eV. Cryo-EM movies were collected
at a nominal magnification of x81,000 with the camera operated at its super-resolution mode,
yielding a pixel size of 0.539 A. Automated data collection was done with SerialEM(42). Defocus

was targeted to —1.8 to —2.6 um. A total of 7,920 movies were collected.
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For both datasets, motion correction and dose weighting was performed using Unblur(43) and
contrast transfer function estimation was performed using CTFFIND 4.1.8(44). For both datasets,
a subset of fibril particles was picked manually using EMAN2 e2helixboxer.py(45), which was
used to train crYOLO(46). The last automatically picked the rest of the particles. We used
RELION(47, 48) to perform particle extraction, 2D classification, helical reconstruction, and 3D
refinement. Helical reconstruction was performed with a cylindrical reference(47). The 3D
classification was performed using three classes and by manually controlling the tau_fudge factor
and healpix_order the particles were separated into good and bad classes. To obtain a higher-
resolution reconstruction, the best particles from 1024-pixel box 3D classification were selected,
and helical tubes corresponding to good particles were extracted using a box size of 432 pixels
for mC-TFG-LCD-G269V fibrils or 384 pixels for mC-TFG-LCD-P285L fibrils. After several more
rounds of 3D classification with refinement of helical twist and rise, we then used the final subset
of particles to perform high-resolution gold-standard refinement. The final overall resolution was
estimated to be 2.8 A for mC-TFG-LCD-G269V fibrils and 2.6 A for mC-TFG-LCD-P285L fibrils
based on the 0.143 Fourier shell correlation (FSC) resolution cutoff. We then sharpened the maps

using phenix.auto_sharpen(49).

We built de novo atomic models into the sharpened maps using Coot(50). We refined the
structures using phenix.real_space_refine(51) and validated them using

phenix.comprehensive_validation(52, 53).

Solvation Energy Calculation
The solvation energy was calculated based on an algorithm described previously(11, 54). The
solvation energy for each residue was calculated by the sum of the products of the area buried

for each atom and the corresponding atomic solvation parameters. The overall energy was
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calculated by the sum of energies of all residues. The colors assigned to each residue in the

solvation energy map represent the sum of energies over all atoms in the residue.
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Tables and Figures

Table 3-1: Cryo-EM data collection, refinement and validation statistics

mC-TFG-LCD- mC-TFG-LCD-
G269V P285L
Data collection and
processing
Magnification x105,000 X81,000
Voltage (kV) 300 300
Electron exposure (e—/A?) 50 50
Defocus range (um) -1.8t0-2.6 -1.8t0-2.6
Pixel size (A) 0.86 (counting 0.539 (super
mode) mode)
Symmetry imposed C1; Helical C1; Helical
Initial particle images (no.) 384,324 690,373
Final particle images (no.) 31,643 193,640
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Map resolution (A)

FSC threshold
Map resolution range (A)
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Figure 3-1 The TFG LCD forms amyloid fibrils. A) Domain structure of the full-length TFG
protein. The protein contains an ordered PB1 domain and coiled-coil motif (residues 10-91 and
97-124, respectively) and the rest of the protein is intrinsically disordered. An LCD was identified
using SEG3L1 (residues 237-327) which was the portion of the protein which was conjugated to
mCerry and expressed and purified. Amyloid-promoting mutations G269V and P285L are also
labeled. The ordered fibril cores of both mutant fibrils encompass both of these mutation
locations. Regions of the protein especially enriched for certain amino acids are also indicated.
B) Time dependent ThT fluorescence for the WT TFG LCD sequence conjugated to a molecule
of mCherry (mC-TFG-LCD, labeled “WT”), the TFG LCD with the G269V mutation conjugated to
a molecule of mCherry (mC-TFG-LCD-G269V, labeled “G269V”), the TFG LCD with the P285L
mutation conjugated to a molecule of mCherry (mC-TFG-LCD-P285L, labeled “P285L”), and

PBS buffer (labeled “PBS”). All constructs are at 50uM concentration in PBS with ThT at 40uM
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concentration. The mC-TFG-LCD-G269V construct and the PBS blank have n=3 technical
replicates and the mC-TFG-LCD and mC-TFG-LCD-P285L construct have n=6 technical
replicates. The y-axis values represent the mean ThT fluorescence value of all replicates for
each construct. C,E) Electron micrograph of the mC-TFG-LCD-G269V sample (C) and the mC-
TFG-LCD-P285L sample (E) at the endpoint of the ThT assay. The mC-TFG-LCD construct did
not form fibrils. D,F) X-ray fiber diffraction of mC-TFG-LCD-G269V fibrils (D) and mC-TFG-LCD-
P285L fibrils (F). Rings are present at 4.7 A and 10 A spacing with distinct wedges, indicative of

cross-f structure.
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Figure 3-2 CryoEM structures of the mC-TFG-LCD-G269V and mC-TFG-LCD-P285L
amyloid fibril cores. A) Left: mC-TFG-LCD-G269V fibril reconstruction showing a left-handed
twist and the pitch. Right: Density map and atomic model of one layer of the fibril viewed down
the fibril axis. The G269V mutation is red. The protofilament with 3 extra residues resolved
(P262-Q264) is referred to as the “wide” protofilament and the other protofilament, starting at
residue 265, is accordingly referred to as the “narrow” protofilament. B) Left: mC-TFG-LCD-
P285L fibril reconstruction showing a left-handed twist and the pitch. Right: Density map and
atomic model of one layer of the fibril viewed down the fibril axis. The P285L mutation is red.

Red crosses represent modeled water molecules.
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Figure 3-3 Protofilament interface of mC-TFG-LCD-G269V fibril. Top: The peptide backbone
of the narrow protofilament of the mC-TFG-LCD-G269V fibril which constitutes the protofilament
interface (residues 278-290) viewed orthogonal to the fibril axis with a line representing the
plane perpendicular to the fibril axis. Residues P282-P285 are labeled to highlight the backbone
warp they constitute. Middle: The peptide backbone of the wide protofilament of the mC-TFG-
LCD-G269V fibril which constitutes the protofilament interface (residues 262-275) viewed
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orthogonal to the fibril axis with a line representing the plane perpendicular to the fibril axis.
Bottom: The peptide backbones of the aforementioned segments of the narrow and wide
protofilaments overlayed relative to each other as they exist in the mC-TFG-LCD-G269V fibril
structure with a line representing the plane perpendicular to the fibril axis. The peptide
backbones of each protofilament are only in plane with each other at a few spots, and notably
not at the center of the interface due to the backbone warp of the narrow protofilament at

residues 282-285.
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Figure 3-4 Solvation energy maps and polarity maps of the mutant TFG LCD amyloid
fibrils. A,C) Solvation energy map of the mC-TFG-LCD-G269V amyloid fibril (A) and mC-TFG-
LCD-P285L amyloid fibril (C). Residues are colored according to their stabilization energies.
Deeper blue (positive) is unfavorable for amyloid assembly and deeper red (negative) is
favorable. The thin dark blue line represents the solvent-accessible surface. Energy values are
listed below the structure illustration. For the mC-TFG-LCD-G269V fibril, Chain A is the wide
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protofilament and chain B is the narrow protofilament in the illustration. B,D) Polarity map of the
MC-TFG-LCD-G269V amyloid fibril (B) and mC-TFG-LCD-P285L amyloid fibril (D). Residues
are colored according to whether they are polar, hydrophobic, acidic, or basic. The thin dark

blue line represents the solvent-accessible surface.
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Figure 3-5 Heat stability of mutant TFG LCD amyloid fibers. Amyloid fibers formed at 50um
monomer concentration at 37°C were diluted 1:5 in PBS and distributed into 10pL aliquots.
Each aliguot was heated to the specified temperature (40°C to 100°C in intervals of 10°C) for 10
minutes each and then each sampled was prepared for negative stain EM. A) Representative
images of mMC-TFG-LCD-G269V fibrils heated to 50°C to 90°C. Fibrils remain clearly visible in
all samples heated below 80°C, but are completely absent in samples heated to 80°C and
above. B) Representative images of mC-TFG-LCD-P285L fibrils heated to 50°C to 90°C. Fibrils
remain clearly visible in all samples heated below 90°C, but are completely absent in samples

heated to 90°C and above.

Figure S3-1 Superposition of the narrow protofilament of the mC-TFG-LCD-G269V fibril
(yellow) and one of the protofilaments of the mC-TFG-LCD-P285L fibril (blue)

demonstrating the similarity of the glutamine zipper formed by residues Q267, Q287, and Q289
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in both structures, but the divergence of the structural similarity past the location of the

mutations (mutant residues from each structure are colored red).
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Figure S3-2 A) Superposition of the narrow filament of the mC-TFG-LCD-G269V fibril (yellow)
and one of the protofilaments of the orb2A amyloid fibril (green). B) Superposition of one
protofilament of the mC-TFG-LCD-P285L fibril (blue) and one of the protofilaments of the orb2A
amyloid fibril (green). Both superpositions are aligned so the glutamine zipper present in both
mutant TFG LCD fibril structures (formed by residues Q267, Q287, and Q289) overlaps one of

the glutamine zippers of the orb2A fibril structure (in this case residues Q30, Q47, and Q49).
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Figure S3-3 A) Cartoon representation of the mC-TFG-LCD-G269V fibril showing only the
glutamine side chains which form inter-layer hydrogen bonds (hydrogen bonds are represented
by green connections). Inset: glutamine side chains which form inter-protofilament hydrogen
bonds as well as inter-layer hydrogen bonds. B) Cartoon representation of one protofilament of
the mC-TFG-LCD-P285L fibril showing all glutamine side chains (hydrogen bonds are
represented by green connections). Two glutamine side chains are not making interlayer
hydrogen bonds: one is facing solvent and one is facing the interior of the protofilament but is
solvated by three water molecules. Inset: glutamine side chains which form intra-protofilament

hydrogen bonds as well as inter-layer hydrogen bonds.
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Figure S3-4 A,C) Time dependent ThT fluorescence of mC-TFG-LCD-G269V fibrils (A) and
mMC-TFG-LCD-P285L fibrils (C) in solutions of varying concentrations of guanidine hydrochloride
(GdnHCI) and 20uM ThT: OM, 2M, 2.5M, or 3M GdnHCI. Fibrils were generated at 50uM
concentration in PBS with ThT at 20uM concentration and diluted 1:5 in the GdnHCI solutions.
B,D) Representative TEM images of samples taken from the endpoint of the ThT readings. For
the mC-TFG-LCD-G269V fibrils (B), fibrils remained abundant in 2M GdnHCI, but were
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extremely sparse in 2.5M GdnHCI, and were completely absent in 3M GdnHCI. For the mC-
TFG-LCD-P285L fibrils (D), fibrils remained abundant in both 2M and 2.5M GdnHCI, but were

extremely sparse in 3M GdnHCI.

5273 Q278 5273 Q278

0: -162.146° ¢: -160.065° @: -105.155° 0: -125.544°
y: 150.989° y: 160.692° p: 113.191° p: 125.215°

Figure S3-5 Assymetric extended B-sheet conformation between mC-TFG-LCD-G269V
protofilaments. The wide protofilament (blue; inset: left) has two residues (S273 and Q278),

colored green, with |@| and |y| angles with values which permit an extended 3-sheet
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conformation (> 150°). The narrow protofilament (yellow; inset: right) has no residues with
appropriate @ and y angles to permit this structure. Residues in the narrow protofilament
corresponding to the residues in the wide protofilament with an extended B-sheet conformation
are also colored green. An extended B-sheet conformation makes C5-hydrogen bonds possible.
¢ and g angle values for residues S273 and Q278 for each protofilament are listed below each

inset of the corresponding protofilament.
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Figure S3-6 Hypothetical structures of mC-TFG-LCD WT amyloid fibrils. The mutant
residues in the TFG LCD fibril structure models were replaced with the WT residues (in the mC-
TFG-LCD-G269V model, the mutant valine residue is now the WT glycine; in the mC-TFG-LCD-
P285L model, the mutant leucine residue is not the WT proline). A,B) Solvation energy maps of
the mC-TFG-LCD-G269V fibril core with the WT sequence (A) and the mC-TFG-LCD-P285L

fibril core with the WT sequence (B). Residues are colored according to their stabilization
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energies. Deeper blue (positive) is unfavorable for amyloid assembly and deeper red (negative)
is favorable. The thin dark blue line represents the solvent-accessible surface. Energy values
are listed below the structure illustration. In (A) chain A is the wide protofilament and chain B is
the narrow protofilament in the illustration. Yellow arrows point to solvent accessible channels

which do not exist in the mutant structures.
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Chapter 4: Genetic causes of amyloid fibrils and their structures

Gregory M. Rosenberg, Kevin A. Murray, Michael R. Sawaya, Yi Xiao Jiang, David S. Eisenberg

Abstract

The conversion of proteins into the insoluble fibrillar aggregates known as amyloids is a
component of the etiology of a wide variety of diseases. This particular kind of protein misfolding
can occur sporadically but can also be induced or accelerated by genetic mutations. With the
growing number of high-resolution structures of amyloid fibers, our knowledge of the structural
details that define amyloid fibers is greater than ever. In this review, we catalog 58 proteins which
have been demonstrated to form amyloid fibers in vivo or in vitro and which have pathogenic
mutations which have been shown to induce such fiber formation. We also examine the
mechanisms by which genetic changes influence amyloid formation and the resulting amyloid
fiber structures as well as the relationship between those structures and the observed disease
outcomes. We also examine how mutation-driven amyloid fiber formation contributes to disease
in the context of inheritance patterns of the associated diseases and whether or not the genes
are tolerant to loss-of-function, i.e. haplosufficient. While our base of knowledge surrounding
amyloid fibers and their structures has grown considerably over recent years, there is still much
work to be done in understanding the role mutations play in the diverse landscape of amyloid

proteins.

Introduction

An amyloid disease was probably first described by Nicolao Fontano in 1639 in Responsionum &
Curationum Medicinalium, in which he reported on an autopsy and noted that the patient had a
large spleen filled with white stones(1). In hindsight this may have been a case of sago spleen,
which indicates a systemic amyloidosis, either primary or secondary (light chain amyloidosis or

amyloid A amyloidosis)(2, 3). Our understanding of the nature and diversity of amyloids is still
92


https://www.zotero.org/google-docs/?SENsgj
https://www.zotero.org/google-docs/?WmNlJ1

evolving even today. Amyloids are fibrillar aggregates consisting of stacked layers of protein
monomers. Amyloid can be identified in vitro and in vivo through its affinity to certain dyes such
as Congo red, thioflavin S, and thioflavin T(4, 5). Also, amyloid fibers, no matter which protein
forms the aggregate, have a characteristic structural motif of B-strands positioned across from
each other in an orientation perpendicular to the fiber axis, called a “cross-# motif’, which can be
visualized through x-ray diffraction(6, 7). Dozens of amyloid proteins have been identified in a
wide range of pathologies with and without familial mutations. Structural details of the amyloid
fibers, including their cross-B motif, have been deduced over time through a wide variety of
techniques like solid state NMR, x-ray fiber and powder diffraction, cryo-electron microscopy
(cryo-EM), peptide single crystal x-ray diffraction, and more(8, 9). Relatively recently, cryo-EM
was used to determine the high resolution structure of amyloid fibers of microtubule-associated
protein tau extracted from the brain of an Alzheimer’'s disease patient(10) and since then over
250 structures of amyloid fibers (recombinant, synthetic, and patient-derived; functional,
pathogenic, and neither) have been determined mainly by cryo-EM(9). The Nomenclature
Committee of the International Society of Amyloidosis meets every other year to update
definitions, nomenclature, and their lists of amyloid proteins which fall under these updated
criteria(11). The field of amyloid research is truly massive and has experienced many

breakthroughs.

Even so, there is much more to learn and discover about amyloid proteins. The topic of this review
is one such area of research which is still in relative infancy: the influence of genetic mutations on
amyloid formation and structure. This is not to say that there is nothing known about the
relationship between genetics and amyloidosis; familial amyloid polyneuropathy (FAP; caused by
transthyretin mutations) was first described in 1952(12). Rather, the goal of this review is to

demonstrate where there are gaps in our knowledge of the crossroads of structural biology and
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molecular genetics. In this review, we will catalog and categorize every known pathogenic amyloid
protein and summarize what we know about the effects mutations (if they have any) have on their
behavior and molecular structure before and after conversion to an amyloid fiber. We will also
discuss how inheritance patterns of pathogenic  amyloidogenic  mutations,
haplosufficiency/haploinsufficiency, and molecular structures of mutant amyloid fibers contribute
to our understanding of amyloid disease etiology. Through discussing these topics, it will become
clear that, while a lot is known, the study of mutations in amyloid proteins is a field of research

which is very open to new discoveries in terms of basic science and clinical application.

Classes of pathogenic amyloids

Proteins which this review will consider amyloid proteins are any proteins which have evidence in
vivo and/or in vitro of amyloid fibril formation and which are associated with human disease. In
vivo evidence is usually the protein making up the congophilic material (called “amyloid”) within
human tissue, confirmed through proteomic analysis of said tissue. This tissue can also
sometimes be visualized using electron microscopy to see the characteristic unbranched amyloid
fibers. In vitro evidence is more broad, including any protein which has been shown to form
amyloid fibers in the lab by ThT fluorescence, x-ray fiber diffraction, electron microscopy, etc. It
is widely accepted that nearly any protein is capable of amyloid formation under proper
conditions(13), so it must be made clear whether the origin of an amyloid aggregate is a living
organism or a test tube(11). The proteins included in our list are all implicated in disease, so
whether their amyloid-forming capabilities have been demonstrated in vivo or not, the capability
to form amyloid fibers is relevant to note. So, for the purposes of this review, we will not distinguish
between amyloid proteins with evidence of in vivo or in vitro fiber formation except in the
supplemental amyloid protein profiles. Also, aligning with this philosophy, we have excluded

PIK3R1 from our list. This protein’s SH3 domain has been used as a model amyloid in vitro and
94


https://www.zotero.org/google-docs/?bXjmmG
https://www.zotero.org/google-docs/?wsbP06

has been structurally characterized in its native and amyloid state, but is not associated with any
human disease(14, 15). We have also excluded many “functional amyloids" which have been
shown to form amyloids or amyloid-like structures in vivo as part of their native function, but do
not cause disease through amyloid formation(16-18), although some functional amyloids are
capable of forming pathogenic amyloids and are thus included. One further consideration is the
difference between a mutation and a polymorphism. A polymorphism is a genetic variant that may
be associated with disease but is also observed frequently in healthy individuals. So, for the
purposes of this review, when the term “mutation” is used it refers to a genetic variant only
observed in individuals with a disease, as distinct from a polymorphism. As such, amyloid proteins
only associated with polymorphisms will not be considered to have amyloidogenic mutations. With
these considerations, we have compiled a comprehensive list of 58 human proteins associated

with disease which are capable of forming amyloid fibers (Table S4-1).

We can further subdivide this list of proteins into groups relevant to the scope of this review

(Figure 4-1).

Sporadic amyloids

The first group to delineate is proteins which cause no known hereditary forms of amyloidosis or
have any documented hereditary mutations which influence their amyloid aggregation. In other
words, proteins for which only the wild-type form is known to form amyloids. This group will be
referred to as the “sporadic” group. This term is borrowed from its use in the context of cancer,
by which a “sporadic cancer” is a cancer that arises in absence of family history or known genetic
variants. 19 of the proteins in our list belong to this group: apolipoprotein A 1V, atrial natriuretic
factor, calcitonin, cathepsin K, EGF-containing fibulin-like extracellular matrix protein 1, galectin-
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7, glucagon, lactadherin, lactotransferrin, leukocyte cell-derived chemotaxin-2, odontogenic
ameloblast-associated protein, parathyroid hormone, prolactin, pulmonary surfactant-associated
protein C, S100-A8/A9, semenogelin 1, somatostatin, transcription elongation regulator 1 (a.k.a.

CA150), and transmembrane protein 106B.

Proto-amyloids

The next group is a class of proteins for which we have coined the term “proto-amyloids”. These
are proteins which are only known to form amyloids if and when they have a mutation and the
wild-type form does not or cannot form amyloids. In other words, these proteins only cause
hereditary amyloid diseases and do not form amyloids without hereditary mutations. The name of
this class of proteins is reminiscent of the term “proto-oncogene” which refers to a gene involved
in normal cell growth that when mutated becomes an “oncogene” which causes the growth of
cancer cells. In an analogous way, the proteins in this group are functioning non-amyloidogenic
proteins only until they are mutated, in which case they become amyloids. We currently know of
9 proto-amyloids: integral membrane protein 2B (which is the precursor of ABriPP and ADanPP),
apolipoprotein A Il, corneodesmosin, fibrinogen a chain, gelsolin, huntingtin, lysozyme,

transforming growth factor-beta-induced protein ig-h3, and ubiquilin-2.

Ambimorph amyloids

The next group contains proteins which form amyloid fibers in their wild-type forms and also have
documented amyloidogenic mutations associated with disease. Since these proteins form
amyloids in both native and mutant forms, we will term this group “ambimorphs” (“both forms”).
This group contains the plurality of proteins in the list with 24 members. The proteins in this group
cause many of the common amyloid diseases most people are familiar with: Alzheimer’s disease,
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Parkinson’s disease, ALS, and more. The majority of pathogenic amyloid fibers for which we have
solved structures are also from proteins in this group. The ambimorph proteins are amyloid-£,
apolipoprotein A I, apolipoprotein C Il, apolipoprotein C Ill, cellular tumor antigen p53, cystatin C,
desmin, heterogeneous nuclear ribonucleoprotein Al, heterogeneous nuclear ribonucleoprotein
A2, islet amyloid polypeptide, keratin-5, keratin-8, major prion protein, melanocyte protein PMEL
microtubule-associated protein tau, polyadenylate-binding protein 2, protein TFG, RNA-binding
protein FUS, serum amyloid A, superoxide dismutase, TAR DNA-binding protein 43, transthyretin,

a-synuclein, and 32-microglobulin.

Special cases

Lastly, 6 “special cases”. antibody light chain, antibody heavy chain, C9orf72, and iatrogenic
amyloids. The proteins in this group do not conform to the mutant/wild-type paradigm that exists
for the rest of the proteins in the list. The antibody amyloids have completely unique protein
sequences from person to person and thus cannot be considered in the context of mutations in
conserved protein sequences, although there are some conserved motifs in the most
amyloidogenic segments of these proteins(19). These may also be referred to as “personalized”
amyloids. Similarly, amyloidogenic dipeptide repeat proteins are produced from a translated intron
of the gene C90rf72(20-23) so there is no wild-type version of the protein to compare. latrogenic
amyloids are proteins that form amyloids when they are used for medical treatment and thus
usually at abnormally high concentrations caused by non-physiological forces. These include
insulin(24, 25), Liraglutide (recombinant glucagon-like peptide 1 with a K125R alteration)(26), and
Anakinra (recombinant Interleukin-1 receptor antagonist protein)(27). There is another peptide
drug which is an iatrogenic amyloid, enfuvirtide(28-30), but unlike the ones included in our list
enfuvirtide is not an analog of a human protein, so it was not included. One protein that may be

considered an iatrogenic amyloid is B2-microglobulin which forms amyloids in dialysis patients
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due to being abnormally concentrated because dialysis machines cannot clear this protein from
blood plasma(31). However, unlike the other iatrogenic amyloids, an hereditary form of p2-

microglobulin amyloidosis exists(32), so it will not be considered as part of this group.

A description of each protein and its evidence for amyloidogenicity can be found in chapter 5.

Structural effects of amyloidogenic mutations

Out of the 58 proteins in our list, there are resolved amyloid fiber structures for 19 of them
(excluding the peptide crystal structure of keratin-8). This proportion is actually quite impressive,
given how recently cryo-electron microscopy technology started to be used for solving the
structures of amyloid fibers, especially patient-derived fibers(10). Out of these 19 proteins, 14 are
from the ambimorph group, 4 are from the sporadic group, and 1 is a special case protein
(immunoglobulin light chain); there are no fiber structures for any of the proto-amyloids. For the
purposes of this review, we will highlight the proteins in the ambimorph group for which there are
structures for both the wild-type fiber and the mutant fiber in order to understand which, if any,
structural changes of the amyloid form can be accounted for by the mutation and how those
changes contribute to the induction of the disease state. There are 7 proteins for which we have
this data: amyloid-B, heterogeneous nuclear ribonucleoprotein A2, islet amyloid polypeptide,
major prion protein, TAR DNA-binding protein 43, transthyretin, and a-synuclein. Also, the
structures which most reliably relate to the disease state are those derived from patient tissue, so

if available those are the structures which will be of focus.

Amyloid-B
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Amyloid-f is an amyloidogenic peptide which plays a role in Alzheimer’s disease, cerebral amyloid
angiopathy, and Down syndrome(33-36). It is generated via the secretase-mediated cleavage of
amyloid-f3 precursor protein encoded by the APP gene. The familial mutations in this gene mainly
cluster around the sites recognized by the secretases and accordingly they mainly affect the
production of the amyloidogenic peptide itself, but the mutant structures that exist show that at
least some of these mutations also affect the stability of the resultant amyloid fiber, potentially
accelerating their formation. Three mutant forms of amyloid-B fibers have been structurally
determined: D23N (pdb IDs: 2Ing, 2mpz)(37, 38), E22A (pdb ID: 2mvx)(39), and E22G (pdb IDs:
8bfz, 8bg0)(40) (Figure 4-2) (The numbering is based on the amyloid-B sequence, not the
amyloid-p precursor protein sequence. Numbering for the amyloid-p precursor protein would be
D694N, E693A, and E693G). These structures will be compared to wild-type fiber structures
which were extracted from Alzheimer’s disease patient brains (pdb IDs: 7g4b, 7g4m(41) and pdb
IDs: 8azs, 8azt(42)) (Figure 4-2). It should be noted that all but one of the E22G mutant fiber
structures are made from amyloid-B 1-40, while wild-type structures they are compared to are
composed of amyloid-B 1-42. There is a wild-type, patient extracted structure of amyloid- 1-40
(pdb ID: 6shs)(43), but the fold of its core is completely distinct from all other structures referenced

here, so it is difficult to compare to.

The D23N mutation replaces a charged residue with an uncharged one adjacent to another
charged residue E22. This change seems to allow for extension of a B-strand from K15 to V24
since residue 23 is no longer charged and is not as disfavored from being buried away from
solvent. This allows a single protofilament to form a longer hydrophobic steric zipper than the wild-
type is capable of, since in the wild-type structure both E22 and D23 face the same direction and

break the B-strand conformation.
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The E22A mutation similarly removes a charged residue that is adjacent to another one (D23).
This seems to compact the turn in the protofilament that E22 would have been a part of and
makes some interactions available for the N-terminal of the peptide to take part in, so the entire
length of the peptide is resolved in the mutant structure, unlike the wild-type structure. The
contribution of more interlayer hydrogen bonding by these extra core residues makes this fiber

core more stable, and this more stable structure is made possible by the deletion mutation.

The E22G mutation also replaces a charged residue with an uncharged one. The fold in the
double protofilament structure is almost identical to the wild-type fold of the type Il filament and
the four-protofilament structure does not look immediately more stable than the wild-type
structure, especially with the mutant fiber core’s large, solvent-accessible central pocket which is
very uncharacteristic of amyloid structures. However, the mutation actually allows more flexibility
in the adjacent main chain groups (Ramachandran angles) which leads to more interlayer

hydrogen bonding in the mutant fiber.

Heterogeneous nuclear ribonucleoprotein A2

Heterogeneous nuclear ribonucleoprotein A2 is ostensibly a functional amyloid. The wild-type
protein is able to form reversible amyloids and this behavior is thought to be part of its native
function of stress granule formation(44, 45). Its fiber formation is mediated by a low-complexity
domain, also called a prion-like domain, and the disease-causing mutation D290V is right in the
center of this domain (This numbering is based on the main isoform of the protein which lacks 12

N-terminal residues compared to the longest construct. The numbering of the longest construct
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would be D302V). The D290V mutation is found in some patients with multisystem proteinopathy
(MSP), a disease with features of inclusion body myopathy associated with Paget’s disease of
the bone, fronto-temporal dementia, and amyotrophic lateral sclerosis. Biochemical data shows
that the mutant protein is more prone to forming fibers than the wild-type and has increased

recruitment to stress granules(46), but the reason for these changes is revealed by the structures.

The wild-type fiber structure (pdb ID: 6wgk) consists of a single protofilament with multiple LARKS
motifs, creating a fiber with greatly reduced stability compared to one consisting of steric zipper
interactions(45). The mutant structure (unpublished) reveals that the mutation abolishes some
intra-chain hydrogen bonds made by D290 in the wild-type structure and thus encourages more
B-strand secondary structure in adjacent residues which influences an increase in (-strand
content in the protein overall. Also, the PY-nuclear localization signal peptide is resolved in both
the wild-type and mutant structures and in the wild-type it is exposed to solvent, but in the mutant
it is buried within the fiber core. This structural change in the mutant protein may explain the
increased recruitment to stress-granules since, once formed, it may be more difficult to import the
protein into the nucleus, allowing the protein to accumulate in the cytoplasm and aggregate

further.

Islet amyloid polypeptide

Islet amyloid polypeptide, also called amylin, is a peptide hormone secreted by B-cells of the
pancreatic islets of Langerhans which, like other peptide hormones, is resultant from the
processing of a larger prohormone. Its physiological function is not entirely clear, but its main
function seems to be related to regulation of glucose metabolism by modifying the activity of

insulin(47). Aggregation of this protein has been linked to type Il diabetes and it is the main
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component of islet amyloid deposits in type Il diabetes patients(47—49). A mutation in the IAPP
gene, S20G (the numbering for the unprocessed prohormone is S53G), is associated with early
onset type 2 non-insulin dependent diabetes(50). Biochemical assays on this mutation show that
the mutant protein is more amyloidogenic than the wild-type(51-53) and it has been demonstrated
that a possible mechanism is a decrease in the entropy cost of fiber formation by the mutation
increasing local flexibility to encourage certain long-range interactions within the peptide that

“preorganize” it toward fiber formation(54).

All extant structures of islet amyloid polypeptide fibers are from constructs which are synthetic,
recombinant, or synthetic but seeded by patient-extracted fibers. For the purposes of this review,
we will focus on a comparison of a wild-type (pdb ID: 6zrf) and two S20G structures (pdb IDs:
6zrqg,6zrr) from synthetic peptides reported together in the one publication(55) (Figure 4-3). The
protofilament common to both mutant structures has a bend at position 20 which turns the
backbone in the opposite direction of the backbone of the wild-type protofilament, causing some
of the side chains which are buried in the wild-type structure to become solvent-facing and vice
versa. This structural change also alters which residues participate in the protofilament interface.
The consequences of these structural changes are not entirely clear, but the authors report that
the wild-type fiber structure is the most stable out of their three structures, even compared to the
mutant structure with 3 protofilaments. The observation that the mutant protein aggregates more
rapidly, but forms a less stable fiber is consistent with the idea that the mutation drops the entropic
cost of the monomer to transition to a fiber by altering the preferred fold of the monomer rather

than driving the protein toward a more stable fiber structure.

Major Prion Protein
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Major prion protein is the infectious agent of human prion diseases as well as the subject of
mutations which cause inherited human prion diseases. Part of the protein experiences a
transition from a-helical structure to B-sheet(56), caused by templating on an already misfolded
copy of the protein (infection) or destabilization induced by mutations. The mechanism of sporadic
cases of prion disease (sporadic Creutzfeldt-Jakob disease, in particular) are not clear, but may
be due to somatic mutations or spontaneous conversion of the protein into the amyloidogenic
form(57), but there are risk factors such as homozygosity at codon 129 (rs1799990)(58, 59).
There are over 60 known mutations in the PRNP gene (which codes for major prion protein), but
~85% of hereditary prion diseases are caused by five of them: E200K, V210I, V180Il, D178N, and
P102L(60). Three mutations have their associated amyloid structures solved, but they are not any
of the five listed above. The mutations we have solved structures for are E196K (pdb ID:
7dwv)(61), Y145* (pdb ID: 7rl4)(62), and F198S (pdb IDs: 7umq,7un5)(63) (Figure 4-4). Only the
F198S structure is from patient-derived fibers. It is difficult to directly compare all these structures
to the same wild-type structure since they each have different portions of the protein sequence
resolved (and the Y145X structure is of a truncated protein, of course). So, to compare the
structures which are the most similar in which part of the protein is in the resolved fiber core, the
F198S structure and Y145X structure will be compared to the wild-type structure published by
Glynn et. al. (pdb ID: 6uur)(64) and the E196K structure will be compared to the wild-type structure
published by Wang et. al. (pdb ID: 6Ini)(65) (Figure 4-4). Another difficulty is that only the E196K

structure has the actual mutation site resolved in the structure.

Residue 198 is not actually resolved in the F198S structure, so its influence is difficult to discern
on the overall structure, but there is another sequence difference between it and the Glynn wild-
type structure: the polymorphism at residue 129. Patients with the F198S mutation who are

homozygous for valine rather than methionine at position 129 generally have earlier disease onset
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than those heterozygous at that position, and in the patient from which the amyloid fibers were
extracted F198S was inherited in cis with valine 129(63). The F198S structure is sterically
incompatible with a methionine at position 129 because the valine is packed too tightly. Even with
fibers extracted from M/V heterozygous individuals, the electron density map was more consistent
with valine rather than methionine at position 129, indicating that M129 prion protein was less
likely to be incorporated into the fibers. However, the protein is clearly able to form fibers with a
methionine in this position as demonstrated by the wild-type structure. So, residue 129 is probably
exerting the most influence over which fiber structure forms. But the familial mutation is at position
198, so what effect is that having on the structure? In fact, the proteins making up the aggregates
in Gerstmann-Straussler—Scheinker disease are proteolytically cleaved and do not even retain
residue 198(66). The group reporting the structure performed mass spectrometry on the brain-
extracted protein and found fragments corresponding to the full length of the protein without N-
and C-terminal signal peptides, but the majority of observed peptides span approximately from
G80 to V160(63). The most consistent explanation is that the F198S mutation is affecting the
native structure such that it is aberrantly processed and cleaved into amyloidogenic fragments.
The valine at position 129 acts as a disease maodifier by preferring an amyloid fold which is overall
more stable than the wild-type M129 fold, but unable to incorporate monomers with a methionine
at position 129. Homozygosity at position 129 more consistently results in the production of fibers

with this more stable fold.

Unlike the F1298S structure, the Y145* structure has a methionine at position 129, so can be
more directly compared to the Glynn wild-type structure. However, the mutation is a truncation,
and while the wild-type structure was solved from a recombinant protein spanning residues 94-
178, the structure only resolves residues 106-145, and Y145 is facing solvent and not necessarily

as important for the formation of that particular structure as the electrostatic interactions formed
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by D144. In the same vein, the Y145* structure, solved from a recombinant protein spanning
residues 23-144, does not resolve the truncated C-terminal, starting at residue N108 and stopping
at residue F141. Since the wild-type and mutant structures resolve very similar portions of the
protein despite being formed from quite different constructs, it is difficult to explain why the
structures are so vastly different. The structural differences may simply be a result of the different
methods of generating the fibers in each case: the mutant fibers were grown under quiescent
conditions at 400uM concentration for a week, sonicated, then used to seed a diluted sample
(40uM) under quiescent conditions, and sonicated again; the wild-type fibers were grown at
~100uM with acoustic resonance mixing for 1-3 days. The buffers in which the fibers were grown
were also quite different from each other with the wild-type fibers being grown in a slightly
denaturing buffer at pH 4, while the mutant fibers were grown in non-denaturing buffer at pH 6.5.
These differing growth conditions may do more to explain the differences in observed structures
than the different starting protein segments, given that the portion of the protein which ended up

in the rigid fiber core was relatively consistent between the two constructs.

The E196K structure and the wild-type structure spanning residues 170-229 were solved and
reported by the same group, so their direct comparison is easier and more justified. The mutant
structure also contains the mutant residue, so its effects are more observable. The mutation flips
the charge of residue 196 from negative to positive, which disrupts an important interaction
between the protofilaments in the wild-type structure: an electrostatic interaction between E196
and K194. Due to this, an overall rearrangement of the fiber core occurs to form new electrostatic
interactions: K196 now interacts with E200 and K194 now interacts with E207. This change
induces other differences including a hydrophilic cavity in the mutant structure instead of a
hydrophobic one in the wild-type, additional hydrophobic interactions between the two

protofilaments in the mutant structure, and an increase in B-sheet content in the mutant. However,
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chemical denaturation and thermostability assays indicated that the mutant fibers were actually
less stable than the wild-type fibers. It has been suggested that the effect of the mutation is
destabilization of the monomer through disruption of important salt bridges, which accelerates
fibrillization(67). The structural differences of the amyloid fibers are, therefore, more indicative of
strain differences between individuals with prion diseases and the structure is just one piece of
the puzzle of the difference in progression of disease in individuals with this mutation rather than

others.

TAR DNA-binding protein 43

TAR DNA-binding protein 43, like the heterogeneous ribonucleoproteins, has a functional
aggregated state(68—71). Though not necessarily a functional amyloid, the protein is able to form
reversible, potentially amyloid-like, aggregates(72). Disruption of its normal self-interaction within
the nucleus seems to be a key mechanism of familial mutations(73) and pathological inclusion of
TAR DNA-binding protein 43 are found mislocalized in the cytoplasm(68, 74—78). Pathological
inclusions of this protein are comprised of a C-terminal fragment consisting of residues spanning
positions 252-414(76). There are more than 60 known mutations in this protein associated with
amyotrophic lateral sclerosis (ALS) or frontotemporal lobar dementia with TDP-43 inclusions
(FTLD-TDP), but the only mutation for which we have the structure of an amyloid fiber is A315E
(pdb ID: 6n3c)(72) (Figure 4-5) and this structure was solved from fibers generated from a short
fragment of the protein spanning residues 286-331 and the structure itself resolves residues 288-
319. This makes comparison to wild-type structures difficult because many of them are solved
from fibers made from a different segment of the protein (residues 311-360)(72) or much larger
constructs such as the entire low-complexity domain (residues 267-414)(79). Fortuitously, the
wild-type structure with the most comparable sequence identity was solved from fibers extracted

from two individuals diagnosed with ALS with FTLD (both patients’ fibers revealed the same
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structure) (pdb ID: 7py2)(80) (Figure 4-5). However, the comparison is still complicated by the
fact that this patient-extracted structure still resolves a significantly larger fragment of the protein
than the mutant structure, residues 282-360, and some of the differences in the structures may
be accountable to the differing length of protein fragments forming the fibers rather than the

mutation itself.

With these considerations in mind, we can still identify structural changes that can likely be
attributed to the mutation. The mutation itself, A315E, is unusual for amyloidogenic mutations
because it is a transition from a nonpolar residue to a charged residue, while most amyloidogenic
transitions go in the other direction. This new charged residue is complementary to the nearby
R293, which is solvent-facing in the wild-type structure. In the mutant structure, E315 and R293
form an electrostatic interaction which requires a significant structural conversion relative to the
wild-type structure and creates several new side chain interactions such as L299 participating in
hydrophobic interactions with M307, F313, and M311, whereas in the wild-type structure L299 is
far away from those residues. Another, perhaps more obvious, difference is that the wild-type
structure consists of a single protofilament while the mutant structure consists of four. It is unclear,
however, if the high number of protofilaments in the mutant structure would form if a longer
construct was used to form the fibers. Regardless, the mutant structure with its multitude of

protofilaments creates a more stable fiber than the wild-type in regard to solvation energy.

It is worth noting that E315 may also interact with a different nearby arginine residue R361, in
which case a completely different structure may form. However, this cannot be confirmed without
structural characterization of either a longer construct of the protein or of fibers extracted from a

patient with the same mutation.
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Transthyretin

Transthyretin is a thyroid hormone distributor protein which is secreted into the blood by the liver
and into the cerebro-spinal fluid (CSF) by the epithelial cells of the choroid plexus(81).
Transthyretin functions as a tetramer and binds to thyroid hormones and retinol-binding protein,
as well as certain drugs and pollutants(81). The protein circulates in the blood and CSF and when
misfolded forms extracellular amyloid deposits in multiple organs, most commonly resulting in
cardiomyopathy and/or polyneuropathy(82, 83). There are over 120 documented pathogenic
mutations affecting transthyretin, but the most common one is V30M(82, 84) (this numbering
excludes the 20 amino acid signal peptide which is cleaved from the mature protein, so an
alternative numbering is V50M. The numbering based on the mature protein will be used going
forward) and this is the mutant for which we have fiber structures (pdb IDs: 6sdz,70b4)(85, 86)
(Figure 4-6) and both are patient extracted. We also have a fiber structure of the wild-type
sequence (pdb ID: 8ade)(87) (Figure 4-6) which is also patient extracted. The wild-type structure
and one of the mutant structures were both extracted from the respective patients’ hearts, and so

can be directly compared without qualification.

The wild-type and mutant structures are nearly identical, with only slight, inconsequential
differences in the packing of some side chains like 1107 and K76. Even the mutant structure from
fibers extracted from a patient’s eye (7ob4) have an extremely similar fold, with major differences
being a double protofilament rather than a single one and some altered glutamate-lysine
interactions which slightly change the shape of the backbone and open up a hydrophilic cleft in
the core; none of these differences are attributable to the mutation which does not alter the

orientations of any of the residues near it. The differences could simply be patient-specific fiber
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conformations. As Steinebrei et. al. (who published the wild-type structure) points out, these
results make it reasonable to conclude that structural differences are not the mechanism of the
differential clinical symptoms in sporadic or hereditary transthyretin amyloidoses. Instead, V30M

most likely acts by destabilizing the native tetramer(88) to encourage amyloid formation.

a-synuclein

a-synuclein is a protein whose function is not entirely clear, but localizes to presynaptic terminals
and interacts with lipid membranes, i.e. vesicles, and is able to adopt an a-helical secondary
structure when associated with membranes despite being disordered in solution(89). This protein
is the main component of Lewy bodies and Lewy neurites which are the hallmarks of Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB)(90) and also aggregates in multiple system
atrophy (MSA) as well as other “synucleinopathies”. Mutations in this protein cause early onset of
these diseases and we have amyloid structural data for five mutations (only one mutant structure
is from patient-extracted fibers: T22TMAAAEKT) as well as many wild-type structures including
some extracted from patients with MSA or PD and DLB. The mutations for which we have
structures are H50Q (pdb IDs: 6peo,6pes)(91), A53T (pdb ID: 6Irq)(92), E46K (pdb IDs:
6l4s,6ufr)(93, 94), G51D(pdb ID: 7e0f)(95), and T22TMAAAEKT (pdb IDs: 8bgv,8bqw)(96)
(Figure 4-7). When comparing structures, we must keep in mind that different diseases caused
by a-synuclein harbor distinct amyloid folds, so differences in mutant structures should be viewed
in light of this fact. This is complicated by the fact that all but one of the mutations listed above
(T22TMAAAEKT being the exception) are associated with early-onset PD or DLB, but the
protofilament folds of the H50Q and A53T mutant fibers seem to be more similar to the MSA brain
fold (pdb IDs: 6xyq, 6xyp,6xy0)(97) than the PD and DLB brain fold (pdb ID: 8a9l)(98) (Figure 4-
7), these being the patient-extracted wild-type structures mentioned above. Also, the patient-

extracted fiber structures for both MSA and PD/DLB, despite distinct folds, show extra non-
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peptide density coordinated mainly by lysine residues (K43, K45, and H50 of both protofilaments
in MSA; K32, K34, K43, K45, and Y39 of the single protofilament in PD), but it is not known what
cofactor creates this density. The presence of this cofactor may be important for the formation of
these specific patient structures, and all recombinant structures must be presumably qualified by

the exclusion of this unknown cofactor.

The H50Q mutant a-synuclein forms a fiber with a very similar fold to recombinant wild-type
structures (pdb IDs: 6cu7,6cu8)(99) (Figure 4-7) and the patient-extracted MSA fold (also wild-
type), but has a distinct protofilament interface or, in one isoform, only a single protofilament. The
mutation may contribute to this altered interface by abolishing a potential electrostatic interaction
between H50 and E57, as seen in the 6cu? structure, and instead Q50 forms an intramolecular
hydrogen bond with K45(91). Q50 may also induce a steric clash with E57. However, based on
this structure, the stabilities of the mutant and wild-type structures are comparable to each other.
Although, denaturation resistance assays establish a higher stability of H50Q fibers than wild-
type(100), so the structure of the fiber core may not be the only contributor to overall stability. It
is unclear why this mutation favors a fold more similar to the MSA patient fold than the PD patient

fold.

The A53T mutant forms a fiber which is extremely similar to those formed by the H50Q mutant,
although superstructural features, like overall fibril twist, differ(92). In some recombinant wild-type
structures, e.g. 6cu7, A53 is at the center of the protofilament interface and the A53T mutation
directly disrupts this interface through a steric clash, favoring the interface also seen formed by
the H50Q mutant protein. Again, this interface appears less stable than the wild-type interface,

making the increased aggregation propensity of the mutant protein(92, 101, 102) difficult to
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explain by the structure of the resulting fiber alone. And, again, it is unclear why this mutation

favors a fold more similar to the MSA patient fold than the PD patient fold.

Two distinct structures have been solved for fibers with the E46K mutation. These two structures
even have apparently different biochemical properties, with the 6l4s fibers being apparently less
stable than wild-type fibers(94) while the 6ufr fibers are apparently more stable than wild-type
fibers(93). However, both structures represent a departure from the fold observed in the H50Q
mutant structure, the A53T mutant structure, some recombinant wild-type structures, and the
patient-extracted MSA structure. The E46K mutation disrupts a salt-bridge formed by E46 and
K80 that is present in the aforementioned structures. In the E46K structures, the removal of this
electrostatic interaction results in a complete rearrangement of the core. However, the PD and
DLB patient-extracted structure does not contain the E46-K80 interaction, despite not having this
mutation, and has a distinct fold to both E46K structures. So, the particular arrangement of the
fiber core seen in these recombinant mutant structures cannot be entirely attributable to the
mutation, especially since the mutated residue does not seem to participate in any structure-
specific interactions. The differences between the two mutant structures may be attributable to
differences in the preparation of fibers, i.e. different buffers, different protein concentrations, and
the 6l4s fibers were grown in the presence of preformed fiber seeds. And, again, neither structure
was obtained from fibers grown in the presence of whatever cofactor creates the density in the
8a9l and 6xyq/6xyp/6xyo structures. The coordination of lysines around this cofactor may
preclude the K45-E57 interactions seen in both E46K structures. In all, the mutation explains
certain structural differences from the human-extracted MSA structure as well as recombinant
wild-type structures bearing an E46-K80 interaction, but cannot explain the differences from the

wild-type PD and DLB structure.
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The G51D mutant structure is extremely similar to the 6l4s E46K structure, both fibers even
bearing a unique right-handed twist(95), although D51 abolishes a turn present in the E46K
structure which allows the interaction between K45 and E57. Also, like the 6l4s fibers, the G51D
fibers were biochemically shown to be less stable than wild-type fibers, but also more cytotoxic
and more seeding-competent(95). A decrease in stability has been hypothesized to increase
propagation of seeds for other mutations as well(92, 94). Like the A53T mutation, the G51D
mutation creates a steric clash that would directly disrupt the protofilament interface of some
recombinant wild-type fibers, but it is not entirely clear why these two mutations induce such
distinct structures from each other. The G51D mutation may also be somewhat incompatible with
the patient-extracted PD structure, since it could form a steric clash with the undefined peptide
density interacting with the H50-V55 region, but it is unclear how important this interface is to the
overall structure of that fiber core. Also, none of the lysines coordinating the mystery density in
the patient-derived structure are resolved in the G51D structure, so it is unclear if they could be

part of the ordered core if the cofactor were present or if D51 somehow precludes this interaction.

The T22TMAAAEKT mutation is a 7 amino acid insertion after T22 which was found in a patient
with extremely early onset of disease (13 years old) and rapid progression (2 years from
manifestation of symptoms to death)(96, 103). This was the only case of a disease now known
as juvenile-onset synucleinopathy, so named distinctly from DLB due to the discovery of the
unique fold of a-synuclein fibers extracted from the patient’s brain. The fiber consists of a single
protofilament with a fold very similar to the patient-extracted MSA fiber, containing the salt bridge
formed from E46 and K80. The difference is that the protofilament interface is supplanted with an

interaction with the N-terminal region of the protein harboring the insertion mutation. Like the other
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patient-extracted structures, this structure also contains a network of lysines coordinating an
undefined density. The peptide density which forms the interface with H50-E57 is actually too
ambiguous to definitively model in the mutant sequence, but the extra length of the mutant
sequence is better able to fill in the other island of ambiguous peptide density forming an interface
with K60-T64. It is also possible that the fiber contains both mutant and wild-type protein, leading
to the ambiguity in the cryo-em data. The mutation probably contributes to this unique fold by
making the intra-protofilament interfaces revealed in this structure easier to form by lengthening
the protein with a repeated sequence. This mutation clearly induces a particularly aggressive

synucleinopathy, but the structure does not immediately allow us to intuit why.

Biochemical mechanisms of amyloidogenic mutations

The way that genetic mutations can contribute to the formation of amyloids is varied and usually
multifaceted for each individual protein and even for individual mutations. The mechanisms we
have identified here also tend to tie into one another and thus overlap somewhat, so that
mutations which are amyloidogenic through a given mechanism may also work through another
mechanism entailed by the first. Also, proteins with multiple amyloidogenic mutations may
become amyloidogenic through multiple distinct mechanisms depending on which mutation it has.
For this review we've focused solely on mutations which directly affect either the amino acid
sequence of the amyloidogenic protein or the amount of the amyloidogenic protein being
expressed, although there are amyloidogenic proteins whose aggregation is ostensibly influenced
by mutations in other genes, such as PSEN1 and PSEN2 in Alzheimer’s disease(104-107). We
have delineated six classes of mutational effects which contribute to the conversion of proteins
into amyloid aggregates (Figure 4-8). The mechanisms by which mutations lead to

amyloidogenesis of the proteins in our list can be found in Table S4-1 and we have assigned
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mechanisms to 33 of the 58 proteins in our list: the proto-amyloids and ambimorphs since these

are the proteins whose amyloid formation is known to be mediated by mutations.

i) Native structure destabilization

Mutations which change the amino acid sequence can destabilize a protein’s native fold or
interrupt its normal interactions with copies of itself, both of which can lead to amyloidogenic
portions of the protein which would normally be buried becoming “exposed” and available to
nucleate the growth of a fiber. The mutation does not even have to be in the amyloidogenic portion
of the protein, such as in the case of L170P in apolipoprotein Al: a mutation outside of the N-
terminal fragment found in amyloid deposits which has been shown to destabilize the structure of
the protein in solution, and this may induce misfolding which leads to proteolytic degradation of
the protein which frees the amyloidogenic fragment(108, 109). Monomer/oligomer destabilization
is a fairly common mechanism of amyloid formation, with 16 of the 33 proteins having this
mechanism tied to their amyloid formation. It is also an aspect of how amyloids are formed in the
lab, although this usually is not achieved through mutations, but rather environmental
manipulations like fluctuating the pH or adding cofactors like heparin in the case of tau(13, 110).
Some examples of proteins with mutations of this mechanism are transthyretin, whose mutations
destabilize its native tetramer and result in a fiber core fold almost identical to the wild-type
protein(85-88), and lysozyme, whose amyloidogenic mutations were shown by molecular
dynamics simulations to increase flexibility of the protein and allow it to sample more

conformations(111).

ii) Fibril stabilization
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This applies to mutations which induce structural changes which promote fibrillization including
better shape complementarity for a steric zipper, improved ability to form interstrand hydrogen
bonds, better charge compensation in a protofilament fold, etc. These effects can be observed
directly in fiber structures or indirectly through comparing the kinetics of amyloid fiber formation
between wild-type and mutant protein. This often goes hand-in-hand with monomer
destabilization since for globular proteins the monomer form is usually far removed from the
structure of an amyloid fiber. In order for the transition to a fiber to be kinetically favored, even if
it is more thermodynamically stable than the monomer, the monomer structure must first be
disrupted. This category also encompasses stop codon mutations which generate amyloidogenic
segments essentially ab initio, such as in the cases of the ABriPP/ADanPP and apolipoprotein A
11(112-118). It is easier to determine if this mechanism is at play if a fiber structure exists with the
mutant residue in a stabilizing role, as in the case of G269V and P285L in protein TFG
(unpublished) and E22G in amyloid-p(40). The fibril stabilization mechanism applies to
mutations in 20 of the 33 proteins in our list, with 8 of them also having monomer destabilization
as a mechanism. The proteins which do not have these two mechanisms working in tandem are
peptides like amyloid-B or proteins with intrinsically disordered or low-complexity regions like
heterogeneous nuclear ribonucleoprotein A2, in which cases there is no stable monomer structure
to begin with. Mutations which stabilize amyloid fibers tend to be changes to hydrophobic residues
which prefer 3-strand secondary structure, especially if the wild-type residue is polar or charged,
such as D25V in apolipoprotein C 111(119), but there are exceptions to this trend such as A120D

in desmin(120).

iii) Increased seeding
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Amyloid formation starts with the nucleation of a single fiber, which is an ostensibly rare event,
but prion-like seeding causes the growth of many more fibers relatively quickly after the first is
able to form. Seeding capacity influences the spread of amyloid fibers throughout the tissue they
inhabit(121-123), which is why blocking seeding is often a metric which is considered for amyloid
inhibitor compounds(124-126). The seeding capacity can be influenced by the efficiency of
production of seeds or the efficacy of the seeds themselves in reducing the lag phase of fiber
nucleation. Whether mutations affect seeding or not is difficult to know, however, and requires
biochemical experiments to specifically test it. Thus, only 3 of the 33 proteins taken into account
here have this mechanism assigned to their mutations: desmin(127), cellular tumor antigen
p53(128), and a-synuclein(92, 94, 129). It is likely that many of the known amyloidogenic
mutations affect seeding capacity, especially if the mutation also causes one or both of the two
effects described above since they would already lower the energetic barrier to nucleation (so
monomer destabilization and/or fiber stabilization might actually entail increased seeding
capacity), but this is difficult to infer or computationally predict, unlike the other two effects
previously mentioned. Paradoxically, decreased fiber stability may also increase seeding, as
seems to be the case for a-synuclein, since a propensity to break apart into smaller oligomers

(which may just be short fibers) might be beneficial to the propagation of seeds.

iv) Altered processing

This category refers to changes in how the protein’s mRNA, its gene’s DNA, or the protein itself
is treated by factors extrinsic to the protein itself. Essentially, this mechanism applies to mutations
which alter how cellular homeostasis machinery interacts with the protein at the DNA, transcript,
and/or protein level. This can be overexpression, changes in which isoforms of the protein are

produced, and/or differences in proteolytic processing. This is the only category which includes
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noncoding mutations, such as intronic mutations that affect splicing as in the case of microtubule-
associated protein tau(130-135), promoter mutations which affect expression levels as in the
case of serum amyloid A(136) and islet amyloid polypeptide(137), or gene duplications which also
affect expression levels as in the case of a-synuclein(138, 139). Overexpression, caused by
promoter mutations or gene duplications, can induce amyloid formation by allowing the protein to
achieve a critical concentration to form an amyloid without alteration to the amino acid sequence.
This is also the mechanism by which the iatrogenic amyloids become amyloidogenic, although
they are not overexpressed, but directly injected at a high local concentration. Microtubule-
associated protein tau is a good case study for how altered isoform ratios can lead to amyloid
formation. There are documented mutations which affect the production of tau protein isoforms
with four tandem repeats in relation to isoforms with only three, many of which do not affect the
amino acid sequence(130-135). However, it is not entirely clear why this change leads to amyloid
aggregation. It is theorized that there is limited availability for each isoforms of tau to bind to
microtubules(131, 135) and while not bound to a microtubule tau exists in a disordered state. So,
when the precise regulation of tau isoform ratios is disrupted, excess unbound tau can build up
in the cytoplasm and accumulate post-translational modifications like phosphorylation and
acetylation leading to its amyloid aggregation(131). Changes in proteolytic processing usually
leads to amyloid formation by generating an amyloidogenic peptide from a protein that may not
be able to form an amyloid while the full-length form is intact. A good example of this mechanism
is in the case of the amyloid-f precursor protein: mutations in the gene encoding this protein,
APP, can affect how the protein is cleaved by secretase complexes (increased cleavage by [3-
secretase and/or y-secretase instead of the benign a-secretase) and lead to the release of
excessive amounts of the amyloid-f3 peptide which is highly amyloidogenic(33, 106, 140, 141). In
fact, presenilin 1 and presenilin 2 (proteins besides amyloid-g which harbor familial Alzheimer’s

disease mutations) are part of the y-secretase complex(105, 107, 142). Amyloidogenic peptides
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like ABriPP and ADanPP also fall into this category because, although the amyloidogenic peptide
is produced by the same furin-mediated cleavage process that the normal protein undergoes, the
process seems to be enhanced by the mutations for reasons that are not entirely clear(143). 12

out of 33 proteins have been identified as having amyloidogenic mutations of this category.

v) Subcellular mislocalization

Some proteins move between different subcellular compartments as a part of their function. The
most relevant examples would be RNA-binding proteins like RNA-binding protein FUS and TAR
DNA-binding protein 43, both of which primarily reside in the nucleus but move to the cytoplasm
and form phase-separated stress granules in response to cellular stress such as heat shock,
oxidative stress, or chemical stress(68—71, 144-148). Mutations in these and other proteins can
interfere with nuclear localization, trapping the proteins in the cytoplasm where they remain at
high concentrations inside stress granules long enough to begin to irreversibly aggregate into
amyloids(46, 68, 74, 75, 149-151). 4 of the 33 proteins in the list have mutations of this category.
Only one of these proteins is not a nucleic acid-binding protein: desmin. Although, for desmin, the
mislocalization may result from changes in its ability to form an intermediate filament network and
aggregation(120, 152). Indeed, for all of these proteins it is not entirely clear if mislocalization

precedes amyloid aggregation or if it is a result of amyloid aggregation.

vi) Decreased binding to native partner(s)

Mutations of this class disrupt the ability of the protein to bind to its normal binding partners. The
binding partners of proteins in our list with this class of mutations are lipids, metal ions, and other

proteins. This category does not include mutations which disrupt binding to copies of the identical
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protein, since that is considered disruption of native structure (the first category). Still, this
category is closely related to the first category (native structure destabilization) since, in most
cases, the native structure would need to be disrupted in order to abolish its normal binding. Also,
decreased binding affinity to native substrates can induce structure destabilization. In fact, all
mutations of this category in our list also destabilize the native structure except for mutations in
microtubule-associated protein tau, whose microtubule-binding regions are natively disordered
when not bound to microtubules(153), ubiquilin-2, whose mutations occur in a disordered region
of the protein(154), and a-synuclein, which is intrinsically disordered when not bound to lipid
membranes(155, 156). 9 of the 33 proteins in the list have mutations in this category. 4 of those
proteins are apolipoproteins, which are amyloidogenic when unbound to their lipid binding
partners, but are resistant to aggregation in the bound wild-type state(109, 115, 116, 119, 157—-
161). The others are gelsolin, whose binding to calcium ions and actin filaments is disrupted by
mutations(162); superoxide dismutase, whose binding to zinc ions is disrupted by mutations(163);
microtubule-associated protein tau, whose mutations disrupt binding to microtubules(135);
ubiquilin-2, whose mutations disrupt binding to ubiquitinated protein substrates(164); and a-

synuclein, whose mutations disrupt binding to lipid membranes(165, 166).

One protein in the list has an amyloidogenic mutation, but the mechanism is not clear from the
literature: keratin-5. Keratin-5 is one of the main components of amyloid deposits in primary
localized cutaneous amyloidosis, but there are no mutations in this protein associated with this
disease, although familial forms associated with mutations in other proteins do exist(167).
Mutations in keratin-5 are rather associated with another disease not normally associated with
amyloid: epidermolysis bullosa simplex (EBS). Keratin-5 has a mutation (V324A) associated with
a case of Weber-Cockayne type of epidermolysis bullosa simplex (EBS-WC) with amyloid

deposits, which, again, is an anomalous symptom for EBS even in cases with other mutations in
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KRT5(168). Due to the unique amyloid phenotype associated with this keratin-5 mutant, it is likely
that the mutation is driving the amyloid formation, but no structural or biochemical data is available

in the literature and there is no speculation of this mutation’s amyloidogenic influence.

Inheritance patterns and haplosufficiency

One unifying feature of amyloidogenic mutations is their dominant inheritance patterns. The vast
majority of mutations affecting the proteins in our list are inherited in an autosomal dominant
fashion, although there are exceptions such as H517Q in RNA-binding protein FUS and D90A in
superoxide dismutase. This is of note because another common feature of the proteins in our list
is their haplosufficiency. A haplosufficient gene is one which can tolerate a loss of function of at
least one of its copies; a haploinsufficient gene is one for which a loss of function of only one copy
is sufficient to cause disease. Only 7 of 54 proteins’ genes (immunoglobulin light and heavy chain
and iatrogenic amyloids Liraglutide, insulin, and Anakinra were excluded from analysis and
S100A8 and S100A9 were scored separately from each other) were scored as haploinsufficient
based on the metrics available from the Genome Aggregation Database (gnomAD) (Figure 9).
These proteins are EGF-containing fibulin-like extracellular matrix protein 1, heterogeneous
nuclear ribonucleoprotein Al, heterogeneous nuclear ribonucleoprotein A2, huntingtin, RNA-
binding protein FUS, TAR DNA-binding protein 43, and transcription elongation regulator 1 (a.k.a.
CA150). a-synuclein also comes very close to the threshold, but cannot quite be scored as
haploinsufficient. Interestingly, this list encompasses the four RNA-binding proteins in our list
which form functional aggregates in vivo. Out of the other proteins, CA150 and huntingtin are both
associated with Huntington’s disease and EGF-containing fibulin-like extracellular matrix protein

1 seems to be a unique case.
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Since most of the haplosufficient proteins in our list are also subject to mainly dominantly inherited
mutations, it is unlikely that these mutations are straightforward loss-of-function mutations. This
is not to say that this means all amyloid fibers are cytotoxic, just that the aggregation of mutant
protein into amyloid fibers is unlikely to solely affect the mutant version of the protein. These
mutations must either induce a toxic gain-of-function or cause a dominant negative effect, and
amyloid fiber formation can conform to either or both of these mechanisms. A toxic gain-of-
function means that the protein’s activity is either increased or altered in such a way that is toxic
to cells. Amyloid fibers have been shown to be directly toxic to cells in many cases(22, 47, 91,
95, 127, 147, 169-172), and so can be considered a toxic gain-of-function. It is unlikely that
amyloid fibers retain, let alone enhance, the original function of the protein due to being in a
misfolded state. A dominant negative mutation is one which interferes with the function of the
protein produced by the unaltered copy of the gene. This usually manifests in proteins which must
polymerize to carry out their function, since addition of mutated substituents can interfere with the
assembly and function of protein polymers. Mutant amyloid fibers may be able to incorporate wild-
type protein into growing fibers(173-175) which constitutes a dominant negative effect. Both of
these effects can manifest at once in mutant/wild-type hybrid fibers that are also toxic to cells, but
the dominant negative effect of amyloid formation may be sufficient to cause disease even if the

fibers themselves are inert.

Another consideration for haplosufficient amyloid proteins is that there could, in theory, be a case
where a proto-amyloid forms non-toxic, inert amyloids which knock out the mutant protein’s
function but do not incorporate the wild-type protein and thus does not have a toxic gain-of-
function or dominant negative effect. In this case, an individual heterozygous for an amyloidogenic

mutation in a haplosufficient proto-amyloid would have no disease and that protein’s
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amyloidogenic behavior could go unnoticed. It is not clear if any human proteins actually conform

to this scenario in reality, however.

In haploinsufficient genes, the pathogenic effect of amyloid formation due to dominant mutations
can be more ambiguous. Since the sequestration of mutant protein into amyloid fibers essentially
knocks out its function, even if the fibers are inert and only contain mutant protein, this would be
sufficient to cause disease. Or even if the misfolded proteins are able to be degraded by
proteasomes, the consistent misfolding of the mutant protein would significantly hamper its

function and lead to disease.

In any case, amyloid formation is a consistent explanation for disease progression since amyloid
diseases are frequently late onset. Amyloid formation is a stochastic, probabilistic process which
requires a rare nucleation event to occur and also propagate enough to become resistant to
cellular proteostasis machinery, and so late onset is expected for this kind of process. One major
disease-modifying effect of mutations is the acceleration of disease onset, which can be
attributable to mutations making nucleation events less rare through the various mechanisms
already discussed. These mechanisms are also consistent with the observation that the vast
majority of amyloid mutations are dominantly inherited even though the majority of amyloid

proteins are haplosufficient.

Why study mutant structures of amyloid proteins?

The mechanisms which lead to amyloid formation are diverse. One benefit of studying the mutant

versions of amyloid fibers found in disease is that it can give us strong clues as to what
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mechanisms are relevant to the formation of the amyloid fibers of particular proteins based on
what effect the mutations have. For example, the transthyretin structures reveal that the influence
of the V30M mutation on the native structure is more relevant than its effect on the fiber structure
since the resulting fiber structure is nearly identical to the wild-type. Destabilization of the native
tetramer, rather than the stability of the amyloid fiber, is driving this mutation’s association with
disease, and so sporadic disease is likely related to destabilization of transthyretin’s native
structure through other mechanisms. In another case, the TAR DNA-binding protein 43 structures
reveal that the A315E mutation induces a significant structural change compared to wild-type
fibers which allows for a structure with more stability. In this case, stabilization of the amyloid
state, which makes its formation more thermodynamically favorable, seems to be the relevant
factor for the association of the mutation with disease. This means that, in sporadic cases, factors
leading to disease are likely also allowing for stabilization and persistence of aggregated TAR
DNA-binding protein 43. Elucidating the factors affecting transthyretin and TAR DNA-binding
protein 43 in these ways in sporadic cases should be goals of future research, and these factors

would be prime therapeutic targets.

Another practical application of these structures is the ability to design structure-based
aggregation inhibitors. Inhibitors of this nature have already been designed for microtubule
associated protein tau(124, 125, 176), amyloid-B(124, 177), and a-synuclein(124, 126). The
effectiveness of structure-based inhibitors may be restricted to forms of disease in which the same
fiber structures form, but familial forms of amyloid diseases tend to exhibit different amyloid
structures than their sporadic counterparts. If these kinds of inhibitors become mainstream
treatment options, structural information on familial forms of amyloid diseases will be necessary
in order to ensure effective inhibitors exist for those forms of disease. In this vein, it is of note that

no fiber structures have been solved thus far for any of the proto-amyloids. The diseases caused
123



by this class of proteins may be most amenable to structure-based therapeutics since there may
be less variety in amyloid structures in those diseases due to the lack of sporadic occurrences.

Thus, our body of knowledge on mutant amyloid fibers has plenty of room to grow.

Also, solving mutant structures is an important pursuit in the context of basic science. Amyloid
fibers already subvert traditional biological assumptions about how protein sequence relates to
structure and function, and mutant fibers further complicate the picture by adding more structural
diversity to the amyloid fibers themselves. Gathering knowledge on the range of structural
diversity for amyloid proteins is worthwhile for its practical applications, but also purely for
increasing our body of knowledge regarding these proteins. Solving mutant structures helps to

give us a more complete picture of the complex biological systems that are amyloid proteins.

Tables and Figures
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Figure 4-1: Classification of pathogenic amyloid proteins. A Venn diagram representation of
how proteins capable of forming pathogenic amyloids can be classified based on whether their
wild-type or mutant forms exhibit amyloidogenicity. Sporadic amyloid proteins do not have any
known naturally occurring amyloidogenic mutations and their wild-type forms are able to form
amyloid fibrils. Ambimorph amyloid proteins are found to form amyloid fibrils in their wild-type form
as well as with disease mutations. Proto-amyloid proteins are only known to form amyloid fibrils
when containing a mutation and their wild-type forms do not or cannot form amyloid fibrils. Special
cases are proteins which do not necessarily have wild-type and mutant forms in the same sense
as the rest of the proteins, including immunoglobulins, C9orf72 which is an aberrantly expressed

intronic region, and iatrogenic amyloids.

125



E22A \ E22G \

Amyloid-p(1-40), E22G, Alzheimer’s disease patient brain
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Amyloid-p(1-42), E22G, Alzheimer's disease patient brain
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Figure 4-2: Fiber structures of amyloid-B. Structures of amyloid fiber cores of wild-type, E22A,
E22G, and D23N amyloid-B. Structures are grouped in boxes based on which mutation they have

and wild-type structures are in the centermost box. In the wild-type structures, residues which are
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highlighted with a red outline correspond to the mutated residues in the mutant structures. In the
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Figure 4-3: Fiber structures of islet amyloid polypeptide. Structures of amyloid fiber cores of
wild-type and S20G islet amyloid polypeptide. The wild-type structure is in the left box and the
mutant structures are in the right box. In the wild-type structure, residues which are highlighted
with a red outline correspond to the mutated residues in the mutant structures. In the mutant
structures, the residue highlighted with a red outline corresponds to the mutant residue in that

structure.
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Figure 4-4: Fiber structures of major prion protein. Structures of amyloid fiber cores of wild-
type, Y145* F198S/V129, and E196K major prion protein. Structures are grouped in boxes based
on which mutation they have and wild-type structures are in the centermost box. In the wild-type
structures, residues which are highlighted with a red outline correspond to the mutated residues
in the mutant structures. In the mutant structures, the residue highlighted with a red outline
corresponds to the mutant residue in that structure. In this case, for the PDB ID 6uur wild-type
structure and the F198S/V129 mutant structures, residue 129 is highlighted despite being a

polymorphism because it is relevant to the structural differences.
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TAR DNA-binding protein 43 (286-331), A315E, recombinant
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Figure 4-5: Fiber structures of TAR DNA-binding protein 43. Structures of amyloid fiber cores
of wild-type and A315E TAR DNA-binding protein 43. The wild-type structure is in the left box and
the mutant structure is in the right box. In the wild-type structure, the residue which is highlighted
with a red outline corresponds to the mutated residue in the mutant structure. In the mutant
structure, the residue highlighted with a red outline corresponds to the mutant residue in that

structure.
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Transthyretin, senile systemic amyloidosis patient heart Transthyretin, V30M, amyloid transthyretin amyloidosis patient heart
PDB ID 8ade

Figure 4-6: Fiber structures of transthyretin. Structures of amyloid fiber cores of wild-type and
V30M transthyretin. The wild-type structure is in the left box and the mutant structures are in the
right box. In the wild-type structure, the residue which is highlighted with a red outline corresponds
to the mutated residue in the mutant structures. In the mutant structures, the residue highlighted

with a red outline corresponds to the mutant residue in that structure.
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Figure 4-7: Fiber structures of a-synuclein. Structures of amyloid fiber cores of wild-type,
E46K, G51D, H50Q, A53T, and T22TMAAAEKT a-synuclein. Structures are grouped in boxes
based on which mutation they have and wild-type structures are in the centermost box. In the
wild-type structures, residues which are highlighted with a red outline correspond to the mutated
residues in the mutant structures. In the mutant structures, the residue highlighted with a red

outline corresponds to the mutant residue in that structure.
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Figure 4-8: Biochemical mechanisms of amyloidogenic mutations. An illustration
representing all six classes of mechanisms of amyloidogenic mutations. These mechanisms are
i) native structure destabilization, ii) fibril stabilization, iii) increased seeding, iv) altered

processing, v) subcellular mislocalization, and vi) decreased binding to native partner(s).
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Figure 4-9: Most amyloid protein-coding genes are haplosufficient. A stemplot showing the
probability of loss-of-function intolerance (pLI) from the genome aggregation database (gnomAD)
for each of the amyloid proteins in our list (excluding the immunoglobulins and iatrogenic
amyloids). The y-axis is the gnomAD pLI and the threshold for calling a gene haploinsufficient is
a pLI of 0.9, represented by the horizontal red line. Each point is labeled with the gene name of
the corresponding amyloid protein. 7 out of 54 amyloid protein-coding genes are haploinsufficient:

TARDBP, HNRNPA2B1, HNRNPAL, FUS, EFEMP1, TCERG1, and HTT.

Table S4-1 Pathogenic amyloid proteins. All amyloid proteins which were considered in this
review are listed in this table along with other relevant information including which amyloid
diseases they cause, their amyloidogenic mutations, and the biochemical effects of their

mutations (based on the numbering system used in the text and Figure 8)
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Chapter 5: Amyloid protein profiles
As discussed in chapter 4, not all of the proteins considered in chapter 4 are formally considered
amyloids by many in the field. In this chapter, we will name each protein (and its gene name) in
our list, present a short description of it, name the disease or diseases its amyloid forms are
associated with, describe the evidence of its amyloid nature, and describe the rationale for the
amyloid mutation mechanisms assigned to it. The proteins are ordered alphabetically by protein

name.

Amyloid-B precursor protein (APP)

Amyloid-B precursor protein is the protein which is cleaved by secretase complexes to produce
the amyloid-B peptide. The function of amyloid-f is not entirely understood, but it has been
proposed to have a variety of beneficial functions including antimicrobial activity, tumor
suppression, blood-brain barrier upkeep, recovery from brain injury, and synaptic function
regulation(1). Aggregates of amyloid- are a hallmark of Alzheimer’s disease, cerebral amyloid
angiopathy, and Down syndrome(2-5). This peptide was identified as the main component of
amyloid deposits in the brains of Alzheimer’s patients and people with Down syndrome through
mass spectrometry analysis of congophilic materials from patient brains(3, 6, 7). The pathogenic
mutations in this protein can affect its cleavage by a-, B-, and y-secretase(2, 8-13) as well as
result in a fiber structure which is more stable than the wild-type(14, 15), the mechanisms of fiber

stabilization and altered processing were assigned to this protein’s mutations.

Apolipoprotein A | (APOA1)
Apolipoprotein A | is a protein which binds cholesterol and phospholipids and is the principal

component of high-density lipoproteins (HDL)(16). This protein was first identified as a component
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of amyloid deposits when apolipoprotein A | with a G26R mutation was identified by amino acid
sequence analysis of tryptic peptides from congophilic material from a patient’s spleen with
familial amyloid polyneuropathy type 111(17), and wild-type apolipoprotein A | was found to form
amyloids when an N-terminal fragment was isolated from congophilic amyloid deposits in
atherosclerotic plaques(18). Mutations in this protein have various possible mechanisms
associated with amyloid formation, depending on which mutation the protein has, including
destabilization of the native structure, an increase in fiber-stabilizing 3-sheet secondary structure,
altered processing due to increased availability of the cleavage site which produces the

amyloidogenic fragment, and decreased binding to its native lipid binding partners(16, 19-21).

Apolipoprotein A Il (APOA2)

Apolipoprotein A Il is another protein which is a component of HDL(22). This protein was first
identified as an amyloid in a case of renal amyloidosis by isolation of congophilic amyloid material
from the kidneys and use of Edman degradation sequence analysis(23). When associated with
HDL, this protein is aggregation-resistant, but separation from bound lipids makes it very prone
to misfolding(24, 25). This protein is a proto-amyloid, so only mutations cause it to be found in an
amyloid state. All known mutations in this protein are stop codon mutations which extend the
protein by 21 residues(23, 24, 26-28). All amyloidogenic mutations create nearly the same
aggregation-prone segment to the C-terminal of the protein, both destabilizing the native
structure, stabilizing a fiber form, and detaching the protein from its native binding partners(24,

25).

Apolipoprotein A IV (APOA4)
Apolipoprotein A 1V is a lipid-binding protein involved in various physiological functions related to

lipid metabolism including being protective against atherosclerosis and inhibiting lipoprotein
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oxidation(29). This protein was first identified as amyloidogenic when an N-terminal fragment was
identified as a component of amyloid deposits in the heart of a patient with senile systemic
amyloidosis (SSA) associated with the aggregation of wild-type transthyretin(30). This protein has
no associated amyloidogenic mutations, but the aggregation-prone fragment seems to be an N-

terminal signal sequence that is not present in healthy controls(31).

Apolipoprotein C Il (APOC2)

Apolipoprotein C Il is a component of various triglyceride-rich lipoproteins and functions in the
hydrolysis of plasma triglycerides(32). This protein was identified as an amyloid in a case of renal
amyloidosis through mass spectroscopy analysis of congophilic amyloid material from the kidney
of the patient(33). The wild-type form of this protein had previously been shown to be able to form
amyloid fibers in vitro (albeit in a lipid-unbound state)(34) so we could not classify it as a proto-
amyloid, despite only being found in amyloid deposits in humans when it is mutated. The
amyloidogenic mutations are thought to destabilize the native structure of the protein which, in

turn, also interferes with its lipid-binding capabilities(33, 35).

Apolipoprotein C Il (APOC3)

Apolipoprotein C Il functions to raise plasma triglyceride levels by inhibiting the hydrolysis of
triglycerides(36). This protein was identified as an amyloid in a French family with severe renal
amyloidosis by immunohistochemistry on congophilic amyloid deposits in various tissues(37). The
wild-type form of this protein had previously been shown to be able to form amyloid fibers in vitro,
(albeit in a lipid-unbound state)(38) so we could not classify it as a proto-amyloid, despite only
being found in amyloid deposits in humans when it is mutated, and only mutant protein being

found in ex vivo amyloid samples retrieved from patients(37). The amyloidogenic mutation
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disrupts the native structure, inducing more fiber-stabilizing B-sheet secondary structure, and

reduces its efficiency at binding lipids(37).

Atrial natriuretic factor (ANF)

Atrial natriuretic factor is a peptide hormone secreted by the heart atria in order to regulate blood
volume and pressure through acting on the kidneys to increase sodium excretion(39, 40). It is the
main component of the amyloid deposits in isolated atrial amyloidosis and was first identified as
an amyloid through electron microscopy-based ultrastructural analysis and immunogold staining
of amyloid fibers in a piece of right atrial appendage removed in a coronary bypass surgery,
although Congo red staining was negative(41). This protein is a sporadic amyloid, but its amyloid
aggregation is associated with increased expression of the peptide; this is hard to disentangle

from age-related factors, though(42, 43).

C9orf72 dipeptide repeat protein (C90orf72)

C9orf72 dipeptide repeat (DPR) proteins are generated from RNA transcripts from a C9orf72 gene
containing an intronic hexanucleotide repeat expansion of the sequence GGGGCC. This repeat
expansion mutation causes ALS/FTD(44, 45). The RNA undergoes aberrant translation
potentially via repeat-associated non-ATG translation(46). This process can generate three types
of dipeptide repeat proteins: glycine-alanine repeats (GA), glycine-arginine repeats (GR), and
glycine-proline repeats (GP)(47); only the GA protein has been shown to form amyloid fibers. The
amyloid nature of GA DPR proteins has been demonstrated only in vitro through ThT fluorescence
assays, Congo red staining, electron microscopy analysis, atomic force microscopy analysis, and
wide angle x-ray scattering of synthetic peptides(48, 49), although longer constructs expressed
in bacteria formed fibers that did not bind ThT but still have cross-f secondary structure typical of

amyloid as revealed by FTIR measurement(50). Since the GA DPR is an aberrantly translated
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protein from a normally noncoding DNA sequence, meaning there is no wild-type version of the
protein, we have grouped this protein with the special case proteins, despite resulting from a
repeat expansion genetic mutation. For this reason, we did not assign a mutation mechanism to

this protein.

Calcitonin (CALCA)

Calcitonin is a peptide hormone secreted by the thyroid gland which functions to prevent
hypercalcemia by reducing serum calcium levels(51). Calcitonin amyloid is found in thyroid tissue
with medullary thyroid carcinoma (MTC) and can also be found deposited in the kidneys of
patients with MTC(52-54). The amyloid material in MTC was first identified as possibly an
alternately processed prohormone of calcitonin by Edman degradation sequence analysis of
congophilic amyloid material from a patient with MTC(55). This identification was confirmed by
immunogold staining(56) and refined by mass spectrometry to show that the amyloid consists of
the normal, full-length calcitonin hormone and not an alternately processed prohormone(52).
Calcitonin is a sporadic amyloid, since no mutations are associated with its amyloid formation,
but since it is associated with cancerous thyroid tissue, calcitonin’s amyloid aggregation may be

downstream of significant overexpression.

Cathepsin K (CTSK)

Cathepsin K is an extremely potent protease secreted by osteoclasts which degrades collagen
during bone resorption(57). It is also expressed by multinucleated giant cells and may have a role
in degrading amyloid fibers, ironically(58). This protein was identified by Edman degradation
sequence analysis as the amyloid component of a congophilic angiomyolipoma, determined to be
a hamartoma, in a woman’s kidney, which was removed(59). This tumor and the unpublished

results of an in vitro study of a synthetic peptide by the same group who reported the tumor are
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the only data points for the amyloidogenicity of this protein, and it is unclear if the patient who was
the source of the tumor had any genetic variants in their CTSK gene. So, unless it is shown
otherwise, cathepsin K will be characterized as a sporadic amyloid with no known amyloidogenic

mutations.

Cellular tumor antigen p53 (TP53)

p53 is a tumor suppressor whose loss of function is associated with over 50% of human
cancers(60). Amyloid formation of this protein has been shown to transform it into an
oncoprotein(61-63) and amyloid deposits consisting of p53 has been shown in various cancer
tissues by immunostaining and staining with amyloidophilic dyes(62, 64) . Both wild-type and
mutant p53 is able to form amyloid fibers, and mutations encourage amyloid formation by
destabilization of the native tetrameric form(65) along with increased aggregation propensity (fiber

stabilization) and increased seeding activity(62—64, 66).

Corneodesmosin (CDSN)

Corneodesmosin is a glycoprotein found in the cornified squamous epithelia and functions in cell
adhesion in skin and hair follicles(67). Its amyloid formation is associated with hypotrichosis
simplex of the scalp (HSS) and it was identified as the constituent of the amyloid deposits in HSS
by immunohistochemical staining of congophilic biopsies from HSS patients(68).
Corneodesmosin is a proto-amyloid and all the amyloidogenic mutations in this protein are
nonsense mutations which truncate the protein(68—70). The full-length protein is almost entirely
disordered(68), and the production of a shorter disordered version apparently favors fiber-
formation over its native function. Since both the full-length protein and the truncations are already

intrinsically disordered, the only mechanism assigned to the mutations is native structure
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destabilization, since they do truncate the protein and remove whatever was interrupting their

amyloid aggregation.

Cystatin C (CST3)

Cystatin C is a cysteine protease inhibitor found in bodily fluids(71). It may be a functional amyloid,
with the wild-type protein contributing to the formation of the epididymal luminal amyloid matrix in
mice(72) and the wild-type protein has been shown to form amyloid fibers in vitro via ThT assay
and electron microscopy(73). When mutated, its amyloid aggregation causes hereditary cystatin
C amyloid angiopathy (HCAA), otherwise known as hereditary cerebral hemorrhage with
amyloidosis (HCHWA)(71, 74-77). Cystatin C was identified as the amyloid protein responsible
for this disease through amino acid sequence analysis of amyloid fibers purified from patient
tissue(75). Cystatin C is an ambimorph amyloid for which a single mutation, L94Q, is known to
cause its associated disease. This mutation introduces a polar side chain into a hydrophobic
pocket of the protein and encourages its misfolding(77). How this affects the resulting amyloid
fiber is less clear, so the only assigned amyloidogenic mechanism for this mutation is native

structure destabilization.

Desmin (DES)

Desmin is an intermediate filament protein present in muscle fibers which forms an extra-
sarcomeric cytoskeleton connecting myofibers to each other and other structures(78). Conversion
of desmin into amyloid fibers is hypothesized to be associated with myofibrillar myopathy, cases
of which have been shown to develop congophilic lesions which desmin colocalizes with(79, 80).
Wild-type and mutant desmin has been shown to form amyloid fibers in vitro and mutant desmin
has accelerated fiber formation(81). Desmin amyloid was also shown to be toxic to mouse

myoblast cells(81). Mutations in desmin destabilize the native protein, as demonstrated by its
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reduced solubility and critical concentration for amyloid formation(81) and seem to stabilize the
amyloid form since not all destabilizing mutations in this protein cause it to form amyloids. The
mutations also have been shown to exhibit increased seeding(81l) as well as induce
mislocalization of the protein(82, 83), although it is unclear if the mislocalization precedes amyloid

formation.

EGF-containing fibulin-like extracellular matrix protein 1 (EFEMP1)

EGF-containing fibulin-like extracellular matrix protein 1, also known as fibulin-3, is a protein
which competes with epidermal growth factor for binding to the EGF receptor and promotes tumor
growth in adenocarcinoma(84). While it has a role in the progression of cancer, this protein also
forms amyloids mainly in the venous walls of the bowels of mainly elderly females, but also in
other tissues(85), and was first identified to do so by mass spectrometry and
immunohistochemical analysis of congophilic intestinal venous walls obtained at autopsy from a
patient(86). This protein is a sporadic amyloid, so has no mutations associated with its amyloid
formation, and, in fact, a patient with Doyne honeycomb retinal dystrophy caused by an autosomal
dominant mutation in fibulin-3 did not have amyloid deposits of the protein(86). However, higher
expression of the protein seems to accompany aging and the amyloid deposits consist of a C-

terminal fragment of the protein(86), although it is unclear why this cleavage product is generated.

Fibrinogen a chain (FGA)

Fibrinogen a chain is a glycoprotein which is essential for blood coagulation(87). Its amyloid
formation is associated with hereditary renal amyloidosis and it was first identified as the amyloid
component by amino acid sequence analysis of amyloid material harvested from the renal
transplant of a patient (harvested postmortem), and all sequences corresponded to the C-terminal

portion of the protein(88). Fibrinogen a chain is a proto-amyloid and there are 15 known
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amyloidogenic mutations in it, all in the C-terminal region, which consist of substitution mutations,
indels, and frame-shifts(87). Some of these mutations (namely the frame-shifts) seem to interfere
with the normal function of the protein, evidenced by lower circulating plasma levels of it(89) so
the mechanism of native structure destabilization was assigned to this protein. However, many
other mutations (namely the substitution mutations) do not seem to interfere with the function(90),
and so likely do not significantly affect the native structure, so we can infer that these mutations
stabilize a fiber form. Also, since the amyloid seems to consist exclusively of a C-terminal
fragment, and wild-type C-terminal fragments are not found in the amyloid deposits, we can infer

that the normal processing of the protein has been disrupted by the mutations.

Galectin-7 (LGALS7)

Galectin-7 is an epidermal protein with various functions including controlling apoptosis, cell
migration, and cell adhesion(91). Its amyloid formation was associated with localized cutaneous
amyloidosis by identification of galectin-7 and actin as components of amyloid deposits in skin
lesions of patients through mass spectrometry and immunohistochemistry analyses(92).
However, this result was contested by a more refined analysis using mass spectrometry and
immunohistochemistry analysis of laser microdissected of skin biopsies which detected only
keratin proteins (mainly keratin-5) in the congophilic material and galectin-7 only in the
surrounding non-congophilic epidermis, while actin was found in both(93). Still, galectin-7 and
peptide fragments of the protein were shown to be capable of forming amyloid fibers in vitro,
though only at very low pH (pH 2.0 and 4.0)(94). The amyloid nature of galectin-7 is somewhat
unclear, but if it can form amyloids it would be a sporadic amyloid, as ho amyloidogenic mutations

have been found in it.

Gelsolin (GSN)
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Gelsolin is a calcium-binding protein which modulates the growth of actin filaments(95). Its
amyloid formation is associated with hereditary gelsolin amyloidosis, also known as familial
amyloidosis of the Finnish type, which presents as lattice corneal dystrophy(95-101). Its amyloid
nature was first identified through Edman degradation sequence analysis of congophilic amyloid
material from a patient’s kidney obtained at autopsy(99) and confirmed by another group very
shortly after(100). The amyloid deposits consisted of a central fragment of the protein and the
group which identified gelsolin as the amyloid protein first also confirmed that the amyloidogenic
protein fragment had a D to N substitution(101). This protein is a proto-amyloid, so only familial
mutations have been found to enable its amyloid formation, namely two mutations at a single
residue: D214N and D214Y (also numbered D187 for the mature protein). These mutations
interrupts gelsolin’s calcium binding activity, which also causes it to spend a longer time in an
intermediate state between its active and inactive state(95). This intermediate state is more
susceptible to furin-mediated cleavage, which produces a fragment which is further cleaved to
eventually produce the amyloidogenic fragment(95). For these reasons, we assigned the mutation
mechanisms of native structure destabilization, altered proceeding, and decreased binding to
native partners. Also, it has been shown the fragments corresponding to the amyloidogenic
fragment but with the wild-type sequence do not form amyloid fibers in vitro while the mutant

fragment does(95, 96, 102, 103), so the mechanism of fiber stabilization was also assigned.

Glucagon (GCG)

Glucagon is a peptide hormone secreted by alpha cells of the pancreas which regulates blood
glucose levels by encouraging production of glucose through the breakdown of energy storage
molecules like glycogen and triglycerides(104). It was found in an amyloid form in a patient with
pancreatic neuroendocrine tumors which were positive for Congo red staining(105). The amyloid

was confirmed to consist of glucagon through mass spectrometry analysis with laser
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microdissection along with immunohistochemistry. The peptide was also shown to form fibers
rapidly at the acidic pH required to solubilize it and an atomic structure of the fibers was solved
using solid-state NMR(106). This protein is ostensibly a sporadic amyloid, as no mutations have
been associated with its fiber formation, but in the case of the pancreatic tumor glucagon was
being produced in high quantities but was not being secreted by the pancreas, and the tumor may
have needed to reach a non-physiological critical concentration of nonfunctional glucagon before

amyloid deposits began to form.

Glucagon-like peptide 1 (Liraglutide)

Liraglutide is a peptide drug which is a mimic of glucagon-like peptide 1 which is administered
through subcutaneous injections for the management of diabetes and acts through stimulating
glycogenesis(107). It was found in amyloid deposits of abdominal skin biopsies of an elderly man
taking the drug to manage diabetes and was confirmed as the main constituent of the amyloid
through mass spectrometry analysis of the samples(107). The dangers of this amyloid buildup
were noted to be possible drug resistance due to poor absorption as well as misdiagnosis of AL
amyloidosis(107). This is included in our list of amyloid proteins since, although it is a drug, itis a
peptide with over 90% sequence homology to the peptide hormone glucagon-like peptide 1. It is
also worth noting that Liraglutide has some important differences from the hormone it is based on
including being a shorter version of the peptide and having a substitution corresponding to K125R
using the numbering of the glucagon prohormone. Because of this, it is not entirely clear if the

actual glucagon-like peptide 1 can form amyloids in the same way.

Heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1)
Heterogeneous nuclear ribonucleoprotein Al is potentially a functional amyloid, as there is

evidence that is able to form reversible amyloid fibers and this reversible form of aggregation is
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necessary for its function(108). This protein is an RNA-binding protein mainly localizing to the
nucleus with various functions in RNA processing including transcription, splicing, translation,
nuclear export, and others(109). Its reversible aggregation is related to its ability to form stress
granules in the cytoplasm during cell stress(108). Amyloidogenic mutations in this protein are
associated with ALS and MSP(110). Although amyloid fibers of this protein have not been isolated
from human tissue thus far, there is ample in vitro evidence (ThT assays and electron microscopy
including a cryo-EM structure of the wild-type amyloid) that the protein is able to form amyloid
fibers, and that this activity is enhanced by disease-relevant mutations(110, 111). The
amyloidogenic mutations in this protein fall in its low-complexity domain, or prion-like domain,
which is intrinsically disordered and already able to form a reversible fiber, so the only mechanism
assigned is stabilization of the fiber form. The PY-nuclear localization signal of the protein also
appears to be a key driver of its self-association (being the main component of the wild-type
amyloid fiber(111)) and is within the low-complexity domain, however it is unclear if the mutations
affect the normal activity of the PY-nuclear localization signal, so mislocalization was not assigned

as a mutation mechanism.

Heterogeneous nuclear ribonucleoprotein A2 (HNRNPA2B1)

Heterogeneous nuclear ribonucleoprotein A2 is the main isoform of the two spliceoforms of the
HNRNPA2B1 gene. This RNA-binding protein which mainly localizes to the nucleus is potentially
a functional amyloid and has similar functions related to RNA metabolism as the previous entry
and also forms cytoplasmic stress granules under cell stress(112). A mutation in this protein,
D290V (also numbered D302V for the longer isoform), is associated with MSP(110). Although
amyloids of this protein have not been extracted from human tissue, there is ample in vitro
evidence (ThT assays and electron microscopy including both wild-type and mutant cryo-EM

structures) that both wild-type and mutant protein can form amyloid fibers, and that the disease
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mutation enhances fiber formation(110, 113) (mutant structure unpublished). Since the region
of the protein which drives fiber formation is a low-complexity domain which is intrinsically
disordered and already able to form a reversible fiber, the mutation mechanism was assigned to
be fiber stabilization. Also, the cryo-EM structure of the mutant fiber reveals that the mutation
causes the PY-nuclear localization signal of this protein to become buried in the fiber
(unpublished) core while in the wild-type structure it is exposed, so the mutation may be
encouraging an aggregated form which precludes relocalization to the nucleus after the formation
of cytoplasmic stress granules, so subcellular mislocalization was also assigned as a mutation

mechanism.

It is worth noting here that another RNA-binding protein, heterogeneous nuclear ribonucleoprotein
D-like (HNRNPDL) is a functional amyloid with a cryo-EM structure of its reversible amyloid form
which also has a disease-causing mutation in an aspartic acid residue in its low-complexity
domain. However, the mutant forms of this protein are actually less prone to aggregate than the
wild-type and cytoplasmic inclusions are absent in those with these mutations(114), so while it is

an amyloid protein, its pathogenic mechanism is not likely to be amyloid formation.

Huntingtin (HTT)

Huntingtin is a protein whose function is not explicitly known, but it potentially has various roles
including mediating trafficking of vesicles and organelles, regulating transcription, and acting as
an antiapoptotic agent(115). Regardless, this protein is essential, as double-knockouts in mice
are embryonic lethal(116), and haploinsufficient. Huntingtin is found in an aggregated state in the
brains of individuals with Huntington’s disease (HD)(117-119). Brain samples from HD patients

display positive Congo red staining and cellulose acetate filter assays, which capture insoluble
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protein aggregates, show that insoluble material from patient brains contains huntingtin protein in
a conformation distinct from its soluble form(117). Also, in vitro studies have shown that huntingtin
exon 1 recombinant protein aggregates into congophilic aggregates with ultrastructural features
typical of amyloid(120-122). HD is caused by a polyglutamine expansion in exon 1 of the HTT
gene which codes for huntingtin(120), and aggregation of huntingtin exon 1 recombinant protein
into amyloid fibers is dependent on having a pathological number of glutamine repeats, making
huntingtin a proto-amyloid. Aggregates in patients’ brains are mainly composed of N-terminal
fragments of huntingtin(118, 119), so in vitro experiments on N-terminal constructs of huntingtin
have disease relevance. Polyglutamine tracts tend to be intrinsically disordered(123), but at a
critical length of repeats, ~40 minimum for huntingtin, the formation of B-sheets with polar zippers
becomes energetically favorable(124, 125), so only fiber stabilization was assigned as the
amyloidogenic mechanism of the mutation. The evidence of amyloid formation by other proteins

containing pathogenic polyglutamine expansions is not as strong as for huntingtin.

Immunoglobulin heavy chain (IGH)

The immunoglobulin heavy chain is the large subunit of an antibody, or immunoglobulin, and is
linked to another heavy chain and a light chain by disulfide bonds. The heavy chain consists of a
“variable” region, which are different between individual antibodies, and multiple “constant”
regions, which are conserved between individual antibodies. The amyloid aggregation of this
protein is associated with what is called “primary amyloidosis” or multiple myeloma-associated
amyloidosis(126-129), the same disease caused by amyloid aggregation of the antibody light
chain. When caused by the heavy chain, it is referred to as AH amyloidosis. This protein was first
found to form amyloids in this disease through immunoblotting and amino acid sequence analysis
of congophilic amyloid material extracted from a patient’s spleen(126). Heavy chain amyloidosis

has been reported several times since the initial report(127-129) and in all but one case(128) the
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amyloid fibers were composed of a heavy chain fragment which included the variable domain.
Interestingly, in the first reported case the amyloid protein was the heavy chain variable region
connected directly to the third constant region, constituting a large internal deletion(126). This is
the reason this protein was one of the “special cases”: the fragments forming amyloids in people
all ostensibly have distinct amino acid sequences from each other and even from other antibodies
within the same patient. This makes it difficult to connect the protein’s amino acid sequence to its

amyloidogenicity.

Immunoglobulin light chain (IGL or IGK)

The immunoglobulin light chain is the small subunit of an antibody, or immunoglobulin, and is
linked to a heavy chain by a disulfide bond. The light chain consists of a “variable” region, which
are different between individual antibodies, and a “constant” region, which are conserved between
individual antibodies. The amyloid aggregation of this protein is associated with what is called
“primary amyloidosis” or multiple myeloma-associated amyloidosis(130-134), the same disease
caused by amyloid aggregation of the antibody heavy chain. When caused by the light chain, it is
referred to as AL amyloidosis. This kind of amyloidosis has long been associated with conditions
like myeloma, and so a connection to immunoglobulin proteins had been hypothesized long
before it was confirmed. Gamma globulin was shown to be a main component of the congophilic
amyloid material in human patients as early as 1956(135). The sequence of the protein
component of this amyloid material was later confirmed to be the sequence of the antibody light
chain(131, 132). The amyloid component always contains the variable region of the protein which
is the reason this protein was grouped into “special cases”: the fragments forming amyloids in
people all ostensibly have distinct amino acid sequences from each other and even from other

antibodies within the same patient. However, certain amino acid compositions have been
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associated with higher incidence of amyloidosis(133, 134, 136, 137) and A light chains form

amyloids more often than k light chains(138).

Insulin (INS)

Insulin is a hormone secreted by the beta cells of the pancreas which functions to regulate blood
glucose levels by decreasing blood glucose through signaling cells to uptake blood glucose and
store it(139). Insulin is an iatrogenic amyloid, so its amyloidosis is associated with drug forms of
the protein, not the native protein. These drugs include porcine insulin, glargine, lispro, and
others(140-143). Insulin forms subcutaneous amyloid deposits at sites of injection. This
amyloidosis has been referred to as “insulin ball”’, but is more commonly referred to as insulin-
derived amyloidosis(141-144). There is some evidence to suggest these amyloid deposits are
toxic to surrounding tissue(141) and there is at least one case of insulin amyloid deposits
increasing in size even after decreasing insulin dosage and cessation of injections into existing
amyloid deposits(144). Otherwise, adverse effects are mainly interference with insulin absorption
leading to reduced efficacy of insulin drugs(142, 143). Insulin was first shown to be amyloidogenic
for the case of porcine insulin through immunohistochemistry and amino acid sequence analysis

of congophilic material from a patient’s thigh biopsy(140).

Integral membrane protein 2B (ITM2B or BRI or BRI2)

Integral membrane protein 2B is a protein whose function is not entirely clear, but there is
evidence to suggest it has roles in triggering apoptosis as well as inhibition of the buildup and
aggregation of amyloid-$ peptide(145—-148). It has a furin cleavage site near the C-terminal of the
protein, and the normal protein is cleaved here during its processing(149). The C-terminal
cleavage product forms amyloid deposits in familial British dementia (FBD) and familial Danish

dementia (FDD), as identified by mass spectrometry analysis of isolated congophilic amyloid
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material from patients and immunohistochemistry(150, 151). These two diseases are caused by
two different, but related mutations. FBD is caused by a stop codon mutation which changes the
normal stop codon (codon 267) to a codon for arginine, extending the protein from 267 to 277
amino acids(151). FDD is caused by a frame-shift mutation caused by a decamer duplication in
the DNA sequence between codons 265 and 266 also extending the protein to 277 amino
acids(150). Since only mutation results in this protein forming amyloids, it is a proto-amyloid.
Though each mutation results in a different C-terminal amino acid sequence, both cause the
resulting extended C-terminal cleavage product (both the same length) to become amyloidogenic.
Since the cleavage product is a 34-amino acid peptide, which likely lacks significant secondary
structure, and production of this peptide is enhanced when a mutation is present, the
amyloidogenic mechanisms of fiber stabilization and altered processing were assigned to this

protein’s mutations.

Interleukin-1 receptor antagonist protein (Anakinra)

Anakinra is a recombinant protein drug which acts as an IL-1 blocker for the treatment of
rheumatoid arthritis and neonatal onset multisytem inflammatory disease (NOMID). This is an
iatrogenic amyloid: anakinra-associated amyloidosis is caused by subcutaneous injection of the
drug. Anakinra was confirmed as the amyloidogenic agent by mass spectrometry of laser
dissected congophilic material from biopsies from two patients with NOMID(152). As an iatrogenic
amyloid, its aggregation is probably a result of increased local concentration of protein at the

injection site.

Islet amyloid polypeptide (IAPP)
Islet amyloid polypeptide, or amylin, is a peptide hormone secreted by the beta cells of the

pancreas. Its function is not entirely understood, but its main function seems to be regulation of
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insulin activity(153). The amyloid aggregation of this protein is associated with type 2 diabetes.
The formation of amyloid in type 2 diabetes had been noticed as early as 1900(154) and later
confirmed(155), but only much later was the protein responsible for the amyloid deposits identified
as a novel amyloid protein(156-158) through amino acid sequence analysis of congophilic
material extracted from insulin-producing tumors and pancreas samples from patients with type
2 diabetes and also immunohistochemical analysis. The fiber structures of wild-type and mutant
islet amyloid polypeptide reveal that the mutant fibers are not necessarily more stable than the
wild-type(159) (although this conclusion is not universal(160)), so the amyloidogenic mutation
(S20G) is hypothesized to act mainly through rearrangement of the monomer, so native structure
destabilization was assigned as a mutation mechanism. Also, gene promoter mutations have
been reported for IAPP which are associated with type 2 diabetes(161), so altered processing

was also assigned as a mechanism.

Keratin-5 (KRT5)

Keratin-5, like other cytokeratin proteins, is a protein which forms heteropolymer intermediate
filaments in epithelial tissue, and keratin-5 is found in the epidermis(162). This protein is
associated with localized cutaneous amyloidosis, which is a type of amyloidosis with two types of
presentations: primary (sometimes called lichen or macular amyloidosis) or secondary which is
associated with skin neoplasms(163—-165). Evidence of its amyloid nature mainly comes in the
form of immunohistological studies of the keratin profiles in congophilic amyloid deposits of
patients, the results of which always show positive staining for keratin-5, but variable staining for
other keratins(163-165). It should be noted that keratin-5 normally interacts with keratin-14 and
keratin-14 was detected immunohistochemically in some amyloid deposits, but was not as
ubiquitous as keratin-5. Interestingly, mutations in keratin-5 lead to non-amyloid conditions,

namely epidermolysis bullosa simplex (EBS) and Dowling-Degos disease(162, 166). However,
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one mutation (V324A) was associated with a case of Weber-Cockayne type EBS presenting with
cutaneous amyloidosis and the congophilic amyloid deposits stained positive for an anti-keratin
antibody which reacts with keratin-1, -5, -10, and -14(167). There is not enough biochemical data
on the amyloid nature of this protein in the wild-type or mutant state to determine an

amyloidogenic mechanism for the V324A mutation.

Keratin-8 (KRT8)

Keratin-8, like other cytokeratin proteins, is a protein which forms heteropolymer intermediate
filaments in hepatocytes(168). This protein is thought to form amyloids in the form of aggregates
called Mallory-Denk bodies in the liver of patients with alcoholic steatohepatitis(169). Also,
amyloidogenic mutations in keratin-8 are associated with cryptogenic liver disease(170). Keratin-
8 was identified as an amyloid protein through a computational screen intending to identify
mutations which modify a segment capable of reversible aggregation into a segment prone to
irreversible aggregation(169). The amyloid nature of keratin-8 was confirmed through ThT
fluorescence, x-ray fiber diffraction, and electron microscopy-based ultrastructural analysis of the
head domain of wild-type and mutant keratin-8 as well as peptide crystal structures of wild-type
and mutant segments of the protein. The head domain, where the amyloidogenic mutations are,
is intrinsically disordered and the mutations significantly increase amyloidogenicity, based on the
kinetics observed in ThT assays, and crystal structures of the mutants reveal stronger side chain
interactions and more stable secondary structure. For these reasons, the amyloidogenic

mechanism of fiber stabilization was the only one assigned to mutations in keratin-8.

Lactadherin (MFGES8)
Lactadherin is a glycoprotein which is secreted into milk and binds to milk-fat-globule membranes.

It has a variety of functions, many related to immune response, such as playing a role in
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phagocytosis, and other cellular functions like cell adhesion(171). A fragment of this protein
spanning residues 245-294, called medin, is the main constituent of aortic medial amyloid. This
was elucidated through amino acid sequence analysis of congophilic material from patient aortic
tissue and immunohistochemistry(172). A synthetic octapeptide consisting of part of the medin
sequence was also shown to form amyloid fibers in vitro(172). No familial mutations have been
associated with amyloidosis lactadherin, and, in fact, aortic medial amyloid is found in the vast
majority of individuals over 60 years old(172, 173). The health impact of these amyloid deposits

is not fully understood.

Lactotransferrin (LTF)

Lactotransferrin, also called lactoferrin, is a glycoprotein found in secretory fluids, such as milk
and saliva, and also in granulocytes. It has various immune functions, mainly as an antimicrobial
agent, particularly by binding to free iron which is required for bacterial growth(174). Lactoferrin
has been found in amyloid deposits in familial subepithelial corneal amyloidosis, also called
gelatinous drop-like corneal dystrophy, (an hereditary corneal dystrophy similar to lattice corneal
dystrophy which is caused by amyloidosis of gelsolin)(175), secondary corneal amyloidosis
associated with trichiasis(176, 177), along with localized amyloidosis in various other organs
(pancreas, bronchus, seminal vesicle)(178-180). It was first proposed to be an amyloid protein
when congophilic material from localized amyloidosis of the seminal vesicle was positively
immunostained with antibodies against lactotransferrin, and demonstration through electron
microscopy that the amyloid fibrils themselves were being decorated by the antibodies(180). Soon
after, it was shown to be present in amyloid deposits in gelatinous drop-like corneal dystrophy
through Edman degradation amino acid sequence analysis of proteins extracted from congophilic
corneal tissue and immunohistochemistry(175). The result for gelatinous drop-like corneal

dystrophy was somewhat doubted, however, since mutations in proteins besides lactoferrin cause
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this hereditary disease(176, 181), and the protein identified in that study was ostensibly wild-type.
Although, mutations in one protein causing a disease in which a different protein forms amyloids
is not uncommon, so this skepticism may be unwarranted. Variant lactoferrin (E579D) was found
in amyloid deposits of patients with trichiasis-associated secondary corneal amyloidosis(176,
177), and wild-type lactotransferrin can only form amyloids in vitro under conditions which are far
from physiological(176, 182), but the genetics of the patients with other forms of localized
lactoferrin amyloidosis are unknown(175, 178-180). Although, the variant found in individuals with
secondary corneal amyloidosis associated with trichiasis is also present in healthy individuals,
although at lower frequencies(177), making this variant allele a polymorphism rather than a
mutation. For this reason, this protein was classified as a sporadic amyloid. It should be noted,
however, that all individuals studied with secondary corneal amyloidosis associated with trichiasis
harbored this polymorphism. And although a polymorphism is not considered a mutation, an
amyloidogenic mechanism for this variant allele has been proposed: the variant residue is
hypothesized to disrupt a stabilizing hydrogen bond interaction and increase flexibility enough to

expose a hydrophobic patch(177).

Leukocyte cell-derived chemotaxin-2 (LECT2)

Leukocyte cell-derived chemotaxin-2 is a protein with a wide variety of functions including
chemotaxis, liver regeneration, immune modulation, bone growth, neuronal development, glucose
metabolism, and more(183). This protein forms amyloid deposits in cases of renal amyloidosis
and hepatic amyloidosis(184—187). It was first identified as an amyloid protein through Edman
degradation sequence analysis of congophilic material from kidney tissue and
immunohistochemistry(184). All patients with amyloidosis of this protein who have been
genetically sequenced are homozygous, or very rarely heterozygous, for the same polymorphism

coding for a valine at position 58 (40 in the mature protein) rather than an isoleucine(184—190).
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Since this is a polymorphism and not a mutation, and thus the variant residue is seen in healthy
individuals in the population, this protein was classified as a sporadic amyloid. However, it should
be noted that the valine residue may destabilize the native structure relative to an isoleucine
residue(187, 191), but the polymorphic valine residue was not resolved in a recombinant protein

structure of the fibril core(192).

Lysozyme (LYZ)

Lysozyme is a bacteriolytic enzyme found in mucosal secretions(193). It forms amyloids in
hereditary non-neuropathic systemic amyloidosis Ostertag type, now known as hereditary
lysozyme amyloidosis(194). Lysozyme was first found to be the amyloid component in this
disease through amino acid sequence analysis of protein extracted from congophilic amyloid
deposits from a patient’s kidney, and also immunohistochemistry(194). Lysozyme is only found
to form amyloid deposits if it harbors one of the documented dominant hereditary mutations, and,
in fact, wild-type lysozyme is not detectable in the amyloid deposits(195), making lysozyme a
proto-amyloid. Although, at least one study has shown that in unphysiologically low pH conditions
(even for lysosomes) wild-type lysozyme is destabilized and is able to form amyloid fibers(196).
The initial report of lysozyme being the amyloid protein hypothesized that the mutation was
destabilizing the native structure of the protein and later molecular dynamics simulations lead to
the same conclusion for many of the known lysozyme mutations(197), so native structure

destabilization was assigned as the mutation mechanism for this protein.

Major prion protein (PRNP)
Major prion protein glycosylphosphatidylinositol anchored membrane protein whose total suite of
functions is not entirely clear, although it is a highly conserved protein in mammals and is known

to have functions in cell signaling, neuritogenesis, neuronal homeostasis, and others(198). This
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protein forms amyloids in humans in Creutzfeldt-Jakob disease (CJD) (familial, sporadic, and
iatrogenic), fatal familial insomnia (FFI) (and sporadic fatal insomnia), Gertsmann—Straussler—
Scheinker (GSS), and Kuru(199, 200). The prion protein was first proposed to be the infectious
agent of the animal disease scrapie by Prusiner in 1982(201) and was later hypothesized to also
be the component of the amyloid deposits in this disease evidenced by Congo red staining and
electron microscopy-based ultrastructural characterization of purified scrapie prion protein(202)
as well as immunoelectron microscopy and immunohistochemistry on scrapie-infected
brains(203). Prion protein was first shown to exist as an amyloid in humans through
immunostaining of congophilic plagues in human brains with CJD and GSS(204). There are over
60 known pathogenic mutations in major prion protein(200, 205). Wild-type prion protein is able
to undergo a transition from a-helical secondary structure to -sheet secondary structure and form
very stable fibers. Some mutant fibers have even been shown to be less stable than wild-type
fibers(206). The amyloidogenic mechanism of mutations in this protein seem to mainly be
destabilization of the native fold through disruption of important intramolecular interactions like
salt bridges(199, 206, 207) (and truncating mutations certainly disrupt the native structure of the
protein) or altered processing through destabilization of the native structure making the protein
vulnerable to aberrant proteolytic processing, leading to production of amyloidogenic fragments

of the protein(208—-211).

Melanocyte protein PMEL (PMEL)

Melanocyte protein PMEL is a protein which, after extensive post-translational modification, forms
functional amyloid fibers inside melanosomes. These amyloid fibers form a structural foundation
for the organelle to store melanin pigments(212). Mutations in this protein in humans cause
pigmentary dispersion syndrome (PDS), characterized by shedding of pigmented material from

the iris, which can lead to pigmentary glaucoma (PG), which can lead to blindness(213). Many of
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the PMEL variants linked to this disease have been shown to lead to formation of abnormal fibers,
rather than abolishing fiber formation altogether, ostensibly forming a pathogenic amyloid rather
than a functional amyloid(213, 214). This abnormal fiber formation is seen by electron microscopy
of pseudomelanosomes formed in HelLa cells expressing PMEL variants. Western blot analysis
of the lysate of these HelLa cells reveals defects in proteolytic processing and post-translational
modification of the variant forms of the protein(213), so altered processing was assigned as the

amyloidogenic mutation mechanism.

Microtubule-associated protein tau (MAPT)

Microtubule-associated protein tau is a neuronal protein which binds to and stabilizes
microtubules(215), but it may have other biological roles as well such as RNA-binding(216). Tau
protein is found in amyloid deposits in over 20 human diseases, collectively called
tauopathies(217), and mutant forms of tau cause diseases with a wide variety of presentations
collectively referred to by the umbrella term “frontotemporal dementia and parkinsonism linked to
chromosome 17” (FTDP-17)(215, 218, 219), but at least one has been specifically identified as
Pick’s disease (PiD) mutations(220) and some polymorphisms are risk factors for other
tauopathies. Microtubule-associated protein tau was shown to be an amyloid protein when it was
identified as the constituent protein of Alzheimer’s disease paired helical filaments (PHFs) through
immunoblotting of tau with anti-microtubule antibodies cross-reactive for PHFs, and also
immunostaining of Alzheimer's tangles and plaque neurites with affinity-purified tau
antibodies(221). Mutations in Microtubule-associated protein tau can have different
amyloidogenic mechanisms from each other. Some mutations operate by altered processing
through affecting the alternative splicing of MAPT, specifically exon 10 which contains the fourth
tandem repeat of the four microtubule binding domain imperfect repeats(215, 219, 222-226).

Mutations can either increase or decrease the inclusion of this exon in transcripts, but the ratio of
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tau protein with four repeats to tau protein with three repeats seems to be tightly regulated and
disruption of this ratio leads to amyloid aggregation. The mechanism is potentially related to
limited binding availability of microtubules to certain isoforms of tau protein(215, 223). Other
mutations disrupt binding to microtubules directly, releasing free tau protein to aggregate(215,
217-219, 227). However, there are examples of mutations which actually increase binding to
microtubules, but this may encourage pathological hyperphosphorylation leading to
aggregation(228). In either case, dysregulation of binding to the native binding partner leads to
amyloid aggregation. There are also many mutations which have been shown to accelerate
aggregation in vitro where the protein is ostensibly disordered(229), meaning these mutations
must stabilize the fiber form in some way(215, 228, 230-234). Since the protein is intrinsically
disordered when not bound to microtubules(229), native structure destabilization could not be
assigned as a mutation mechanism. It should be noted that post-translational modifications like
phosphorylation and acetylation seem to be important for the amyloid aggregation of tau
protein(219, 235-238), however the relationship between mutations and these features is not

clear.

Odontogenic ameloblast-associated protein (ODAM)

Odontogenic ameloblast-associated protein is a protein secreted by ameloblasts which plays a
role in odontogenesis and is incorporated into the enamel matrix of mature enamel layers(239).
This protein is found in the amyloid deposits associated with Calcifying epithelial odontogenic
tumors (CEOTS), also known as Pindborg tumors(240, 241). The protein was first identified to be
the constituent of the amyloid deposits by Edman degradation amino acid sequence analysis of
amyloid material extracted from congophilic tumors, reverse transcription-PCR analysis of mRNA
from tumor samples, and immunohistochemistry(240, 241). This protein does not have any

associated amyloidogenic mutations, making it a sporadic amyloid.

182


https://www.zotero.org/google-docs/?cOxu2g
https://www.zotero.org/google-docs/?ga0f6w
https://www.zotero.org/google-docs/?ga0f6w
https://www.zotero.org/google-docs/?JNA8nC
https://www.zotero.org/google-docs/?DcihJI
https://www.zotero.org/google-docs/?bd12yg
https://www.zotero.org/google-docs/?RHyJ7g
https://www.zotero.org/google-docs/?d1NW68
https://www.zotero.org/google-docs/?tIn3I7
https://www.zotero.org/google-docs/?TElI79
https://www.zotero.org/google-docs/?xTVhrO

Parathyroid hormone (PTH)

Parathyroid hormone is a hormone secreted by the parathyroid glands which regulates blood
calcium levels(242). This protein makes up the amyloid deposits associated with parathyroid
adenoma and parathyroid hyperplasia(243). Parathyroid hormone had been shown to be able to
form amyloid fibers in vitro(244, 245) before its identification as the component of parathyroid
tumors, but it was confirmed in vivo through mass spectrometry proteomic analysis of
microdissected congophilic parathyroid adenoma samples and immunohistochemistry(243).
Parathyroid hormone does not have any associated amyloidogenic mutations, making it a
sporadic amyloid, but it should be noted that parathyroid adenomas are associated with elevated
parathyroid hormone levels, and this increase in production of the amyloidogenic protein may be

necessary for amyloidogenesis.

Polyadenylate-binding protein 2 (PABPN1)

Polyadenylate-binding protein 2 is a nuclear protein which stimulates the addition of poly(A) tails
on mMRNA(246). This protein forms fibrous nuclear aggregates in oculopharyngeal muscular
dystrophy, confirmed by immunofluorescent labeling and immunoelectron microscopy(247),
although these aggregates were not characterized as amyloids. This protein was later shown to
be able to form fibers with amyloid characteristics in vitro, as evidenced by affinity to ThT and
ultrastructural characterization by electron microscopy(248). This protein causes disease due to
a trinucleotide expansion which extends a polyalanine region near the N-terminal of the
protein(247, 248). It has been shown that the wild-type protein can form ThT-positive aggregates,
but the polyalanine expansion greatly accelerates their formation(248), so this protein is classified
as an ambimorph amyloid. Also, this protein can cause disease through a mutation which mimics

the polyalanine expansion by substituting a glycine, which interrupts the polyalanine region of the
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protein, for an alanine(249), and this presumably induces the disease through the same
mechanism as the polyalanine expansion, which is formation of fibrillar nuclear aggregates. In N-
terminal fragments, the polyalanine expansion seems to induce a-helical secondary structure in
an otherwise unstructured region of the protein(248), but how this influences fiber formation is
unclear, and since this region in the native protein is unstructured we did not consider this to fall
under the mechanism of native structure destabilization. However, since this mutation accelerates
the in vitro fiber formation of an otherwise unstructured protein, the mutation must be stabilizing
the fiber form in some way, possibly through a capacity to transition from the induced a-helical
secondary structure to B-sheet secondary structure, so fiber stabilization was assigned as the

mutation mechanism.

Prolactin (PRL)

Prolactin is a hormone secreted by the pituitary gland with various physiological functions, but
mainly promotion of milk production and development of mammary glands in breast tissue(250).
Prolactin forms amyloid deposits in prolactin-producing pituitary adenomas and also tumor-free
pituitary glands of individuals of advanced age(251, 252). Prolactin was identified to be the
component of the amyloid fibers in both cases through amino acid sequence analysis of amyloid
material extracted from congophilic deposits in pituitary gland samples. Interestingly, in both
studies, commercial anti-prolactin antibodies were not reactive with the amyloid material. This is
either due to aberrant proteolytic cleavage of prolactin (so the amyloid is composed of a fragment
of the protein lacking the epitope recognized by the antibody) or the conformational change
accompanying amyloid formation buries or alters the epitope recognized by the antibody.
Prolactin amyloidogenesis is not associated with any mutations, so it is classified as a sporadic

amyloid.
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Protein TFG (TFG)

Protein TFG functions in the trafficking of secretory vesicles between the endoplasmic reticulum
(ER) and ER-Golgi intermediate compartments(253). Mutations in protein TFG are associated
with Charcot-Marie-Tooth disease type 2 and hereditary motor and sensory neuropathy with
proximal dominant involvement(254, 255). The mutations associated with both these diseases
have been shown to induce amyloid aggregation of the protein in vitro as evidenced by ThT
fluorescence, x-ray fiber diffraction, and electron microscopy-based ultrastructural analysis(256).
Wild-type recombinant protein was also able to form amyloid fibers in vitro, although at a slower
rate, so this protein is classified as an ambimorph amyloid. The mutations occur in the disordered
low-complexity domain of the protein and cryo-EM structures reveal that the mutant residues form
key stabilizing interactions in the fiber core (unpublished), so fiber stabilization is the only

mutation mechanism assigned.

Pulmonary surfactant-associated protein C (SFTPC)

Pulmonary surfactant-associated protein C, also called lung surfactant protein C, is a
transmembrane lipopeptide which functions to lower alveolar surface tension at the air-liquid
interface(257). This protein forms amyloids in pulmonary alveolar proteinosis (PAP), confirmed
by Edman degradation amino acid sequence analysis of congophilic amyloid material extracted
from bronchoalveolar lavage (BAL) fluid from a PAP patient(258). No mutations are associated
with the amyloid formation of this protein, making it a sporadic amyloid. Interestingly, this protein,
despite being a 35-residue peptide, exists as a stable a-helix in lipid membranes, but transitions
to B-sheet aggregates in solution(258, 259). This transition is dependent on removal of palmitoyl
groups from the protein’s cysteine residues, and this modification along with increased levels of
the protein seem to strongly contribute to its amyloid conversion, although the cause of the

protein’s depalmitoylation is unknown.
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RNA-binding protein FUS (FUS)

RNA-binding protein FUS is a nuclear protein involved in transcription and DNA repair, but also
forms cytosolic stress granules through liquid-liquid phase separation(260, 261). In stress
granules, this protein forms reversible aggregates consisting of fibers with amyloid qualities,
demonstrated in vitro through electron microscopy-based ultrastructural analysis and x-ray fiber
diffraction(262, 263). This protein is also found in cytoplasmic inclusions in diseases including
frontotemporal lobar degeneration (FTLD-FUS) and amyotrophic lateral sclerosis (ALS)(260,
264-266). The low-complexity domain of RNA-binding protein FUS has been shown to form
reversible, liquid-like aggregates in vitro which transition to solid, irreversible, cytotoxic amyloid
fibers over time(267), and disease mutations have been shown to accelerate this transition(268).
Since these mutations promote aggregation of an otherwise disordered region of the protein, fiber
stabilization was assigned as the mechanism. Other mutations seem to not directly increase
aggregation propensity(265), but rather contribute to cytoplasmic mislocalization of the protein,
which contributes to its pathological aggregation, so subcellular mislocalization was also assigned

as a mechanism.

S100-A8/A9 (S100A8/A9)

S100-A8 and S100-A9, also known as calgranulin-A and calgranulin-B, respectively, are calcium
and zinc binding proteins which have various biological roles including pro-inflammatory roles and
acting as an antifungal agent(269). These proteins can form homodimers and heterodimers, but
also a heterotetrameric form called calprotectin. These proteins were found in congophilic corpora
amylacea, a type of extracellular inclusion found in various tissues, from prostate tissue extracted
from patients with prostate cancer(270), although corpora amylacea can exist in honcancerous

aged prostate as well. S100-A8 and S100-A9 were identified as the amyloid component by mass
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spectrometry analysis and immunostaining, along with atomic force microscopy analysis of the
amyloid material. We will note, however, that the ex vivo fibers and those generated in vitro in this
work do not, in our view, necessarily look like typical amyloid fibers which are explicitly
unbranched. The histology and mass spectrometry analysis, however, provide evidence
consistent with other established amyloid proteins. It is also unclear which form the proteins take
in these aggregates: homopolymers, polymers of the heterodimers, or polymers of calprotectin (a
heterotetramer). Both proteins are evidently present in the amyloid aggregates, but the segments
of the proteins which are predicted to be most aggregation-prone also seem to be involved in their
native oligomerization, so it may be the case that disruption of the oligomeric states of these
proteins leads to their amyloid aggregation. If this is the case, it is unlikely that the amyloid fibers
are heteropolymers, but whether or not this is the case is not clear from the evidence. These
proteins have no mutations associated with their amyloid aggregation, making them a sporadic
amyloid, but their aggregation may be linked to increased local concentration due to chronic

inflammation.

Semenogelin 1 (SEMG1)

Semenogelin 1 is the main protein component of human semen and promotes sperm survival,
motility, and fertility(271). This protein forms amyloid deposits in senile seminal vesicle amyloid,
a localized amyloidosis associated with male aging. Semenogelin 1 was confirmed as the
amyloidogenic protein through mass spectrometry analysis of congophilic material from seminal
vesicle samples with amyloid and immunohistochemistry(272). No mutations are associated with
the amyloid formation of this protein, so it is a sporadic amyloid. Of note, the amyloid component

of this protein seems to be an N-terminal fragment of semenogelin 1.

Serum amyloid A (SAA1)
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Serum amyloid A is an acute-phase response protein which is secreted by the liver into the blood
in response to inflammatory conditions(273). This protein is found in amyloid deposits in
individuals with amyloid A amyloidosis, a systemic secondary amyloidosis resulting from chronic
inflammation(274). This disease can also manifest as a primary amyloidosis due to a mutation in
the SAA1 promoter region inducing overexpression(275), making this protein an ambimorph
amyloid. This protein was first identified as a uniqgue amyloid protein through amino acid sequence
analysis of congophilic amyloid material from livers and spleens of patients with secondary
amyloidosis associated with familial Mediterranean fever, tuberculosis, Hodgkin’'s lymphoma, and
bronchiectasis(276), and this result was corroborated by other groups later(277, 278). Since the
mutation associated with primary amyloid A amyloidosis is a promoter mutation which causes

overexpression, altered processing was assigned as the mutation mechanism.

Somatostatin (SST)

Somatostatin is a pancreatic prohormone which is cleaved into two small peptide hormones,
somatostatin-14 and somatostatin-28, which regulate the production of pituitary hormones(279).
One of these peptide hormones, somatostatin-14, was shown to form amyloid fibers in vitro as
evidenced by Congo red staining, electron microscopy-based ultrastructural analysis, and x-ray
fiber diffraction(280). Somatostatin was found in amyloid deposits in somatostatin-producing
neuroendocrine tumors (somatostatinomas)(281, 282). Somatostatin was confirmed as the
amyloid protein through mass spectrometry analysis of microdissected congophilic tissue and
immunohistochemistry. Interestingly, somatostatin-28 was the major species present in the in vivo
amyloid deposits, not somatostatin-14, based on immunostaining results. Amyloidosis of
somatostatin is not associated with any mutations, making it a sporadic amyloid. However, it
should be noted that the amyloid formation in the case of neuroendocrine tumors may be reliant

on the increased production of the protein by the tumor.
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Superoxide dismutase (SOD1)

Superoxide dismutase is a metalloenzyme which catalyzes a dismutation reaction of superoxide
radicals into O, and H»02(283). Superoxide dismutase is found in pathological inclusions in both
familial and sporadic ALS(284, 285). Mutant superoxide dismutase has been shown to form fibers
in transgenic mice with amyloid characteristics as evidenced by immunoelectron microscopy and
thioflavin S staining(286, 287). Wild type and mutant recombinant protein can be induced to form
thioflavin T-positive, fibrillar aggregates (amyloids) under reducing conditions in vitro, mimicking
the reducing environment of the cell(288, 289). There are over 200 documented mutations in
superoxide dismutase which are linked to familial ALS

(https://alsod.ac.uk/output/gene.php/SOD1), although not all of them are necessarily

amyloidogenic. These mutations likely induce aggregation by interrupting its ability to bind metal
ions, since the mature, metal-bound protein is very resistant to aggregation and inclusions in
transgenic mice and cell lines expressing mutant superoxide dismutase contain metal-deficient,
disulfide reduced protein(284, 287, 289, 290). Since mutations in this protein likely disrupt an
important binding site, the mutation mechanisms assigned are native structure destabilization and

decreased binding to native partners.

TAR DNA-binding protein 43 (TARDBP)

TAR DNA-binding protein 43 is a nuclear DNA- and RNA-binding protein with roles in regulating
transcription of RNA(260). It can also be found in the cytoplasm as a constituent of pathological
inclusions in FTLD-TDP and ALS(260, 291-295). Inclusions in the brains of individuals with FTLD-
TDP have been shown to bind thioflavin S and also be immunoreactive to antibodies against TAR
DNA-binding protein 43(296). Immunoelectron microscopy studies also reveal this protein exists

in the form of filamentous inclusions in tissue samples from a variety of neurodegenerative
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diseases(297). It has also been shown that fibrillar aggregates of TAR DNA-binding protein 43
from patient brains can act as seeds which induce aggregation in cultured cell lines(298). The
structure of the amyloid fiber has also been solved from material extracted from the brain of a
patient with ALS with FTLD(299). Disease mutations in this protein concentrate in the low-
complexity C-terminal region, which is disordered(260), and many of these mutations have been
shown to accelerate aggregation(291, 300), so the mutation mechanism of fiber stabilization was
assigned. Since aggregates are mislocalized to the cytoplasm and this mislocalization can be
enhanced by mutations(301), subcellular mislocalization was also assighed as a mechanism.
There are also noncoding variants for this protein associated with ALS(302), but many of them
are polymorphisms, not mutations, and their effects on protein production are not entirely clear,

so altered processing was not included as a mutation mechanism for this protein.

Transcription elongation regulator 1 (TCERG1 or CA150)

Transcription elongation regulator 1, or CA150, is a transcription factor which codeposits with
huntingtin aggregates in Huntington’s disease and seems to be a modifier of the age of
onset(303). CA150 rapidly forms amyloid fibers in vitro as evidenced by thioflavin T fluorescence,
light scattering, electron microscopy-based ultrastructural analysis, optical diffraction of fibers,
and solid state NMR structure determination(304, 305). There are no pathogenic mutations

associated with CA150, making it a sporadic amyloid.

Transforming growth factor-beta-induced protein ig-h3 (TGFBI)

Transforming growth factor-beta-induced protein ig-h3, also called kerato-epithelin, is an
extracellular matrix protein which is abundant in the corneal stroma(306). It is found in amyloid
deposits in lattice corneal dystrophy, but also non-amyloid aggregates in other corneal

dystrophies(307—-311). The contribution of kerato-epithelin to amyloid deposits was confirmed by
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immunohistochemical staining of congophilic deposits in patient corneal tissue(311). Peptide
fragments of the protein were also shown to be able to form amyloid fibers in vitro evidenced by
circular dichroism spectra, thioflavin T fluorescence, and electron microscopy-based
ultrastructural analysis(308, 312). Mutations in this protein which result in amyloid deposition
seem to lead to deposition of unique proteolytic fragments of the protein not found in wild-type
corneas, specifically from the fourth fasciclin-1 domain (FAS1-4)(313-315), and for this reason
the mutation mechanism assigned to this protein is altered processing. The wild-type form of this
protein does not seem to develop into amyloid fibers, so kerato-epithelin is classified as a proto-

amyloid.

Transmembrane protein 106B (TMEM106B)

Transmembrane protein 106B is a transmembrane glycoprotein which localizes to the
membranes of lysosomes and interacts with progranulin(316). This protein is found as an amyloid
fiber in a wide variety of neurodegenerative diseases including FTLD-TDP, progressive
supranuclear palsy (PSP), dementia with lewy bodies (DLB), Alzheimer’s disease, corticobasal
degeneration, FTDP-17, argyrophilic grain disease, Parkinson’s disease, limbic-predominant
neuronal inclusion body four-repeat tauopathy, aging-related tau astrogliopathy, MSA, and
ALS(317, 318). Although, the connection of the protein’s amyloidogenesis to disease is unclear
because it can also be found in fibrillar form in healthy, aged brains(319). It was independently
shown to be an amyloid protein by three separate groups at the same time by the same method:
cryo-EM structure determination of brain-extracted amyloid fibers(317, 318, 320).There are no
familial mutations associated with transmembrane protein 106B, making it a sporadic amyloid,
but there is a polymorphism at residue 185 (threonine or serine)(321). This polymorphism may

influence expression of the protein(316) and having a serine at this position is hypothesized to be
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protective against disease due to more rapid degradation of the protein with the serine

polymorph(316, 322).

Transthyretin (TTR)

Transthyretin, also called prealbumin, is a thyroid hormone distributor protein which is secreted
into the blood by the liver and into the cerebro-spinal fluid (CSF) by the epithelial cells of the
choroid plexus(323). Transthyretin functions as a tetramer and binds to thyroid hormones and
retinol-binding protein, as well as certain drugs and pollutants(323). This protein forms amyloid
deposits in systemic transthyretin amyloidosis, which is characterized by amyloid deposition in
multiple organs and commonly manifests as cardiomyopathy and/or polyneuropathy(324, 325).
Transthyretin was first identified as an amyloid protein by matching the immunoreactivity of
antisera raised against prealbumin to an antisera raised against amyloid fiber protein extracted
from the kidneys of patients with familial amyloidotic polyneuropathy(326). This result was later
repeated in other cases of familial amyloidosis as well as sporadic amyloidosis(327). There are
over 120 amyloidogenic mutations in transthyretin, but the most common one is V50M (V30M
with the numbering of the mature protein)(324, 328). Comparison of wild-type and mutant
structures of transthyretin amyloid fibers(329, 330) reveals that they have nearly identical
structures, meaning the mutation mechanism is solely disruption of the native tetramer, so native

structure destabilization is the only assigned mutation mechanism.

Ubiquilin-2 (UBQLNZ2)

Ubiquilin-2 is a protein which interacts with ubiquitinated proteins and delivers them to the
proteasome for degradation(331). Intracellular aggregates of this protein are found in various
neurodegenerative diseases including ALS, synucleinopathies, and polyglutamine diseases(332—

336), and mutations in its proline-rich repeat (PXX) domain cause dominant X-linked ALS and
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FTD. Ubiquilin-2 was shown to form amyloids in vitro through ThT fluorescence and electron
microscopy-based ultrastructural analysis(332). In regard to the full-length protein, only the
construct with the P506T mutation was able to form amyloid fibers and the wild-type could not.
For this reason, we have classified this protein as a proto-amyloid. However, it has not escaped
our attention that the wild-type protein with its N-terminal ubiquitin-like (UBL) domain (residues 1-
106) deleted was able to form amyloid fibers. Also, the protein’s C-terminal ubiquitin-associated
(UBA) domain alone (residues 575-624) was able to form amyloid fibers and the P506T ubiquilin-
2 had reduced fiber formation with this region deleted. The UBA domain is responsible for binding
to ubiquitinated substrates, and disruption of this binding capability has been shown to lead to
aggregation in a cell model(332). The P506T mutation has also been shown to increase cellular
aggregation, so it likely disrupts the UBA domain’s binding activity, so the mutation mechanism
of decreased binding to native partner was assigned. However, differences between the
aggregation behavior of wild-type and mutant protein in vitro (in the absence of binding partners)
cannot be explained by this mechanism. The PXX domain is intrinsically disordered(337), and
proline residues discourage B-strand formation because of the geometry of their peptide bonds
and discourage amyloid fiber formation by reducing the capacity for interstrand backbone
hydrogen bonding. Point mutations away from proline may be sufficient to permit the PXX domain
to be incorporated into the core of an amyloid fiber, although this is only speculation.

Nevertheless, for this reason we also assigned fiber stabilization as a mutation mechanism.

a-synuclein (SNCA)

a-synuclein is a protein whose function is not entirely clear, but localizes to presynaptic terminals
and interacts with lipid membranes, i.e. vesicles, and is able to adopt an a-helical secondary
structure when associated with membranes despite being disordered in solution(338). This

protein is the main component of Lewy bodies and Lewy neurites which are the hallmarks of
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Parkinson’s disease (PD) and dementia with Lewy bodies (DLB)(339) and also aggregates in
multiple system atrophy (MSA) as well as other “synucleinopathies”. Both wild-type and mutant
a-synuclein has been observed to form amyloid fibers in vitro, making it an ambimorph amyloid,
as evidenced by circular dichroism spectrometry, thioflavin T fluorescence, electron microscopy
and atomic force microscopy ultrastructural analysis, immunoelectron microscopy, x-ray and
electron fiber diffraction, and cryo-EM structure determinations(340-349). a-synuclein was
confirmed to exist as an amyloid fiber in vivo in Lewy bodies through microbeam X-ray diffraction
of thin sections of Parkinson’s disease brain samples(350). Many mutations in this protein have
been shown to accelerate fiber formation in vitro and form more stable fibers than the wild-type
protein(342, 343, 351), and since the protein is disordered in solution(352, 353), only the mutation
mechanism of fiber stabilization could be assigned for these. a-synuclein has also been shown to
have increased seeding capacity when it has certain mutations, so increased seeding was also
assigned(346, 347, 354). There are also duplications and triplications of the SNCA gene which
increases expression leading to disease(355, 356), so altered processing was also assigned as
a mechanism. Lastly, some mutations have been shown to reduce binding to lipid

membranes(340, 357) so reduced binding to native partners was also assigned as a mechanism.

B2-microglobulin (B2M)

B2-microglobulin is a component of the class 1 major histocompatibility complex and, when it
dissociates from the complex, is cleared from the body by the kidneys(358). Patients with renal
failure requiring dialysis can build up B2-microglobulin in their blood because dialysis machines
are not able to clear it efficiently(359, 360), although this problem has been mitigated significantly
(but not entirely) by modern machinery(360, 361). This can lead to the formation of amyloid fibers

by B2-microglobulin in a condition known as dialysis-related amyloidosis which manifests as
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painful bone and joint-related ailments like carpal tunnel syndrome and arthritis(359, 362). B2-
microglobulin was first identified as an amyloidogenic protein through amino acid sequence
analysis of congophilic amyloid material extracted during a carpal tunnel release operation on a
patient who had been on dialysis for 13 years(362). There is also a documented mutation in this
protein associated with an hereditary systemic amyloidosis: D96N (D76N with the numbering of
the mature protein)(363). This mutation alters the surface charge landscape of the protein, as
revealed by the crystal structure of the mutant protein, and reduces its denaturation resistance in
guanidine hydrochloride(363), so native structure destabilization was assigned as a mechanism.
The mutation also greatly increased the aggregation propensity of the protein compared to the
wild-type under physiological conditions. The destabilization of the monomer by the mutation does
not seem drastic enough to account for this result, so fiber stabilization was also assigned as a

mechanism.
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