
Amyloid Protein Profiles

Here we have compiled the relevant information for each protein surveyed by the accompanying
review article to justify its inclusion in the review’s purview. We 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-β precursor protein (APP)

Amyloid-β precursor protein is the protein which is cleaved by secretase complexes to produce
the amyloid-β peptide. The function of amyloid-β 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(Brothers, Gosztyla, and Robinson 2018). Aggregates of amyloid-β are a hallmark of
Alzheimer’s disease, cerebral amyloid angiopathy, and Down syndrome(Nilsberth et al. 2001;
Masters et al. 1985; Melchor, McVoy, and Van Nostrand 2000; Van Nostrand et al. 2001). 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(Masters et al. 1985; Glenner and Wong 1984; Kang et al. 1987).
The pathogenic mutations in this protein can affect its cleavage by α-, β-, and
γ-secretase(Selkoe 1999; Nilsberth et al. 2001; Haass et al. 1994; Watson, Selkoe, and Teplow
1999; Mullan et al. 1992; Citron et al. 1994; Hardy 1997) as well as result in a fiber structure
which is more stable than the wild-type(Yang et al. 2023; Schütz et al. 2015), the mechanisms of
fiber stabilization and altered processing were assigned to this protein’s mutations.
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Annexin A11 (ANXA11)

Annexin A11 is a calcium-dependent phospholipid-binding protein with functions in cell division,
calcium signaling, vesicle trafficking, apoptosis, and RNA-binding(Dudas et al. 2024), and
notably it is the only annexin family protein with a low-complexity domain. Annexin A11 has
been shown to form amyloid fibrils in both wild-type and mutant forms in vitro through Congo red
staining, proteinase K resistance, transmission electron microscopy, powder X-ray diffraction,
and Thioflavin T fluorescence(Shihora et al. 2023). Recently, annexin A11 has been found
aggregated in heteromeric fibrils composed of annexin A11 and TAR DNA-binding protein 43
which were extracted from patients with FTLD-TDP Type C(Arseni et al. 2024). This was shown
through cryogenic electron microscopy of those extracted fibrils and determining the sequence
of the protein directly from the well-resolved amino acid side chain densities of the cryo-EM
reconstructions and comparing it against reference proteomes. The annexin A11 discovered



aggregated in these heteromeric fibrils was wild-type, but the protein is known to have
mutations associated with ALS, inclusion body myopathy and FTD(Smith et al. 2017; Leoni et
al. 2021; Johari et al. 2022; Kim et al. 2022). Homomeric annexin A11 fibrils have been shown
to be dissolved by the protein S100A6, but when ALS-related variants are present, such as
D40G and G175R, the kinetics are altered in a way that actually slows down fibril formation but
makes the fibrils more resistant to dissolution by S100A6(Shihora et al. 2023). The proposed
mechanism is that the mutations stabilize the fibril form, slowing the release of monomers from
fibrils for S100A6 to siphon away from aggregates, which allows for the buildup of annexin A11
fibrils. Thus the amyloidogenic mechanisms of fibril stabilization and altered fibril homeostasis
were assigned to the mutations of annexin A11. It should be noted, however, that the
mechanism of fibril formation is likely completely different between homomeric annexin 11 fibrils
and the heteromeric fibrils observed in FTLD-TDP Type C, and that tissue from cases of disease
with aggregated annexin A11 exist that stain negative for the amyloid dye Thioflavin S(Robinson
et al. 2024).
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Apolipoprotein A I (APOA1)

Apolipoprotein A I is a protein which binds cholesterol and phospholipids and is the principal
component of high-density lipoproteins (HDL)(Arciello, Piccoli, and Monti 2016). This protein
was first identified as a component of amyloid deposits when apolipoprotein A I 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 III(Nichols et al.
1988), and wild-type apolipoprotein A I was found to form amyloids when an N-terminal
fragment was isolated from congophilic amyloid deposits in atherosclerotic plaques(Westermark
et al. 1995). 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 β-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(Arciello, Piccoli, and Monti 2016; Obici
et al. 2006; Lagerstedt et al. 2007; Raimondi et al. 2011).
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Apolipoprotein A II (APOA2)

Apolipoprotein A II is another protein which is a component of HDL(Brewer et al. 1972). 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(Benson et al. 2001). When associated with HDL, this protein is aggregation-resistant,
but separation from bound lipids makes it very prone to misfolding(Prokaeva et al. 2017; Gursky



2014). This protein is an ambimorph, since although only mutations cause it to be found in an
amyloid state, wild-type protein (albeit with the polymorphisms constituting the so-called “C”
allele) expressed in mice is able to form amyloid fibrils from which a structure was
determined(Andreotti et al. 2024). All known mutations in this protein are stop codon mutations
which extend the protein by 21 residues(De Gracia et al. 2006; Masahide Yazaki et al. 2003;
Benson et al. 2001; M. Yazaki et al. 2001; Prokaeva et al. 2017). 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(Prokaeva et al. 2017; Gursky 2014).
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Apolipoprotein A IV (APOA4)

Apolipoprotein A IV is a lipid-binding protein involved in various physiological functions related
to lipid metabolism including being protective against atherosclerosis and inhibiting lipoprotein
oxidation(Qu et al. 2019). 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(Bergström et al. 2001). 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(Canetti et al. 2021). 
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Apolipoprotein C II (APOC2)

Apolipoprotein C II is a component of various triglyceride-rich lipoproteins and functions in the
hydrolysis of plasma triglycerides(Wolska et al. 2017). 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(Nasr et al. 2017). 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)(Hatters et al. 2000) so we could not classify it as an hereditary 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(Sethi et al. 2018; Nasr et al. 2017).
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Apolipoprotein C III (APOC3)

Apolipoprotein C III functions to raise plasma triglyceride levels by inhibiting the hydrolysis of
triglycerides(Kohan 2015). This protein was identified as an amyloid in a French family with
severe renal amyloidosis by immunohistochemistry on congophilic amyloid deposits in various
tissues(Valleix et al. 2016). 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)(de Messieres et al. 2014) so
we could not classify it as an hereditary 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(Valleix et al. 2016). The amyloidogenic mutation disrupts the native
structure, inducing more fiber-stabilizing β-sheet secondary structure, and reduces its efficiency
at binding lipids(Valleix et al. 2016).
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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(Maack
1996; Song, Wang, and Wu 2015). 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(Kaye et al. 1986). 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(Podduturi et al. 2013; Pucci et al. 1991). 
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C9orf72 dipeptide repeat protein (C9orf72)

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(DeJesus-Hernandez et al. 2011; Renton et al.
2011). The RNA undergoes aberrant translation potentially via repeat-associated non-ATG
translation(Zu et al. 2011). This process can generate five types of dipeptide repeat proteins:
glycine-alanine repeats (GA), glycine-arginine repeats (GR), glycine-proline repeats (GP),
proline-arginine repeats (PR), and proline-alanine repeats (PA)(Mori et al. 2013; Balendra and
Isaacs 2018); 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(Flores et al. 2016; Chang et al. 2016), although longer
constructs expressed in bacteria formed fibers that did not bind ThT but still have cross-β
secondary structure typical of amyloid as revealed by FTIR measurement(Brasseur et al. 2020).
Since the GA DPR is an aberrantly translated 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
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Calcitonin (CALCA)
Calcitonin is a peptide hormone secreted by the thyroid gland which functions to prevent
hypercalcemia by reducing serum calcium levels(Felsenfeld and Levine 2015). 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(Khurana et al. 2004; Koopman et al. 2017; Tan et
al. 2020). 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(Sletten, Westermark, and Natvig 1976). This identification was
confirmed by immunogold staining(Butler and Khan 1986) and refined by mass spectrometry to
show that the amyloid consists of the normal, full-length calcitonin hormone and not an
alternately processed prohormone(Khurana et al. 2004). 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.
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Cathepsin K (CTSK)



Cathepsin K is an extremely potent protease secreted by osteoclasts which degrades collagen
during bone resorption(Dai et al. 2020). It is also expressed by multinucleated giant cells and
may have a role in degrading amyloid fibers, ironically(Röcken et al. 2001). 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(Linke et al. 2017). This tumor and the unpublished results of an in vitro study of a
synthetic peptide by the same group who reported the tumor are 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. 
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Cellular tumor antigen p53 (TP53)

p53 is a tumor suppressor whose loss of function is associated with over 50% of human
cancers(Muller and Vousden 2013). Amyloid formation of this protein has been shown to
transform it into an oncoprotein(Ano Bom et al. 2012; Navalkar et al. 2021; Ghosh et al. 2017)
and amyloid deposits consisting of p53 has been shown in various cancer tissues by
immunostaining and staining with amyloidophilic dyes(Ghosh et al. 2017; Navalkar et al. 2020) .
Both wild-type and mutant p53 is able to form amyloid fibers, and mutations encourage amyloid
formation by destabilization of the native tetrameric form(Bullock et al. 1997) along with
increased aggregation propensity (fiber stabilization) and increased seeding activity(Ano Bom et
al. 2012; Ghosh et al. 2017; Navalkar et al. 2020; Lee et al. 2003). 
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Corneodesmosin (CDSN)

Corneodesmosin is a glycoprotein found in the cornified squamous epithelia and functions in
cell adhesion in skin and hair follicles(Simon et al. 1997). 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(Caubet et al. 2010). Corneodesmosin is an hereditary amyloid and all the
amyloidogenic mutations in this protein are nonsense mutations which truncate the
protein(Caubet et al. 2010; Dávalos et al. 2005; Levy-Nissenbaum et al. 2003). The full-length
protein is almost entirely disordered(Caubet et al. 2010), 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 destabilization, since they do truncate the protein
and remove whatever was interrupting their amyloid aggregation.
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Cystatin C (CST3)

Cystatin C is a cysteine protease inhibitor found in bodily fluids(Levy, Jaskolski, and Grubb
2006). It may be a functional amyloid, with the wild-type protein contributing to the formation of
the epididymal luminal amyloid matrix in mice(Whelly et al. 2016) and the wild-type protein has
been shown to form amyloid fibers in vitro via ThT assay and electron microscopy(Wahlbom et
al. 2007). When mutated, its amyloid aggregation causes hereditary cystatin C amyloid
angiopathy (HCAA), otherwise known as hereditary cerebral hemorrhage with amyloidosis
(HCHWA)(Levy, Jaskolski, and Grubb 2006; Emilsson et al. 1996; Ghiso, Jensson, and
Frangione 1986; March et al. 2021; Palsdottir, Snorradottir, and Thorsteinsson 2006). Cystatin C
was identified as the amyloid protein responsible for this disease through amino acid sequence
analysis of amyloid fibers purified from patient tissue(Ghiso, Jensson, and Frangione 1986).
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(Palsdottir, Snorradottir, and Thorsteinsson 2006). How
this affects the resulting amyloid fiber is less clear, so the amyloidogenic mechanism for this
mutation is native structure destabilization. Also, since cystatin C may exist as an amyloid in a
functional state and its mutation leads it to form a pathological amyloid, the mechanism of
altered fibril homeostasis was also assigned.
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Cytotoxic granule associated RNA binding protein TIA1 (TIA1)

Cytotoxic granule associated RNA binding protein TIA1, or just RNA-binding protein TIA1, is a
functional amyloid protein with roles in stress granule function and RNA metabolism(Rayman
and Kandel 2017). Mutations in this protein cause ALS/FTD and Welander distal myopathy
(WDM). RNA-binding protein TIA1 is known to form stress granules via its prion-like domain
(PLD) which is responsible for reversible, homotypic aggregation(Gilks et al. 2004), and the
protein has been demonstrated by thioflavin T fluorescence, Congo red binding, and electron
microscopy to form fibrous aggregates in vitro(Furukawa et al. 2009; Li et al. 2014). The
molecular structure of the amyloid fibril has also been determined for the wild-type protein and
also a mutant version with an ALS-associated mutation(Inaoka et al. 2023). Mutations in
RNA-binding protein TIA1 have been shown to increase fibril-forming propensity and create more
solid phase-separations(Ding et al. 2021; Mackenzie et al. 2017), so the mechanism of fibril
stabilization was assigned. Since these mutations are in an intrinsically disordered low-complexity
domain, the mechanism of native structure destabilization was not assigned. At least one other
mutation has also been shown to reduce, but not eliminate, fibril-forming propensity and lead to the
formation of fibrils with an altered structure compared to the wild-type protein(Inaoka et al. 2023), so
altered fibril homeostasis has also been assigned as a mechanism.
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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(Clemen
et al. 2013). 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(De Bleecker, Engel, and Ertl 1996; Selcen, Ohno, and Engel 2004).
Wild-type and mutant desmin has been shown to form amyloid fibers in vitro and mutant desmin
has accelerated fiber formation(Kedia et al. 2019). Desmin amyloid was also shown to be toxic
to mouse myoblast cells(Kedia et al. 2019). Mutations in desmin destabilize the native protein,
as demonstrated by its reduced solubility and critical concentration for amyloid formation(Kedia
et al. 2019) 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(Kedia et al. 2019) as well as induce mislocalization of the protein(Brodehl et al. 2013;
Schröder et al. 2003), although it is unclear if the mislocalization precedes amyloid formation.
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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(Camaj et al. 2009). 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(Dao et al. 2021), and was first identified to do so by
mass spectrometry and immunohistochemical analysis of congophilic intestinal venous walls
obtained at autopsy from a patient(Tasaki et al. 2019). 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(Tasaki et al. 2019). However, higher expression of the
protein seems to accompany aging and the amyloid deposits consist of a C-terminal fragment of
the protein(Tasaki et al. 2019), although it is unclear why this cleavage product is generated.
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Fibrinogen α chain (FGA)

Fibrinogen α chain is a glycoprotein which is essential for blood coagulation(Chapman and
Dogan 2019). 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(Benson et al. 1993). Fibrinogen α chain is
an hereditary amyloid and there are 15 known amyloidogenic mutations in it, all in the
C-terminal region, which consist of substitution mutations, indels, and frame-shifts(Chapman
and Dogan 2019). 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(Uemichi et al.
1996) 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(Serpell et al. 2007), 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.



Benson, M. D., J. Liepnieks, T. Uemichi, G. Wheeler, and R. Correa. 1993. “Hereditary Renal
Amyloidosis Associated with a Mutant Fibrinogen Alpha-Chain.” Nature Genetics 3 (3):
252–55. https://doi.org/10.1038/ng0393-252.

Chapman, Jessica R., and Ahmet Dogan. 2019. “Fibrinogen Alpha Amyloidosis: Insights from
Proteomics.” Expert Review of Proteomics 16 (9): 783–93.
https://doi.org/10.1080/14789450.2019.1659137.

Serpell, Louise C., Merrill Benson, Juris J. Liepnieks, and Paul E. Fraser. 2007. “Structural
Analyses of Fibrinogen Amyloid Fibrils.” Amyloid: The International Journal of
Experimental and Clinical Investigation: The Official Journal of the International Society
of Amyloidosis 14 (3): 199–203. https://doi.org/10.1080/13506120701461111.

Uemichi, T., J. J. Liepnieks, T. Yamada, M. A. Gertz, N. Bang, and M. D. Benson. 1996. “A
Frame Shift Mutation in the Fibrinogen A Alpha Chain Gene in a Kindred with Renal
Amyloidosis.” Blood 87 (10): 4197–4203.

Galectin-7 (LGALS7)

Galectin-7 is an epidermal protein with various functions including controlling apoptosis, cell
migration, and cell adhesion(Sewgobind, Albers, and Pieters 2021). 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(Miura et al. 2013). 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(Chapman et al. 2021). 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)(Ono et al. 2014). The amyloid nature of galectin-7 is somewhat unclear, but if it
can form amyloids it would be a sporadic amyloid, as no amyloidogenic mutations have been
found in it.
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Gelsolin (GSN)

Gelsolin is a calcium-binding protein which modulates the growth of actin filaments(Solomon et
al. 2012). Its amyloid formation is associated with hereditary gelsolin amyloidosis, also known as
familial amyloidosis of the Finnish type, which presents as lattice corneal dystrophy(Solomon et
al. 2012; de la Chapelle et al. 1992; Schmidt et al. 2020; Kiuru-Enari and Haltia 2013; Maury,
Alli, and Baumann 1990; Haltia et al. 1990; Maury 1991). Its amyloid nature was first identified
through Edman degradation sequence analysis of congophilic amyloid material from a patient’s
kidney obtained at autopsy(Maury, Alli, and Baumann 1990) and confirmed by another group
very shortly after(Haltia et al. 1990). 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(Maury 1991). This protein is an
hereditary 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(Solomon et al. 2012). This intermediate state is more susceptible to furin-mediated
cleavage, which produces a fragment which is further cleaved to eventually produce the
amyloidogenic fragment(Solomon et al. 2012). 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(Solomon et al. 2012; de la Chapelle et al. 1992; Maury and Nurmiaho-Lassila
1992; Maury, Nurmiaho-Lassila, and Rossi 1994), so the mechanism of fiber stabilization was
also assigned.
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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(Jiang and Zhang 2003). It was found in an amyloid
form in a patient with pancreatic neuroendocrine tumors which were positive for Congo red
staining(Ichimata et al. 2021). The amyloid was confirmed to consist of glucagon through mass
spectrometry analysis with laser 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(Gelenter et al. 2019). 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. 
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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(Martins et al. 2018). 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(Martins et al. 2018). The



dangers of this amyloid buildup were noted to be possible drug resistance due to poor
absorption as well as misdiagnosis of AL amyloidosis(Martins et al. 2018). This is included in
our list of amyloid proteins since, although it is a drug, it is 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.
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Heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1)

Heterogeneous nuclear ribonucleoprotein A1 is potentially a functional amyloid, as there is
evidence that is able to form reversible amyloid fibers and this reversible form of aggregation is
necessary for its function(Gui et al. 2019). 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(Clarke et al. 2021). Its reversible aggregation is
related to its ability to form stress granules in the cytoplasm during cell stress(Gui et al. 2019).
Amyloidogenic mutations in this protein are associated with ALS and MSP(Kim et al. 2013).
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(Kim et al. 2013; Sun et al. 2020). 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 mechanism is
stabilization of the fiber form. Also, since this protein may be a functional amyloid and mutations
cause the protein to form pathological amyloids, the mechanism of altered fibril homeostasis
was assigned. 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(Sun et al. 2020))
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.
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hnRNPA2B1 and hnRNPA1 Cause Multisystem Proteinopathy and ALS.” Nature 495
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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(Kapeli, Martinez, and Yeo 2017). A
mutation in this protein, D290V (also numbered D302V for the longer isoform), is associated
with MSP(Kim et al. 2013). 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 mutation enhances fiber formation(Kim et al. 2013; Lu et al.
2020; 2024). 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 core(Lu et al. 2024) 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. Also, since this protein may be a functional amyloid
and mutations cause the protein to form pathological amyloids, the mechanism of altered fibril
homeostasis was assigned. 

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(Garcia-Pardo et al. 2023), so while it is an amyloid protein, its pathogenic mechanism
is not likely to be amyloid formation.
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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(Schulte and Littleton 2011). Regardless, this protein is essential, as
double-knockouts in mice are embryonic lethal(Nasir et al. 1995), and haploinsufficient.
Huntingtin is found in an aggregated state in the brains of individuals with Huntington’s disease
(HD)(Huang et al. 1998; DiFiglia et al. 1997; Zhou et al. 2003). Brain samples from HD patients
display positive Congo red staining and cellulose acetate filter assays, which capture insoluble
protein aggregates, show that insoluble material from patient brains contains huntingtin protein
in a conformation distinct from its soluble form(Huang et al. 1998). Also, in vitro studies have
shown that huntingtin exon 1 recombinant protein aggregates into congophilic aggregates with
ultrastructural features typical of amyloid(Scherzinger et al. 1997; Hoop et al. 2016; Scherzinger
et al. 1999). HD is caused by a polyglutamine expansion in exon 1 of the HTT gene which
codes for huntingtin(Scherzinger et al. 1997), and aggregation of huntingtin exon 1 recombinant
protein into amyloid fibers is dependent on having a pathological number of glutamine repeats,
making huntingtin an hereditary amyloid. Aggregates in patients’ brains are mainly composed of
N-terminal fragments of huntingtin(DiFiglia et al. 1997; Zhou et al. 2003), so in vitro experiments
on N-terminal constructs of huntingtin have disease relevance. Polyglutamine tracts tend to be
intrinsically disordered(Wear et al. 2015), but at a critical length of repeats, ~40 minimum for
huntingtin, the formation of β-sheets with polar zippers becomes energetically favorable(Perutz
1995; 1996), 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.
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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(Eulitz, Weiss, and Solomon 1990; Solomon, Weiss, and Murphy 1994; Tan et al.
1994; Mai et al. 2003), 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(Eulitz, Weiss, and
Solomon 1990). Heavy chain amyloidosis has been reported several times since the initial



report(Solomon, Weiss, and Murphy 1994; Tan et al. 1994; Mai et al. 2003) and in all but one
case(Tan et al. 1994) the 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(Eulitz, Weiss, and Solomon 1990). This is the reason this protein is 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.
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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(V. Perfetti et al. 2001;
Glenner et al. 1971; 1970; Vittorio Perfetti et al. 2012; Kourelis et al. 2017), 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(Dixon and
Vazquez 1956). The sequence of the protein component of this amyloid material was later
confirmed to be the sequence of the antibody light chain(Glenner et al. 1971; 1970). 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 associated with
higher incidence of amyloidosis(Brumshtein et al. 2018; Vittorio Perfetti et al. 2012; Kourelis et
al. 2017; Radamaker et al. 2019) and λ light chains form amyloids more often than κ light
chains(Abraham et al. 2003).
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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(Rahman et al. 2021). 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(Dische et al. 1988; Nagase et al. 2009; Iwaya et al. 2019;
Nagase et al. 2014). 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(Nagase et al. 2009; Iwaya et al. 2019; Nagase et al. 2014; Shiba



and Kitazawa 2016). There is some evidence to suggest these amyloid deposits are toxic to
surrounding tissue(Iwaya et al. 2019) 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(Shiba and Kitazawa 2016). Otherwise, adverse effects are mainly interference
with insulin absorption leading to reduced efficacy of insulin drugs(Nagase et al. 2009; 2014).
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(Dische et al. 1988). 
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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-β peptide(Fotinopoulou et al. 2005; J. Kim et al. 2008; Fleischer, Ayllon,
and Rebollo 2002; Fleischer and Rebollo 2004). It has a furin cleavage site near the C-terminal
of the protein, and the normal protein is cleaved here during its processing(S. H. Kim et al.
1999). 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 material from patients and immunohistochemistry(Vidal et al. 2000;
1999). 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(Vidal et al. 1999). 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(Vidal et al. 2000). Since only
mutation results in this protein forming amyloids, it is an hereditary 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.
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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(Alehashemi et al.
2022). As an iatrogenic amyloid, its aggregation is probably a result of increased local
concentration of protein at the injection site.
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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
insulin activity(Per Westermark, Andersson, and Westermark 2011). 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(Opie 1901) and later confirmed(Ahronheim 1943), but only much
later was the protein responsible for the amyloid deposits identified as a novel amyloid protein(P.
Westermark et al. 1986; 1987; Cooper et al. 1987) 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(Gallardo et al. 2020) (although this conclusion is not
universal(Cao et al. 2020)), 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(Poa, Cooper, and Edgar 2003), so altered processing was also
assigned as a mechanism.
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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(Irvine and McLean 1999).
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(Kobayashi and Hashimoto 1983; Huilgol et
al. 1998; Chang et al. 2004). 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(Kobayashi and Hashimoto 1983; Huilgol et al. 1998; Chang et al. 2004). 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(Irvine and McLean 1999; Betz et al. 2006).
However, 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(Chiang et al. 2008). 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.
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Keratin-8 (KRT8)

Keratin-8, like other cytokeratin proteins, is a protein which forms heteropolymer intermediate
filaments in hepatocytes(Lim and Ku 2021). This protein is thought to form amyloids in the form
of aggregates called Mallory-Denk bodies in the liver of patients with alcoholic
steatohepatitis(Murray et al. 2022). Also, amyloidogenic mutations in keratin-8 are associated
with cryptogenic liver disease(Ku et al. 2001). 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(Murray et al. 2022).
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.
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Lactadherin (MFGE8)

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 phagocytosis, and other cellular functions like cell adhesion(Kamińska, Enguita, and
Stępień 2018). 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(Häggqvist et al.



1999). A synthetic octapeptide consisting of part of the medin sequence was also shown to form
amyloid fibers in vitro(Häggqvist et al. 1999). 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(Häggqvist et al. 1999; Mucchiano, Cornwell, and Westermark
1992). The health impact of these amyloid deposits is not fully understood. 
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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(Giansanti et al.
2016). 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)(Klintworth et al.
1997), secondary corneal amyloidosis associated with trichiasis(Ando et al. 2002; Araki-Sasaki
et al. 2005), along with localized amyloidosis in various other organs (pancreas, bronchus,
seminal vesicle)(Baugh et al. 2021; Ichimata et al. 2019; Tsutsumi, Serizawa, and Hori 1996). 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(Tsutsumi, Serizawa, and Hori 1996). 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(Klintworth et al. 1997). The result for
gelatinous drop-like corneal dystrophy was somewhat doubted, however, since mutations in
proteins besides lactoferrin cause this hereditary disease(Ando et al. 2002; Tsujikawa et al.
1999), 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(Ando et al. 2002;
Araki-Sasaki et al. 2005), and wild-type lactotransferrin can only form amyloids in vitro under
conditions which are far from physiological(Ando et al. 2002; Nilsson and Dobson 2003), but the
genetics of the patients with other forms of localized lactoferrin amyloidosis are
unknown(Klintworth et al. 1997; Baugh et al. 2021; Ichimata et al. 2019; Tsutsumi, Serizawa,



and Hori 1996). Although, the variant found in individuals with secondary corneal amyloidosis
associated with trichiasis is also present in healthy individuals, although at lower
frequencies(Araki-Sasaki et al. 2005), 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(Araki-Sasaki et al. 2005). 

Ando, Yukio, Masaaki Nakamura, Hirofumi Kai, Shoichi Katsuragi, Hisayasu Terazaki, Takayuki
Nozawa, Toshiya Okuda, et al. 2002. “A Novel Localized Amyloidosis Associated with
Lactoferrin in the Cornea.” Laboratory Investigation; a Journal of Technical Methods and
Pathology 82 (6): 757–66. https://doi.org/10.1097/01.lab.0000017170.26718.89.

Araki-Sasaki, K., Y. Ando, M. Nakamura, K. Kitagawa, S. Ikemizu, T. Kawaji, T. Yamashita, et al.
2005. “Lactoferrin Glu561Asp Facilitates Secondary Amyloidosis in the Cornea.” The
British Journal of Ophthalmology 89 (6): 684–88.
https://doi.org/10.1136/bjo.2004.056804.

Baugh, Katherine A., Svetang Desai, George Van Buren Nd, William E. Fisher, Carlos A.
Farinas, and Sadhna Dhingra. 2021. “Lactoferrin Amyloid Presenting as a Mural Nodule
in a Pancreatic Cystic Lesion Prompting Pancreatoduodenectomy: A Case Report.” BMC
Gastroenterology 21 (1): 66. https://doi.org/10.1186/s12876-021-01641-8.

Giansanti, Francesco, Gloria Panella, Loris Leboffe, and Giovanni Antonini. 2016. “Lactoferrin
from Milk: Nutraceutical and Pharmacological Properties.” Pharmaceuticals (Basel,
Switzerland) 9 (4): 61. https://doi.org/10.3390/ph9040061.

Ichimata, Shojiro, Daiju Aoyagi, Tsuneaki Yoshinaga, Nagaaki Katoh, Fuyuki Kametani,
Masahide Yazaki, Takeshi Uehara, and Satoshi Shiozawa. 2019. “A Case of
Spheroid-Type Localized Lactoferrin Amyloidosis in the Bronchus.” Pathology
International 69 (4): 235–40. https://doi.org/10.1111/pin.12774.

Klintworth, G. K., Z. Valnickova, R. A. Kielar, K. H. Baratz, R. J. Campbell, and J. J. Enghild.
1997. “Familial Subepithelial Corneal Amyloidosis--a Lactoferrin-Related Amyloidosis.”
Investigative Ophthalmology & Visual Science 38 (13): 2756–63.

Nilsson, Melanie R., and Christopher M. Dobson. 2003. “In Vitro Characterization of Lactoferrin
Aggregation and Amyloid Formation.” Biochemistry 42 (2): 375–82.
https://doi.org/10.1021/bi0204746.

Tsujikawa, M., H. Kurahashi, T. Tanaka, K. Nishida, Y. Shimomura, Y. Tano, and Y. Nakamura.
1999. “Identification of the Gene Responsible for Gelatinous Drop-like Corneal
Dystrophy.” Nature Genetics 21 (4): 420–23. https://doi.org/10.1038/7759.

Tsutsumi, Y., A. Serizawa, and S. Hori. 1996. “Localized Amyloidosis of the Seminal Vesicle:
Identification of Lactoferrin Immunoreactivity in the Amyloid Material.” Pathology
International 46 (7): 491–97. https://doi.org/10.1111/j.1440-1827.1996.tb03643.x.

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(Slowik and Apte 2017). This protein forms amyloid deposits in
cases of renal amyloidosis and hepatic amyloidosis(Benson et al. 2008; Mann et al. 2022;



Larsen et al. 2014; Murphy et al. 2010). It was first identified as an amyloid protein through
Edman degradation sequence analysis of congophilic material from kidney tissue and
immunohistochemistry(Benson et al. 2008). 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(Benson et al. 2008; Mann et al. 2022; Larsen et al. 2014; Murphy et al. 2010;
Mereuta et al. 2014; Rezk et al. 2018; Ortega Junco et al. 2018). 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(Murphy et al. 2010;
Ha et al. 2021), but the polymorphic valine residue was not resolved in a recombinant protein
structure of the fibril core(Richards et al. 2023). 
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Lysozyme (LYZ)

Lysozyme is a bacteriolytic enzyme found in mucosal secretions(Ferraboschi, Ciceri, and
Grisenti 2021). It forms amyloids in hereditary non-neuropathic systemic amyloidosis Ostertag
type, now known as hereditary lysozyme amyloidosis(Pepys et al. 1993). 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(Pepys et al. 1993). 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(Moura et al. 2020), making lysozyme an hereditary
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(Morozova-Roche et al. 2000). 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(Nasr et al. 2017), so native structure destabilization was assigned as the mutation
mechanism for this protein.
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Major prion protein (PRNP)



The major prion protein is a glycosylphosphatidylinositol anchored membrane protein whose
total suite of functions is not entirely clear, although this highly conserved protein in mammals is
known to have functions in cell signaling, neuritogenesis, and neuronal homeostasis among
others(Legname 2017). This protein forms amyloids in humans in Creutzfeldt-Jakob disease
(CJD) (familial, sporadic, and iatrogenic), fatal familial insomnia (FFI) (and sporadic fatal
insomnia), Gertsmann–Sträussler–Scheinker (GSS), and Kuru(M.-O. Kim et al. 2018; Prusiner
1998). The prion protein was first proposed to be the infectious agent of the animal disease
scrapie by Prusiner in 1982(Prusiner 1982).It was later found to be the major component of
amyloid deposits in scrapie evidenced by Congo red staining and electron microscopy-based
ultrastructural characterization of purified scrapie prion protein(Prusiner et al. 1983) as well as
immunoelectron microscopy and immunohistochemistry on scrapie-infected brains(DeArmond et
al. 1985). Prion protein was first shown to exist as an amyloid in humans through
immunostaining of congophilic plaques in human brains with CJD and GSS(Kitamoto et al.
1986). There are over 60 known pathogenic mutations in major prion protein(M.-O. Kim et al.
2018; Minikel et al. 2016). Wild-type prion protein is able to undergo a transition from α-helical
secondary structure to β-sheet secondary structure and form very stable fibers. Some mutant
fibers have even been shown to be less stable than wild-type fibers(L.-Q. Wang et al. 2021).
The amyloidogenic mechanism of mutations in this protein seem to mainly be destabilization of
the native fold. This can occur through disruption of important intramolecular interactions like
salt bridges(Prusiner 1998; L.-Q. Wang et al. 2021; Hadži et al. 2015) or protein truncation.
Likewise, altered processing through destabilization of the native structure makes the protein
vulnerable to aberrant proteolytic processing, leading to production of amyloidogenic fragments
of the protein(Hallinan et al. 2022; Tagliavini et al. 1991; Ghetti, Piccardo, and Zanusso 2018;
Roeber et al. 2005). 
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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(Raposo and Marks 2007). 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(Lahola-Chomiak et al. 2019). Many of 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 pathological amyloid rather than a functional
amyloid(Lahola-Chomiak et al. 2019; Watt et al. 2011). This abnormal fiber formation is seen by
electron microscopy of pseudomelanosomes formed in HeLa cells expressing PMEL variants.
Since mutations cause the conversion of a functional amyloid to a nonfunctional amyloid which
becomes pathological, the mechanism of altered fibril homeostasis was assigned. Also, western
blot analysis of the lysate of the HeLa cells mentioned above reveals defects in proteolytic
processing and post-translational modification of the variant forms of the



protein(Lahola-Chomiak et al. 2019), so altered processing was assigned as the amyloidogenic
mutation mechanism.
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Microtubule-associated protein tau (MAPT)

Microtubule-associated protein tau is a neuronal protein which binds to and stabilizes
microtubules(Michel Goedert 2005), but it may have other biological roles as well such as
RNA-binding(Zhang et al. 2017). Tau protein is found in amyloid deposits in over 20 human
diseases, collectively called tauopathies(Michel Goedert, Eisenberg, and Crowther 2017), 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)(Michel Goedert 2005; Wolfe 2009; Buée et al. 2000), but at least one has been
specifically identified as Pick’s disease (PiD) mutations(Tacik et al. 2015) 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(Grundke-Iqbal et al. 1986). 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(Spina et al. 2008; Spillantini et al. 1998; Varani et al. 1999;
Hasegawa et al. 1999; Hutton et al. 1998; Michel Goedert 2005; Buée et al. 2000). Mutations
can either increase or decrease the inclusion of this exon in transcripts, but the ratio of 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(Spillantini et al.
1998; Michel Goedert 2005). Other mutations disrupt binding to microtubules directly, releasing
free tau protein to aggregate(Michel Goedert 2005; Michel Goedert, Eisenberg, and Crowther
2017; Wolfe 2009; Buée et al. 2000; Ando et al. 2020). However, there are examples of
mutations which actually increase binding to microtubules, but this may encourage pathological
hyperphosphorylation leading to aggregation(Pickering-Brown et al. 2004). 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(Jeganathan et al. 2008), meaning these mutations must
stabilize the fiber form in some way(Michel Goedert 2005; Pickering-Brown et al. 2004;
Barghorn et al. 2000; Nacharaju et al. 1999; M. Goedert, Jakes, and Crowther 1999; Gamblin et
al. 2000; von Bergen et al. 2001). Since the protein is intrinsically disordered when not bound to
microtubules(Jeganathan et al. 2008), 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(A. Alonso et al. 2001; Buée et al. 2000; A. C. Alonso, Grundke-Iqbal, and Iqbal 1996;
Cohen et al. 2011; Li et al. 2023), however the relationship between mutations and these
features is not clear. 
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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(Zhu
et al. 2022). This protein is found in the amyloid deposits associated with Calcifying epithelial
odontogenic tumors (CEOTs), also known as Pindborg tumors(Murphy et al. 2008; Solomon et
al. 2003). 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(Murphy et al. 2008; Solomon et al. 2003). This protein does not have
any associated amyloidogenic mutations, making it a sporadic amyloid.
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Parathyroid hormone (PTH)

Parathyroid hormone is a hormone secreted by the parathyroid glands which regulates blood
calcium levels(Khan, Jose, and Sharma 2023). This protein makes up the amyloid deposits
associated with parathyroid adenoma and parathyroid hyperplasia(Colombat et al. 2021).
Parathyroid hormone had been shown to be able to form amyloid fibers in vitro(Kedar, Ravid,
and Sohar 1976; Gopalswamy et al. 2015) 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(Colombat et al. 2021). 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.
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Polyadenylate-binding protein 2 (PABPN1)

Polyadenylate-binding protein 2 is a nuclear protein which stimulates the addition of poly(A) tails
on mRNA(Wahle 1991). This protein forms fibrous nuclear aggregates in oculopharyngeal
muscular dystrophy, confirmed by immunofluorescent labeling and immunoelectron
microscopy(Calado et al. 2000), 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(Scheuermann et al. 2003). This protein causes disease due to a trinucleotide
expansion which extends a polyalanine region near the N-terminal of the protein(Calado et al.
2000; Scheuermann et al. 2003). It has been shown that the wild-type protein can form
ThT-positive aggregates, but the polyalanine expansion greatly accelerates their
formation(Scheuermann et al. 2003), 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 protein, for an
alanine(Robinson et al. 2006), 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 α-helical secondary structure
in an otherwise unstructured region of the protein(Scheuermann et al. 2003), 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 α-helical secondary structure to β-sheet
secondary structure, so fiber stabilization was assigned as the mutation mechanism.
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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(Al-Chalabi, Bass, and Alsalman 2023). Prolactin forms amyloid deposits in
prolactin-producing pituitary adenomas and also tumor-free pituitary glands of individuals of
advanced age(Westermark et al. 1997; Hinton et al. 1997). 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(Johnson et al. 2015). Mutations in protein TFG



are associated with Charcot-Marie-Tooth disease type 2 and hereditary motor and sensory
neuropathy with proximal dominant involvement(Tsai et al. 2014; Ishiura et al. 2012). 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(Rosenberg et al. 2022). 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 occurring 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(Rosenberg et al. 2023), so fiber stabilization is the only
mutation mechanism assigned.
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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(Sehlmeyer et al. 2020). 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(Gustafsson et al.
1999). 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 α-helix in lipid membranes, but transitions to β-sheet aggregates in solution(Gustafsson
et al. 1999; Szyperski et al. 1998). 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(Lagier-Tourenne,
Polymenidou, and Cleveland 2010; Zinszner et al. 1997). 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(Murray et al. 2017;
Kato et al. 2012). This protein is also found in cytoplasmic inclusions in diseases including
frontotemporal lobar degeneration (FTLD-FUS) and amyotrophic lateral sclerosis
(ALS)(Lagier-Tourenne, Polymenidou, and Cleveland 2010; Kwiatkowski et al. 2009; Z. Sun et
al. 2011; Patel et al. 2015). 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(Y. Sun et al. 2022), and disease mutations have been shown
to accelerate this transition(Nomura et al. 2014). 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(Z. Sun et al.
2011), but rather contribute to cytoplasmic mislocalization of the protein, which contributes to its
pathological aggregation, so subcellular mislocalization was also assigned as a mechanism.
Also, since this protein may be a functional amyloid (due to its role in stress granule formation)
and mutations cause the protein to form pathological amyloids, the mechanism of altered fibril
homeostasis was assigned. 
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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(Vogl, Gharibyan, and Morozova-Roche 2012). 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(Yanamandra et al. 2009), although corpora amylacea can exist in noncancerous aged
prostate as well. S100-A8 and S100-A9 were identified as the amyloid component by mass
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.
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Semenogelin 1 (SEMG1)

Semenogelin 1 is the main protein component of human semen and promotes sperm survival,
motility, and fertility(Sakaguchi et al. 2020). 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(Linke et al.
2005). 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.
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Serum amyloid A (SAA1)

Serum amyloid A is an acute-phase response protein which is secreted by the liver into the
blood in response to inflammatory conditions(Eklund, Niemi, and Kovanen 2012). This protein is
found in amyloid deposits in individuals with amyloid A amyloidosis, a systemic secondary
amyloidosis resulting from chronic inflammation(Liberta et al. 2019). This disease can also
manifest as a primary amyloidosis due to a mutation in the SAA1 promoter region inducing
overexpression(Sikora et al. 2022), making this protein an ambimorph amyloid. This protein was
first identified as a unique 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(Levin et al.
1972), and this result was corroborated by other groups later(Linke et al. 1975; Rosenthal et al.
1976). Since the mutation associated with primary amyloid A amyloidosis is a promoter mutation
which causes overexpression, altered processing was assigned as the mutation mechanism.



Eklund, Kari K., K. Niemi, and P. T. Kovanen. 2012. “Immune Functions of Serum Amyloid A.”
Critical Reviews in Immunology 32 (4): 335–48.
https://doi.org/10.1615/critrevimmunol.v32.i4.40.

Levin, M., E. C. Franklin, B. Frangione, and M. Pras. 1972. “The Amino Acid Sequence of a
Major Nonimmunoglobulin Component of Some Amyloid Fibrils.” The Journal of Clinical
Investigation 51 (10): 2773–76. https://doi.org/10.1172/JCI107098.

Liberta, Falk, Matthies Rennegarbe, Reinhild Rösler, Johan Bijzet, Sebastian Wiese, Bouke P.
C. Hazenberg, and Marcus Fändrich. 2019. “Morphological and Primary Structural
Consistency of Fibrils from Different AA Patients (Common Variant).” Amyloid: The
International Journal of Experimental and Clinical Investigation: The Official Journal of
the International Society of Amyloidosis 26 (3): 164–70.
https://doi.org/10.1080/13506129.2019.1628015.

Linke, R. P., J. D. Sipe, P. S. Pollock, T. F. Ignaczak, and G. G. Glenner. 1975. “Isolation of a
Low-Molecular-Weight Serum Component Antigenically Related to an Amyloid Fibril
Protein of Unknown Origin.” Proceedings of the National Academy of Sciences of the
United States of America 72 (4): 1473–76. https://doi.org/10.1073/pnas.72.4.1473.

Rosenthal, C. J., E. C. Franklin, B. Frangione, and J. Greenspan. 1976. “Isolation and Partial
Characterization of SAA-an Amyloid-Related Protein from Human Serum.” Journal of
Immunology (Baltimore, Md.: 1950) 116 (5): 1415–18.

Sikora, Jakub, Tereza Kmochová, Dita Mušálková, Michal Pohludka, Petr Přikryl, Hana
Hartmannová, Kateřina Hodaňová, et al. 2022. “A Mutation in the SAA1 Promoter
Causes Hereditary Amyloid A Amyloidosis.” Kidney International 101 (2): 349–59.
https://doi.org/10.1016/j.kint.2021.09.007.

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(O’Toole and Sharma 2023). 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(van Grondelle et al. 2007).
Somatostatin was found in amyloid deposits in somatostatin-producing neuroendocrine tumors
(somatostatinomas)(Ichimata et al. 2022; Van Treeck et al. 2022). 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 O2 and H2O2(Y. Wang et al. 2018). Superoxide dismutase is found in pathological
inclusions in both familial and sporadic ALS(Chattopadhyay and Valentine 2009; Gruzman et al.
2007). Mutant superoxide dismutase has been shown to form fibers in transgenic mice with
amyloid characteristics as evidenced by immunoelectron microscopy and thioflavin S
staining(Basso et al. 2006; J. Wang et al. 2003). 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(L.-Q. Wang et al. 2022; Chattopadhyay
et al. 2008). 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(Tiwari, Xu, and Hayward 2005; Chattopadhyay and
Valentine 2009; J. Wang et al. 2003; Chattopadhyay et al. 2008). 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.
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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(Lagier-Tourenne, Polymenidou, and Cleveland 2010). It can also be found
in the cytoplasm as a constituent of pathological inclusions in FTLD-TDP and
ALS(Lagier-Tourenne, Polymenidou, and Cleveland 2010; Johnson et al. 2009; Jiang et al.
2016; Neumann et al. 2006; Kwong et al. 2008; Jiang et al. 2013). 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(Bigio et al. 2013). Immunoelectron microscopy
studies also reveal this protein exists in the form of filamentous inclusions in tissue samples
from a variety of neurodegenerative diseases(Lin and Dickson 2008). 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(Nonaka et al. 2013). The structure of the amyloid
fiber has also been solved from material extracted from the brain of a patient with ALS with
FTLD(Arseni et al. 2022). Disease mutations in this protein concentrate in the low-complexity
C-terminal region, which is disordered(Lagier-Tourenne, Polymenidou, and Cleveland 2010),
and many of these mutations have been shown to accelerate aggregation(Johnson et al. 2009;
Guo et al. 2011), so the mutation mechanism of fiber stabilization was assigned. Since
aggregates are mislocalized to the cytoplasm and this mislocalization can be enhanced by
mutations(Barmada et al. 2010), subcellular mislocalization was also assigned as a mechanism.
Also, since this protein may be a functional amyloid(Vogler et al. 2018) and mutations cause the
protein to form pathological amyloids, the mechanism of altered fibril homeostasis was
assigned. There are also noncoding variants for this protein associated with ALS(Luquin et al.
2009), 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.
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TATA-binding protein-associated factor 2N (TAF15)

TATA-binding protein-associated factor 2N is a nucleic-acid binding protein coded by the gene
TAF15 which is in the same family as FUS and EWS. The protein functions in RNA splicing,
transcription, mRNA transport, signaling, modification, translation and maintenance of genome
integrity(Tang et al. 2023). This protein is found in amyloid deposits in FTLD and ALS. The
protein was first identified as amyloid-forming after its structure was determined by cryoEM after
extraction from the brains of FTD-FUS (also called FTD-FET) patients and amyloid deposits in
the brain were shown to be immunoreactive for TATA-binding protein-associated factor 2N(Tetter
et al. 2024). This protein harbors a mutation that causes ALS, A31T, making it an ambimorph.
Since the protein’s low-complexity domain is the amyloid-forming segment, and the A31T
mutation may increase intralayer hydrogen-bonding to Q48(Tetter et al. 2024) the mutation
mechanism of fibril stabilization was assigned. Although, it should be noted that intralayer
hydrogen bonding of Q48 would be a tradeoff for an interlayer glutamine ladder formed by Q48
and it is not clear which hydrogen-bonding pattern would drive amyloid formation more readily.
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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(Holbert et al. 2001). 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(Ferguson et al. 2006; 2003).
There are no pathogenic mutations associated with CA150, making it a sporadic amyloid.
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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(Dyrlund et al. 2012). It is
found in amyloid deposits in lattice corneal dystrophy, but also non-amyloid aggregates in other
corneal dystrophies(Klintworth 2009; Venkatraman et al. 2017; Munier et al. 1997; Korvatska et
al. 2000; 1999). The contribution of kerato-epithelin to amyloid deposits was confirmed by
immunohistochemical staining of congophilic deposits in patient corneal tissue(Korvatska et al.
1999). 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(Venkatraman et al. 2017; Sørensen et al. 2015).
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)(Karring et al. 2012; 2013; Poulsen et al. 2014), 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 an
hereditary amyloid.
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Transmembrane protein 106B (TMEM106B)

Transmembrane protein 106B is a transmembrane glycoprotein which localizes to the
membranes of lysosomes and interacts with progranulin(Nicholson et al. 2013). 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(Chang et al. 2022; Schweighauser et al. 2022). 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(Fan et al. 2022). 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(Chang et al. 2022; Schweighauser et
al. 2022; Jiang et al. 2022).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)(Van Deerlin et al. 2010). This polymorphism may influence expression of
the protein(Nicholson et al. 2013) and having a serine at this position is hypothesized to be
protective against disease due to more rapid degradation of the protein with the serine
polymorph(Nicholson et al. 2013; Cruchaga et al. 2011). 
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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(Richardson 2007). Transthyretin functions as a tetramer and binds to thyroid
hormones and retinol-binding protein, as well as certain drugs and pollutants(Richardson 2007).
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(Adams et al. 2019; Ruberg et al. 2019). 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(Costa, Figueira, and Bravo 1978).
This result was later repeated in other cases of familial amyloidosis as well as sporadic
amyloidosis(Westermark et al. 1990). There are over 120 amyloidogenic mutations in
transthyretin, but the most common one is V50M (V30M with the numbering of the mature
protein)(Adams et al. 2019; Planté-Bordeneuve and Said 2011). Comparison of wild-type and
mutant structures of transthyretin amyloid fibers(Schmidt et al. 2019; Steinebrei et al. 2022)



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.

Adams, David, Haruki Koike, Michel Slama, and Teresa Coelho. 2019. “Hereditary Transthyretin
Amyloidosis: A Model of Medical Progress for a Fatal Disease.” Nature Reviews.
Neurology 15 (7): 387–404. https://doi.org/10.1038/s41582-019-0210-4.

Costa, P. P., A. S. Figueira, and F. R. Bravo. 1978. “Amyloid Fibril Protein Related to Prealbumin
in Familial Amyloidotic Polyneuropathy.” Proceedings of the National Academy of
Sciences of the United States of America 75 (9): 4499–4503.
https://doi.org/10.1073/pnas.75.9.4499.

Planté-Bordeneuve, Violaine, and Gerard Said. 2011. “Familial Amyloid Polyneuropathy.” The
Lancet. Neurology 10 (12): 1086–97. https://doi.org/10.1016/S1474-4422(11)70246-0.

Richardson, Samantha J. 2007. “Cell and Molecular Biology of Transthyretin and Thyroid
Hormones.” International Review of Cytology 258:137–93.
https://doi.org/10.1016/S0074-7696(07)58003-4.

Ruberg, Frederick L., Martha Grogan, Mazen Hanna, Jeffery W. Kelly, and Mathew S. Maurer.
2019. “Transthyretin Amyloid Cardiomyopathy: JACC State-of-the-Art Review.” Journal
of the American College of Cardiology 73 (22): 2872–91.
https://doi.org/10.1016/j.jacc.2019.04.003.

Schmidt, Matthias, Sebastian Wiese, Volkan Adak, Jonas Engler, Shubhangi Agarwal, Günter
Fritz, Per Westermark, Martin Zacharias, and Marcus Fändrich. 2019. “Cryo-EM
Structure of a Transthyretin-Derived Amyloid Fibril from a Patient with Hereditary ATTR
Amyloidosis.” Nature Communications 10 (1): 5008.
https://doi.org/10.1038/s41467-019-13038-z.

Steinebrei, Maximilian, Juliane Gottwald, Julian Baur, Christoph Röcken, Ute Hegenbart, Stefan
Schönland, and Matthias Schmidt. 2022. “Cryo-EM Structure of an ATTRwt Amyloid
Fibril from Systemic Non-Hereditary Transthyretin Amyloidosis.” Nature Communications
13 (1): 6398. https://doi.org/10.1038/s41467-022-33591-4.

Westermark, P., K. Sletten, B. Johansson, and G. G. Cornwell. 1990. “Fibril in Senile Systemic
Amyloidosis Is Derived from Normal Transthyretin.” Proceedings of the National
Academy of Sciences of the United States of America 87 (7): 2843–45.
https://doi.org/10.1073/pnas.87.7.2843.

Ubiquilin-2 (UBQLN2)

Ubiquilin-2 is a protein which interacts with ubiquitinated proteins and delivers them to the
proteasome for degradation(Ko et al. 2004). Intracellular aggregates of this protein are found in
various neurodegenerative diseases including ALS, synucleinopathies, and polyglutamine
diseases(Sharkey et al. 2018; Mori et al. 2012; Rutherford et al. 2013; Zeng et al. 2015; Deng et
al. 2011), and mutations in its proline-rich repeat (PXX) domain cause dominant X-linked ALS
and FTD. Ubiquilin-2 was shown to form amyloids in vitro through ThT fluorescence and
electron microscopy-based ultrastructural analysis(Sharkey et al. 2018). 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 an hereditary
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(Sharkey et al.
2018). 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(Dao et al. 2018), and proline
residues discourage β-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.
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von Hippel-Landau disease tumor suppressor (VHL)



von Hippel-Landau disease tumor suppressor is a tumor suppressor which functions mainly
through regulation of proteolytic degradation of hypoxia-induced factor (HIF)(Haase 2009).
Amyloid formation of this protein is linked to von Hippel-Landau disease, which is a
predisposition to the development of both cancerous and noncancerous tumors. It was first
shown that the full length protein could form amyloid in vitro and when expressed in bacteria
through ThT-binding, electron microscopy, and Congo Red staining(Kumar et al. 2024). Before
this, peptide fragments were already known to form amyloid in vitro by ThT-binding, electron
microscopy, and Congo Red staining(Kumar et al. 2021). This protein is an ambimorph amyloid,
and although the protein has disordered segments, disease mutations such as N78S, F119L,
and F136L have been shown to make the protein even less stable and interfere with binding to
HIF(Shmueli et al. 2013), so native structure destabilization and decreased binding to native
partner are the assigned mutation mechanisms.

Haase, Volker H. 2009. “The VHL Tumor Suppressor: Master Regulator of HIF.” Current
Pharmaceutical Design 15 (33): 3895–3903.
https://doi.org/10.2174/138161209789649394.

Kumar, Vijay, Vibha Kaushik, Sourav Kumar, Shon A. Levkovich, Priya Gupta, Dana Laor
Bar-Yosef, Ehud Gazit, and Daniel Segal. 2024. “The von Hippel-Lindau Protein Forms
Fibrillar Amyloid Assemblies That Are Mitigated by the Anti-Amyloid Molecule Purpurin.”
Biochemical and Biophysical Research Communications 690 (January):149250.
https://doi.org/10.1016/j.bbrc.2023.149250.

Kumar, Vijay, Guru Krishna Kumar Viswanathan, Krittika Ralhan, Ehud Gazit, and Daniel Segal.
2021. “Amyloidogenic Properties of Peptides Derived from the VHL Tumor Suppressor
Protein.” ChemMedChem 16 (23): 3565–68. https://doi.org/10.1002/cmdc.202100441.

Shmueli, Merav D., Lee Schnaider, Daniel Rosenblum, Gal Herzog, Ehud Gazit, and Daniel
Segal. 2013. “Structural Insights into the Folding Defects of Oncogenic pVHL Lead to
Correction of Its Function In Vitro.” PLoS ONE 8 (6): e66333.
https://doi.org/10.1371/journal.pone.0066333.

α-crystallin (CRYAA, CRYAB)

α-crystallin is a structural protein in the eye lens as well as a chaperone which helps to keep
other crystallin proteins soluble(Bloemendal et al. 2004). Notably, it has been shown to retain its
chaperone function even when it has formed amyloid fibrils itself(Garvey et al. 2017). It
functions as a hetero-oligomer composed of two subunits: α-crystallin A chain and α-crystallin B
chain, although α-crystallin B chain is found alone in other tissues besides the eye. α-crystallin
forms amyloid deposits in cataracts and desmin-related myopathy (DRM). It was first explicitly
identified as amyloid in murine lens tissue through binding to amyloidophilic dyes ThT and
Congo Red(Frederikse 2000). Evidence of crystallin amyloid in the human eye has been shown
through 2D IR spectroscopy(Alperstein et al. 2019). In vitro demonstration of the individual
crystallins ability to form amyloid was demonstrated in purified bovine crystallins through
electron microscopy, ThT-binding, Congo Red staining, and X-ray diffraction(Meehan et al.
2004). α-crystallin harbors many disease-causing mutations(Graw 2009), making it an
ambimorph, and one α-crystallin B chain mutation has been more thoroughly studied:
R120G(Alperstein et al. 2021; Meehan et al. 2007). Although, the amyloidogenic mechanism is
not clear since the mutant protein is still able to form amyloid fibrils, but seems less prone to



than the wild-type. Indeed, this may be more of a toxic oligomer-inducing mutation than an
amyloidogenic mutation, or simply a loss of function which encourages amyloid formation of
other crystallin proteins without promoting amyloidogenesis of α-crystallin explicitly. 
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α-synuclein (SNCA)

α-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 α-helical
secondary structure when associated with membranes despite being disordered in
solution(Burré 2015). 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)(Spillantini et al. 1997) and also aggregates in multiple system atrophy (MSA) as well as
other “synucleinopathies”. Both wild-type and mutant α-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(Sun et al. 2020; Zhao et al. 2020; Ghosh et al. 2014; Boyer et



al. 2019; Sun et al. 2021; Boyer et al. 2020; Narhi et al. 1999; Conway, Harper, and Lansbury
1998; Ruggeri et al. 2020; Serpell et al. 2000). α-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(Araki et al. 2019). Many mutations in this protein have been shown to
accelerate fiber formation in vitro and form more stable fibers than the wild-type protein(Porcari
et al. 2015; Narhi et al. 1999; Conway, Harper, and Lansbury 1998), and since the protein is
disordered in solution(Weinreb et al. 1996; Uversky 2003), only the mutation mechanism of fiber
stabilization could be assigned for these. α-synuclein has also been shown to have increased
seeding capacity when it has certain mutations, so increased seeding was also
assigned(Rutherford et al. 2017; Sun et al. 2020; Zhao et al. 2020). There are also duplications
and triplications of the SNCA gene which increases expression leading to
disease(Chartier-Harlin et al. 2004; Singleton et al. 2003), so altered processing was also
assigned as a mechanism. Lastly, some mutations have been shown to reduce binding to lipid
membranes(Ghosh et al. 2014; Robotta et al. 2017) so reduced binding to native partners was
also assigned as a mechanism.
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β-crystallin (CRYBA1, CRYBA2, CRYBA4, CRYBB1, CRYBB2, CRYBB3)



β-crystallin is one of the main structural components of the eye lens and is found as multiple
different types of oligomers(Graw 2009). Subunits are either acidic (A subunits) or basic (B
subunits) and there are seven subunits: β-crystallin A1-4 and β-crystallin B1-3. β-crystallin forms
amyloid deposits in cataracts. It was first explicitly identified as amyloid in murine lens tissue
through binding to amyloidophilic dyes ThT and Congo Red(Frederikse 2000). Evidence of
crystallin amyloid in the human eye has been shown through 2D IR spectroscopy(Alperstein et
al. 2019). In vitro demonstration of the individual crystallins ability to form amyloid was
demonstrated in purified bovine crystallins through electron microscopy, ThT-binding, Congo
Red staining, and X-ray diffraction(Meehan et al. 2004). β-crystallin harbors many
disease-causing mutations(Graw 2009), making it an ambimorph, although no biochemical
studies on specific mutations have been performed so the amyloidogenic mechanism of the
mutations are unclear.

Alperstein, Ariel M., Joshua S. Ostrander, Tianqi O. Zhang, and Martin T. Zanni. 2019. “Amyloid
Found in Human Cataracts with Two-Dimensional Infrared Spectroscopy.” Proceedings
of the National Academy of Sciences of the United States of America 116 (14): 6602–7.
https://doi.org/10.1073/pnas.1821534116.

Frederikse, P. H. 2000. “Amyloid-like Protein Structure in Mammalian Ocular Lenses.” Current
Eye Research 20 (6): 462–68.

Graw, Jochen. 2009. “Genetics of Crystallins: Cataract and Beyond.” Experimental Eye
Research 88 (2): 173–89. https://doi.org/10.1016/j.exer.2008.10.011.

Meehan, Sarah, Yoke Berry, Ben Luisi, Christopher M. Dobson, John A. Carver, and Cait E.
MacPhee. 2004. “Amyloid Fibril Formation by Lens Crystallin Proteins and Its
Implications for Cataract Formation.” The Journal of Biological Chemistry 279 (5):
3413–19. https://doi.org/10.1074/jbc.M308203200.

β2-microglobulin (B2M)

β2-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(Bernier 1980). Patients
with renal failure requiring dialysis can build up β2-microglobulin in their blood because dialysis
machines are not able to clear it efficiently(Gejyo et al. 1986; Dember and Jaber 2006), although
this problem has been mitigated significantly (but not entirely) by modern machinery(Dember
and Jaber 2006; Hoshino et al. 2016). This can lead to the formation of amyloid fibers by
β2-microglobulin in a condition known as dialysis-related amyloidosis (DRA) which manifests as
painful bone and joint-related ailments like carpal tunnel syndrome and arthritis(Gejyo et al.
1985; 1986). Mutations like V47M can also influence the clinical presentation of DRA(Mizuno et
al. 2021). β2-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(Gejyo et al. 1985). There are also
documented mutations in this protein associated with hereditary systemic amyloidosis: D96N
(D76N with the numbering of the mature protein)(Valleix et al. 2012) and P52L (P32L with the
numbering of the mature protein)(Prokaeva et al. 2022). The D96N 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(Valleix et al. 2012), and the P52L
mutation is also experimentally validated to reduce stability in the protein(Prokaeva et al. 2022),



so native structure destabilization was assigned as a mechanism. The mutations also greatly
increased the aggregation propensity of the protein compared to the wild-type under
physiological conditions, as revealed by cryo-EM structures, so fiber stabilization was also
assigned as a mechanism. Lastly, both the D96N and P52L mutations were shown to increase
susceptibility of the protein to proteolysis and contribute to the generation of amyloidogenic
truncations of the protein such as ΔN6(Prokaeva et al. 2022; Esposito et al. 2000), so altered
processing was also assigned as a mechanism.

Bernier, G. M. 1980. “Beta 2-Microglobulin: Structure, Function and Significance.” Vox Sanguinis
38 (6): 323–27. https://doi.org/10.1111/j.1423-0410.1980.tb04500.x.

Dember, Laura M., and Bertrand L. Jaber. 2006. “Dialysis-Related Amyloidosis: Late Finding or
Hidden Epidemic?” Seminars in Dialysis 19 (2): 105–9.
https://doi.org/10.1111/j.1525-139X.2006.00134.x.

Esposito, G., R. Michelutti, G. Verdone, P. Viglino, H. Hernández, C. V. Robinson, A.
Amoresano, et al. 2000. “Removal of the N-Terminal Hexapeptide from Human
Beta2-Microglobulin Facilitates Protein Aggregation and Fibril Formation.” Protein
Science: A Publication of the Protein Society 9 (5): 831–45.
https://doi.org/10.1110/ps.9.5.831.

Gejyo, F., S. Odani, T. Yamada, N. Honma, H. Saito, Y. Suzuki, Y. Nakagawa, H. Kobayashi, Y.
Maruyama, and Y. Hirasawa. 1986. “Beta 2-Microglobulin: A New Form of Amyloid
Protein Associated with Chronic Hemodialysis.” Kidney International 30 (3): 385–90.
https://doi.org/10.1038/ki.1986.196.

Gejyo, F., T. Yamada, S. Odani, Y. Nakagawa, M. Arakawa, T. Kunitomo, H. Kataoka, M. Suzuki,
Y. Hirasawa, and T. Shirahama. 1985. “A New Form of Amyloid Protein Associated with
Chronic Hemodialysis Was Identified as Beta 2-Microglobulin.” Biochemical and
Biophysical Research Communications 129 (3): 701–6.
https://doi.org/10.1016/0006-291x(85)91948-5.

Hoshino, Junichi, Kunihiro Yamagata, Shinichi Nishi, Shigeru Nakai, Ikuto Masakane, Kunitoshi
Iseki, and Yoshiharu Tsubakihara. 2016. “Significance of the Decreased Risk of
Dialysis-Related Amyloidosis Now Proven by Results from Japanese Nationwide
Surveys in 1998 and 2010.” Nephrology, Dialysis, Transplantation: Official Publication of
the European Dialysis and Transplant Association - European Renal Association 31 (4):
595–602. https://doi.org/10.1093/ndt/gfv276.

Mizuno, Hiroki, Junichi Hoshino, Masatomo So, Yuta Kogure, Takeshi Fujii, Yoshifumi Ubara,
Kenmei Takaichi, et al. 2021. “Dialysis-Related Amyloidosis Associated with a Novel
Β2-Microglobulin Variant.” Amyloid: The International Journal of Experimental and
Clinical Investigation: The Official Journal of the International Society of Amyloidosis 28
(1): 42–49. https://doi.org/10.1080/13506129.2020.1813097.

Prokaeva, Tatiana, Tracy Joshi, Elena S. Klimtchuk, Victoria M. Gibson, Brian Spencer, Omar
Siddiqi, Dobrin Nedelkov, et al. 2022. “A Novel Substitution of Proline (P32L)
Destabilises Β2-Microglobulin Inducing Hereditary Systemic Amyloidosis.” Amyloid: The
International Journal of Experimental and Clinical Investigation: The Official Journal of
the International Society of Amyloidosis 29 (4): 255–62.
https://doi.org/10.1080/13506129.2022.2072199.

Valleix, Sophie, Julian D. Gillmore, Frank Bridoux, Palma P. Mangione, Ahmet Dogan, Brigitte
Nedelec, Mathieu Boimard, et al. 2012. “Hereditary Systemic Amyloidosis Due to
Asp76Asn Variant Β2-Microglobulin.” The New England Journal of Medicine 366 (24):
2276–83. https://doi.org/10.1056/NEJMoa1201356.



γ-crystallin (CRYGA, CRYGB, CRYGC, CRYGD, CRYGS)

γ-crystallin is one of the main structural components of the eye lens and its subunits function as
monomers(Graw 2009). There are five subunits in humans which are functional: CRYGA-D and
CRYGS. γ-crystallin forms amyloid deposits in cataracts. It was first explicitly identified as
amyloid in murine lens tissue through binding to amyloidophilic dyes ThT and Congo
Red(Frederikse 2000). Evidence of crystallin amyloid in the human eye has been shown
through 2D IR spectroscopy(Alperstein et al. 2019). In vitro demonstration of the individual
crystallins ability to form amyloid was demonstrated in purified bovine crystallins through
electron microscopy, ThT-binding, Congo Red staining, and X-ray diffraction(Meehan et al.
2004). γ-crystallin harbors many disease-causing mutations(Graw 2009), making it an
ambimorph, and some mutations have been more explicitly studied, such as CRYGD
G61C(Zhang et al. 2011), CRYGS G18V(Roskamp et al. 2017), and CRYGS G57W(Khan,
Chandani, and Balasubramanian 2016). The main amyloidogenic mechanism of these
mutations seems to be native structure destabilization, and mutations such as CRYGD G61C
also seem to stabilize the fibril form.

Alperstein, Ariel M., Joshua S. Ostrander, Tianqi O. Zhang, and Martin T. Zanni. 2019. “Amyloid
Found in Human Cataracts with Two-Dimensional Infrared Spectroscopy.” Proceedings
of the National Academy of Sciences of the United States of America 116 (14): 6602–7.
https://doi.org/10.1073/pnas.1821534116.

Frederikse, P. H. 2000. “Amyloid-like Protein Structure in Mammalian Ocular Lenses.” Current
Eye Research 20 (6): 462–68.

Graw, Jochen. 2009. “Genetics of Crystallins: Cataract and Beyond.” Experimental Eye
Research 88 (2): 173–89. https://doi.org/10.1016/j.exer.2008.10.011.

Khan, Ismail, Sushil Chandani, and Dorairajan Balasubramanian. 2016. “Structural Study of the
G57W Mutant of Human Gamma-S-Crystallin, Associated with Congenital Cataract.”
Molecular Vision 22 (July):771–82.

Meehan, Sarah, Yoke Berry, Ben Luisi, Christopher M. Dobson, John A. Carver, and Cait E.
MacPhee. 2004. “Amyloid Fibril Formation by Lens Crystallin Proteins and Its
Implications for Cataract Formation.” The Journal of Biological Chemistry 279 (5):
3413–19. https://doi.org/10.1074/jbc.M308203200.

Roskamp, Kyle W., David M. Montelongo, Chelsea D. Anorma, Diana N. Bandak, Janine A.
Chua, Kurtis T. Malecha, and Rachel W. Martin. 2017. “Multiple Aggregation Pathways in
Human γS-Crystallin and Its Aggregation-Prone G18V Variant.” Investigative
Ophthalmology & Visual Science 58 (4): 2397–2405.
https://doi.org/10.1167/iovs.16-20621.

Zhang, Wang, Hong-Chen Cai, Fei-Feng Li, Yi-Bo Xi, Xu Ma, and Yong-Bin Yan. 2011. “The
Congenital Cataract-Linked G61C Mutation Destabilizes γD-Crystallin and Promotes
Non-Native Aggregation.” PloS One 6 (5): e20564.
https://doi.org/10.1371/journal.pone.0020564.


