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Abstract

Although first described in the context of disease, cross-p (amyloid) fibrils have also been

found as functional entities in all kingdoms of life. However, what are the specific properties

of the cross-p fibril motif that convey biological function, make them especially suited for

their particular purpose, and distinguish them from other fibrils found in biology? This review
approaches these questions by arguing that cross- fibrils are highly periodic, stable, and self-
templating structures whose formation is accompanied by substantial conformational change that
leads to a multimerization of their core and framing sequences. A discussion of each of these
properties is followed by selected examples of functional cross- fibrils that show how function is
usually achieved by leveraging many of these properties.
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Overview

How can cross-B fibrils, best known for being hallmarks of disease, carry positive function?
In this review, | am going to address this question by discussing the specific properties

of cross-p fibrils and showing how these are utilized in selected examples of functional
amyloids.

Because the definition of the term ‘amyloid’ has undergone several changes, is used
differently depending on the field (Benson et al. 2018), and is somehow a misnomer
meaning starch-like (from the Latin amy/um or Greek amy/on) (Sipe and Cohen 2000),
I will be using “cross-p motif” and “cross-p fibril” in this review.

Cross-p (amyloid) fibrils are unbranched protein fibrils with a diameter of 5-10 nm. They
were originally identified via several experimental parameters including fibrillar appearance
in electron micrographs (Cohen and Calkins 1959; Gras et al. 2011), their ability to induce
birefringence when stained with Congo Red or fluorescence when stained with Thioflavin
T (Tht) (Vassar and Culling 1959; Puchtler et al. 1962), and their specific X-ray fiber
diffraction pattern (Sunde et al. 1997).
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Cross-p fibril deposits were first described in the context of diseases. In each of these
diseases, specific proteins misfold from their typically soluble state into cross-p fibrils

that are hallmarks of the disease. A disproportionate amount of these diseases are
neurodegenerative in nature, as for example Alzheimer’s disease (aggregation of Ap, and
tau) (Soria Lopez et al. 2019), Parkinson’s disease (aggregation of a-synuclein) (Baba

et al. 1998), Huntington’s disease (aggregation of huntingtin) (DiFiglia et al. 1997), and
several others (Eisenberg and Jucker 2012; Knowles et al. 2014). Other examples of diseases
with cross-p formation are type 1l diabetes (human IAPP) (HOppener et al. 2000) and
systemic amyloidosis that can be caused by several proteins and can affect multiple organs
(Wechalekar et al. 2016).

Later, cross-p fibrils that were unrelated to diseases but carried specific functions (functional
amyloids), were discovered (Geddes et al. 1968; Huff et al. 2003). The functional

advantage and practical use of cross-p fibrils was consequently recognized and explored

in biotechnological applications of the cross-p motif (Wei et al. 2017; Li et al. 2018). Due
to the backbone driven nature of cross-g fibrils, most proteins are potential amyloid formers
and can be artificially forced into this structure (Chiti et al. 1999; Goldschmidt et al. 2010).

Because cross- fibrils are intrinsically insoluble, obtaining high-resolution structures had
been a challenge for a long time. However, crystal structures of fibrils formed by small
peptides (Nelson et al. 2005; Eisenberg and Sawaya 2017), solid-state NMR (Petkova and
Tycko 2002; Jaroniec et al. 2004; Wasmer et al. 2008; Loquet et al. 2018), and especially
recent advances in cryo electron microscopy (cryo EM) (Ragonis-Bachar and Landau 2021)
have provided important structural insights. We now have a comprehensive understanding
of the complexity and variety of cross-@ fibril structures, both from disease and functional
contexts (Sawaya et al. 2021).

These structures confirmed the basic cross-p motif for these fibrils i.e. a B-sheet rich
structure in which p-strands and the B-sheet normal are perpendicular to the fibril axis. The
majority of these structures also fall in the category of in-register parallel p-sheet structures
in which the same residues of individual monomers within the fibril form backbone-
backbone hydrogen bonds (see Fig. 1). However, the arrangement of the individual sheets,
kinks, and loops results in a surprising diversity of folds. This structural diversity not

only occurs among fibrils formed by different proteins but also between fibrils formed

by the same protein. A prominent example of this are fibrils formed by a-synuclein
(Guerrero-Ferreira et al. 2019; Watson and Lee 2019), which can form a variety of different
cross-P structures known as fibril strains or polymorphs (Gallardo et al. 2020; Sawaya et al.
2021). Comparisons between functional and disease associated cross-B fibrils indicate that
functional cross- fibrils (i) have generally one polymorph in contrast to cross-g fibrils in
disease, (ii) are often less stable or have conditions under which they disassemble, and (iii)
have different amino acid composition (Ragonis-Bachar and Landau 2021; Sawaya et al.
2021).

Despite the tremendous progress in understanding cross- fibril structures over the last few
years, the exact role that amyloid fibrils play in disease remains elusive. There are ongoing
debates and active research about a) whether or not fibrils are a source of toxicity or rather a

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2023 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siemer

Page 3

symptom of the diseases, b) which fibril species or intermediates are the most toxic, and c)
the mechanism of toxicity (Marshall et al. 2014; Chun Ke et al. 2017; ladanza et al. 2018).

Because many functional cross- fibrils have well-defined functions that can be tested
experimentally, we are in a better position to understand the role of cross-f formation in
functional contexts. In the following, | am going to review our current understanding of
functional cross-p fibrils with a focus on the functional advantages of the cross-p motif. |
will first review the properties of the cross-g motif, then use selected examples to discuss
how these features are used and combined to achieve the specific function, and end with
concluding remarks. For related questions of the regulation of functional cross-p formation
and the role of cross-p motifs in liquid-liquid phase separation, | refer to the following
reviews (McGlinchey and Lee 2017; Chuang et al. 2018; Alberti and Hyman 2021).

Properties of cross- fibrils and consequences of their formation

Periodic

The functional advantage of cross-p fibrils is either associated with the intrinsic properties of
the cross-p motif itself or a consequence of the structural change induced when the soluble
non-fibrillar state of a protein transitions into the cross-p form. In the following, | list the
major properties of cross- fibrils and consequences of their formation, indicate the potential
functional implication of each of these, and give one example of a functional cross-p fibril
that uses this property.

The cross-f structure is highly periodic. The cross-p motif itself results in a periodicity
along the fibril axis. In its simplest form, i.e. when each strand in an in-register parallel
B-sheet structure comes from a different monomer, the periodicity is 4.8 A. For antiparallel
B-sheets or when one monomer makes up several layers of a p-sheet (e.g. in fibrils formed
by HET-5(218-289) (Wasmer et al. 2008)) the periodicity becomes a multiple of 4.8 A

(see Fig. 2A). This periodicity creates a continuous array of equally spaced side chains

that is unlike anything in the cell. In biotechnological applications of cross-p fibrils, the
periodic arrangement of side chains has, for example, been used to coordinate zinc and allow
catalysis (Lee et al. 2017).

Another origin of periodicity is the slight rotation around the fibril axis (yaw) between
B-strands of consecutive layers typically in the range of zero to a few degrees. This yaw
results in an overall twist of the fibril and, depending on the size of the yaw, to periodicities
in the high nm to low pm range (see Fig. 2B).

Finally, cross-p fibrils can gain another degree of periodicity via lateral association. Here
the periodicity is determined by the thickness of the individual filament and the resulting
structure is an array of laterally assembled fibrils (see Fig. 2C). One example of this kind of
periodicity is found in the cross-p fibrils formed by Pmel17, which functions as a scaffold
for pigment deposition in human skin and eyes (Pfefferkorn et al. 2010; McGlinchey and
Lee 2018). Pmel17 fibrils form in melanosomes, acidic organelles that synthesize and store
melanin, after proteolytic cleavage. During stage | and 11 of melanosome development,
Pmel17 fibrils form and laterally associate to form a sheet-like fibrillar matrix, which
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promotes the ellipsoid shape of melanosomes. In stage Il and IV these fibril matrices are
coated with newly synthesized melanin which provides a template for melanin to aggregate
into a large and continuous structure (see Fig. 2D) (Hurbain et al. 2008). The advantage of
the highly periodic structure of the Pmel17 sheet-like fibril matrix is that it allows a very
high density of melanin to be arranged in a highly ordered manner that would be difficult to
produce otherwise.

Related to the periodicity discussed above, is the fact that cross-p fibrils are highly
multimeric structures. Where the soluble state of the corresponding protein is often

mono- or oligomeric, aggregation into cross-p fibrils dramatically increases the local
protein concentration both of the core domain as well as the framing sequences. This
multimerization is motif-specific, meaning that only proteins that share a common,
compatible B-strand motif are incorporated into the fibril. Usually these are multiple copies
of the same protein. However, fibrils formed by Orb2 are made of different isoforms of the
same protein (Keleman et al. 2007; Hervas et al. 2020) and fibrils formed by RIP1/RIP3

are even composed of two distinct but complementary proteins that share a RHIM motif,
which alternate in the core of the resulting fibril (Li et al. 2012; Mompeén et al. 2018). This
multimerization can have important functional consequences. A high protein density is of
advantage if the function is protein storage. For example, some peptide hormones are stored
in the form of cross- fibrils (Maji et al. 2009).

It is important to note that this multimerization not only affects the cross-p fibril core itself,
but also its framing sequences i.e. those regions of the protein that are not part of the fibril
core but are still part of the fibril. These regions become similarly periodic along the fibril
axis or via lateral association and can include well-ordered domains (see Fig. 3A) as for
example the RNA recognition motifs (RRMs) in Orb2 (Keleman et al. 2007; Majumdar et al.
2012; Hervas et al. 2020), or intrinsically disordered polymeric brushes (see Fig. 3B) as e.g.
in the case of huntingtin exon-1 (Isas et al. 2015; Caulkins et al. 2018; Falk et al. 2020). The
high local density of both the surface residues of the cross-p core and the framing sequences
potentially increases the binding of ligands with low binding affinities or multimeric ligands
which have several binding domains.

Important examples of a cross-p mediated multimerization are adhesins such as the Als5p
protein from Candida albicans. Als5p belongs to a class of multidomain cell-surface
proteins which are important for cell-cell and cell-ligand interaction. Als5p is C-terminally
anchored to the membrane and has globular ligand binding domains at its N-terminus. In
between these domains is a Thr-rich domain containing a 7-residue sequence that can cause
multimerization via shear stress induced cross-p formation (Ramsook et al. 2010; Chan and
Lipke 2014). This cross-p driven nanodomain formation increases the strength of adherence
because spontaneous dissociation of a ligand is more likely followed by rebinding to a
nearby adhesin (Garcia et al. 2011). Als5p is therefore a good example of cross-p induced
multimerization of the same protein, which activates the function of its framing sequences
via clustering.
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The cross-p motif is stabilized via dense hydrogen bond networks inherent to the B-sheets
that give this structure its name. In addition, side chain hydrogen bond networks known as
Gln and Asn ladders (Yoder et al. 1993), tight steric complementarity of the side chains

of adjacent B-sheets known as steric zippers (Nelson et al. 2005; Sawaya et al. 2007),

and hydrophobic cores and salt bridges known from globular proteins add to the stability

of these fibrils (Sawaya et al. 2021). As a consequence, cross- fibrils are often sodium
dodecyl sulfate and protease resistant and can withstand many environmental stresses. In
fact, original descriptions of prions (i.e. fibrils formed by the PrP protein) as infective

agents in scrapie were based on their resistance to different treatments including heat and
UV-radiation (Prusiner 1982). Mechanically, cross-p fibrils can vary considerably depending
on their hydrogen bond density. They can be as strong as steel while maintaining a flexibility
comparable to that of spider silk (Lamour et al. 2017). An example of functional cross-p
fibrils for which stability is of key importance are chorion proteins, which cover the eggs of
many fish and insects as protective layers. Dense chorion cross- fibril networks protect the
egg against environmental stress such as dehydration (Iconomidou et al. 2000; Podrabsky et
al. 2001).

Structural Change

The majority of known proteins follow either Anfisen’s dogma (i.e. their native protein
structure is determined by their sequence) (Anfinsen 1973), form quasi-equivalent (i.e.
polymorphic) structures, or are intrinsically disordered. Cross-p forming proteins, in
contrast, can adopt drastically different conformations: a soluble, monomeric or multimeric
conformation and the cross-p fibril. Protein regions that form the cross-f fibril core undergo
massive changes in secondary and tertiary structure during fibril formation. Often the
cross-p core region is (partially) disordered in the soluble state (Tompa 2009), which
removes the necessity of unfolding prior to fibril formation (Goldschmidt et al. 2010).

This structural change can be important for function through several mechanisms: it can
change the interactome of the protein by expelling ligands from the cross-p core region,

it can create new binding epitopes either at the core region or its framing sequences,

it can activate catalytic or binding domains located in the framing sequences e.g. via
removal of autoinhibitory interactions, etc. A good example of proteins that use this
conformational change as a key property are the receptor-interacting protein kinases 1 and

3 (RIPK1 and RIPK3). When RIP1 and RIP3 interact via their RIP homotypic interaction
motifs (RHIM) they form a necrosome, which triggers the cell-death pathways known as
necrosis (Cho et al. 2009). This RHIM motif interaction is structurally a cross-p fibril
formation in which alternating layers are formed by RIP1 and RIP3 (Mompean et al. 2018).
Necrosome formation increases the kinase activity. Furthermore, mutants that prevent cross-
[ formation also prevent kinase activation, indicating that the structural changes induced

by fibril formation increases kinase activity (Li et al. 2012). However, what could the
functional advantage of activation via cross-p fibril formation compared to activation via e.g.
phosphorylation be? One hypothesis is that multimerization produces a scaffold that recruits
other signaling molecules to the necrosome promoting their activation. Another hypothesis
is that the slow nucleation process combined with rapid growth via self-templating, once
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nucleation has occurred, may result in a digital threshold response mechanism (Li et al.
2012).

Self-templating

Cross-p fibrils are self-templating and can grow in the presence of the soluble (monomeric)
form without chaperones or the use of energy e.g. in the form of ATP. Once cross-f§
structures (seeds) are formed, the elongation of fibrils is energetically favorable meaning that
the AG of the protein in the fibril is lower than in the soluble state. What often prevents
spontaneous fibril formation is the low probability of nucleation i.e. the formation of a
minimal cross-p motif that makes further growth energetically favorable. Fibril growth can
occur via two different nucleation mechanisms. The addition of free monomers to the ends
of a fibril is known as primary nucleation. Primary nucleation is inherent to all cross-p
fibrils. Nucleation can also occur on the fibril’s surface. This process is known as secondary
nucleation (Térnquist et al. 2018). Even if the cross-f state is energetically much more
favorable, it always exists in equilibrium with the monomeric state (O’Nuallain et al. 2005),
which means that the removal of monomers from the solution will eventually lead to the
dissolution of the cross- fibrils.

The ability of cross-p fibrils to self-template has important functional implications. Self-
templating allows the spread of the cross-p structure within the cell, in between cells,

and even in between organisms. Through their ability to spread, cross-g fibrils become
functionally prions (Prusiner 1982; Prusiner 2013). This ability plays a key role in the
infectivity of prions and the spread of neurodegenerative disease through the brain. However,
functional cross-p fibrils like those formed by the HET-s prion (Saupe 2011) also take
advantage of the ability to self-template. Besides the inherent stability of the cross-p motif
(see above), self-templating also contributes to the longevity of the cross-p state. This is
because self-templating maintains the cross-p state much longer than the half-life of the
corresponding protein in the cell. Even if the core structure and especially the framing
sequences are affected by spontaneous or environmental causes of protein degradation, the
templating of newly synthesized monomers into the cross-p motif assures the continuous
maintenance of the state. Both of these consequences of self-templating are key for
functional cross- fibrils in signaling and result in signals that will last much longer

than signals mediated by e.g. hormones. One example of this function is the phenotypic
inheritance mediated by cross-p forming prions in yeast (Halfmann et al. 2012). The best
studied example of these yeast prions is Sup35. Sup35 is a translation-termination factor
that loses its function allowing for stop codon readthrough when it aggregates into a cross-
B fibril. Sup35 aggregation can occur spontaneously in yeast and once formed, will be
faithfully inherited by daughter cells as the prion termed [~S/*]. Due to the stop codon
readthrough, [PS/] cells will have heritable new traits that can be of advantage in certain
environments. Based on its ability to self-template, Sup35 becomes an epigenetic element
of inheritance, which makes the [PS/7] prion state persist past the half-life of the individual
protein.
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Many, if not most, cross-p motifs found in nature manifest themself as fibrillar structures,
which can be visualized using electron (Cohen and Calkins 1959) or (super-resolution)
fluorescence microscopy (Pinotsi et al. 2014; Rice et al. 2021; Kaur et al. 2022). These
fibrils are unbranched and essentially 1D crystals. Some fibrils are made of a single
filaments in which single monomers stack on top of each other (see Fig. 4A). An example
of such a structure is the fibril formed by HET-s(218-289) (Wasmer et al. 2008). However,
many fibrils have multiple protofilaments as their minimal unit, i.e. multiple monomers
per fibril layer, bundled into a fibril (see Fig. 4B). Besides this minimal structure, cross-g
fibrils often have the tendency to bundle into even larger assemblies. This bundling can
occur, depending on the environment, in a relatively uncontrolled fashion as for example
by fibrils formed by HTTex1, in which the degree of bundling is inversely correlated with
fibril toxicity (Isas et al. 2021). In functional cross- fibrils this bundling is usually more
controlled and can result in arrays of laterally associated fibrils as for example those formed
by chorion proteins or Pmel17 discussed above.

Another potential function of the fibrous nature of the cross-B motif is the ability to form
gels and promote biofilm formation. One of the best understood examples are the fibrils
formed by curli proteins found in biofilms of £. coliand other Enterobacteriaceae (Barnhart
and Chapman 2006; Blanco et al. 2012; Van Gerven et al. 2018). Biofilms are bacterial
communities that are held together by an extracellular matrix (ECM), which also protects
this community from environmental stresses. Curli fibrils are a major component of this
ECM in addition to cellulose and other polysaccharides. Curli fibrils are crucial for the
initial surface attachment of the biofilm and are thereby important for host interaction in the
case of pathogenic bacteria. Curli also provide a crucial scaffold to maintain the structural
integrity of the biofilm which is where fibrous function comes into play (Barnhart and
Chapman 2006).

Comparison to other Biological Fibrils

There are many other fibrils in nature besides cross-p fibrils. What makes cross-p fibrils
special in comparison? Structurally, cross-p fibrils are by definition unique and quite
different from collagen fibrils with their triple helical structure, the coiled-coil structure that
stabilizes a-keratin, or the array of globular structures found in actin and tubulins. p-Keratin
found in reptiles and birds is structurally more closely related to cross-p fibrils. However,
X-ray diffraction analysis indicates that their p-strands run parallel to the fibril axis in
contrast to cross-p fibrils (Fraser et al. 1971; Inouye et al. 1993; Fraser and Parry 2008).
This is also true for spider silk, which, depending on type, is composed of different fractions
of a-helical and B-sheet structure. In contrast to the cross-p fold, B-strands in parallel-§ silk
run parallel to the fibril axis (van Beek et al. 2002; Kenney et al. 2002). An exception here
are the silk stalks on which the green lace-wing fly (Chrysopa flava) lays their eggs, which
are one of the first functional cross-p fibrils described (Geddes et al. 1968). In contrast to
most other biological fibrils, cross- fibrils often have substantial framing sequences that
stay in globular or disordered conformations unrelated to the fibril structure. This is because
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the core forming part of many cross- fibrils is relatively small compared to the size of the
overall protein.

Mechanically, cross- fibrils are stronger than actin and most keratins and can have
comparable mechanical properties to dragline spider silk. Generally, cross- fibrils are more
elastic (i.e. have a lower Young’s modulus) compared to other biological fibrils of equal
strengths. The softest and weakest cross- fibrils have unique material properties that are not
shared with other biological materials (Lamour et al. 2017).

The assembly and disassembly of cross- fibrils is another feature that sets them apart from
other biological fibrils. Although the initiation or nucleation of functional cross-§ fibrils

is highly regulated as, for example, in the case of curli fibrils (Barnhart and Chapman
2006), their growth and maintenance occurs via self-templation without requiring energy
(e.g. in the form of ATP), assistance from other proteins or chaperones, or the requirement
of cross-linking. This is in contrast to actin, which requires ATP, CCT chaperonin, and
prefoldin for assembly. Tubulins similarly require GTP and a microtuble-organizing center
for their assembly (Alberts et al. 2002). Collagen fibrils self-assemble spontaneously but
only after substantial post-translational modifications (PTMs) in the endoplasmic reticulum,
and cleavage of collagen propeptides. In addition, collagen fibrils are often crosslinked
(Shoulders and Raines 2009). The self-assembly of keratins is similarly regulated via PTMs
and cross-linking (Loschke et al. 2015) and soluble silk proteins are thought to fibrilize
when leaving the gland through changes in pH and shear forces (Andersson et al. 2016).

Cross-p fibrils in disease are very stable and difficult for the protein homeostasis machinery
to remove (Chuang et al. 2018; Scior et al. 2018). In contrast, functional cross-p fibrils
often have an evolved mechanism of disassembly, similar to other biological fibrils such

as tubulin, whose disassembly is regulated via GTP to GDP hydrolysis. For example, the
cross- fibrils formed by the peptide hormone pB-endorphin readily form under conditions
found in secretory granules but can rapidly dissolve due to a change in pH, ionic strength,
glycosaminoglycan concentration (Maji et al. 2009; Nespovitaya et al. 2016).

In summary, the cross- motif combines a high degree of stability, strength, and elasticity
with the ability to self template, and with a compact core structure that leaves other domains
open for functional activities.

In the following, | will present a few prominent examples of functional cross-p fibrils and
discuss how their function is a result of multiple properties of the cross-g motif. | will also
discuss the potential advantages of cross-f formation over alternative solutions to the same
biological problem.

Functional Fibrils use Multiple Properties of the Cross-p Motif

Orb2: Stable, self-templating structural change in long-term memory

Orb2 belongs to the cytoplasmic polyadenylation element binding (CPEB) protein family.
CPEBs have a relatively well conserved C-terminus containing two RNA-recognition motifs,
which bind a CPE element in the 5’UTR of target mMRNA. When CPEBs are activated, they
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initiate MRNA translation by allowing the elongation of the poly(A) tails of bound mMRNA.
Many CPEBs, as for example CPEB in Xenopus oocytes, are activated via phosphorylation
(Richter 2007). In contrast, Orb2 and other CPEBs with roles in synaptic plasticity, are
activated by the cross-p fibril formation of their N-terminal low complexity domains (Si,
Giustetto, et al. 2003; Si, Lindquist, et al. 2003; Majumdar et al. 2012; Stephan et al. 2015).
Orb2 mRNA targets are involved in neuronal growth and synapse formation (Mastushita-
Sakai et al. 2010) and Orb2 aggregation into a cross-p fibril is required for long-term
memory in Drosophila (Majumdar et al. 2012; Hervas et al. 2020). Functionally, Orb2
activation is a result of the conformational change caused by transition of the glutamine/
histidine rich N-terminal domain from a disordered, soluble conformation (Cervantes et al.
2016; Hervés et al. 2016; Oroz et al. 2020) into the cross-B motif. This transition results in
a change in protein cofactors binding to Orb2. Monomeric Orb2 interacts with the protein
CG13928, which decreases translation of target mRNA. However, Orb2 fibrils do not bind
CG13928 but the protein CG4612, which enhances translation (Khan et al. 2015; Hervas et
al. 2020).

An important aspect that could explain the functional advantage of activation via fibril
formation compared to phosphorylation is the long-lasting nature of the active state. The
stability of the cross-p motif makes the protein more resistant to protein degradation
compared to the monomeric state, significantly extending its half-life. However, the se/f-
templating nature of the cross-p motif makes the activation fully independent of protein
half-life (Raveendra et al. 2013). Li and co-workers illustrated this concept with an elegant
experiment (Li et al. 2016). They replaced endogenous Orb2 in Drosophila with Orb2
constructs that had a TEV cleavage site between the cross-f core forming N-terminus

and the MRNA binding C-terminus. In addition, the flies expressed neuron-specific TEV
protease when fed RU486, which turned Orb2 translationally inactive. As a consequence,
flies were not able to acquire long-term memories when fed RU486 while being trained.

In addition, flies lost long-term memories when they were put on a RU486-containing

diet after training. However, what is most striking is that flies that lost memories due to
RU486 induced Orb?2 inactivation after training, regained those memories when RU486 was
removed from their diet. These data suggest that the se/f-templating activity of Orb2 fibrils
that had the functional mRNA binding domains removed restored function through addition
of newly expressed, uncleaved Orb2 monomers (Li et al. 2016). This example shows that
protein activation via cross-g formation results in a very stable, self-perpetuating signal that
lasts longer than e.g. activation via phosphorylation.

The example of Orb2 also shows that functional cross- fibrils do not necessarily take
advantage of all properties of the cross-p motif. Specifically, the fibrous nature and
mechanical stability of the fibrils does not seem to be as important in this case. Orb2 fibrils
were calculated to have a rather low per residue stability compared to other cross- fibrils
(Sawaya et al. 2021).
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Class | hydrophobins: reducing surface tension using stable, multimeric, and self-
templating fibrils

Class | hydrophobins from filamentous fungi such as the protein EAS from Neurospora
crassa can self-assemble into amphipathic protein layers at the air-water interface, which
allow the fungus to overcome the surface tension and breach the air-water interface. Other
class I hydrophobins such as RodA from Aspergillus nidulans can prevent wetting and
protect spores and help with host interaction by serving as shields for the underlying fungal
cell wall components (Lo et al. 2019). In the following, | will limit the discussion to the
functional advantage of cross-p formation of the hydrophobin EAS. Similar to other class

I hydrophobins, a large fraction of the monomer surface of EAS is hydrophobic (61%) and
the protein itself is stabilized via several disulfide bonds. In the absence of an air-water
interface EAS stays monomeric. However, EAS self-assembles into rodlet structures when
present at the air water interface. These rodlets are arrays of laterally assembled EAS
cross- fibrils (see Fig. 5A), which lower the surface tension of the solution (Morris et

al. 2011; Macindoe et al. 2012). The functional advantage of cross-p formation in class |
hydrophobins comes into focus when comparing them to class 11 hydrophobins, which are
structurally similar and also assemble at the air-water interface to lower surface tension (Lo
et al. 2019). However, class Il hydrophobins do not form rodlets (i.e. laterally assembled
cross- fibrils) compared to class I hydrophobins. This difference in structure results in

a striking difference in stability. Where rodlets formed by class | hydrophobins withstand
temperatures up to 100°C in detergent and are chemically stable under alkaline (3 M NaOH)
and acidic (3 M HCI) conditions, class 1l hydrophobin layers readily dissolve when treated
with alcohols and detergents or by applying mild pressures or temperatures. On the flipside,
class Il hydrophobins assemble more quickly at the air water interface (Lo et al. 2019).
Besides stability as the key functional advantage, other properties of the cross-p motif also
play a role in EAS rodlets. The ability to se/f-template allows the assembly of rodlets at the
air-water interface. However, because fibril nucleation occurs spontaneously at the air-water
interface, there is no real element of self propagation. Nevertheless, fibril formation is
spontaneous without the need of chaperones or additional energy. The fibrous nature clearly
adds to the function of EAS by allowing it to form a dense array of laterally assembled
cross- fibrils. It is unclear if the periodicity that is introduced along the fibril axis and

via lateral association of fibrils plays a role for function. However, the multimeric nature is
important in this example because the cross-f core, which is formed by only a loop of EAS,
organizes a dense array of globular, amphiphilic framing sequences (see Fig. 5B) (Kwan et
al. 2006; Macindoe et al. 2012).

HET-s: A functional prion that serves as a template for multimerization and structural

change

Podospora anserina, like many other filamentous fungi, can undergo spontaneous cell fusion
that leads to cells with multiple nuclei (heterokaryon). These heterokaryons only survive if
the cells involved in the fusion are genetically similar. The cell death of the heterokaryon

as a non-self recognition process is genetically regulated via differences of the fusion
partners at certain loci called Aetloci. It is speculated that the function of this self, non-self
recognition process is to prevent viral infection or parasitism (Saupe and Daskalov 2012).
One of these fetloci is the gene Aet-s which has two alternative incompatible alleles, het-s
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and het-S encoding for the proteins HET-s and HET-S, respectively. The protein HET-s

can form a functional cross-p fibril, which can be transmitted between cells and organisms
making it a prion termed [HET-s]. Non prion strains which have non-aggregated soluble
HET-s protein are designated [HET-s*]. When a heterokaryon forms between a Aet-sand a
het-S strain, it only undergoes cell death when Aet-sis in the prion state [HET-s] i.e. when
HET-s cross- fibrils are present (Ritter et al. 2005). HET-s has an N-terminal, globular
HeLo domain and a C-terminal prion forming domain (PDF), which forms the cross-p core
of the fibril (Siemer et al. 2005; Wasmer et al. 2008). HET-S does not form fibrils on its
own (Greenwald et al. 2010). HET-s fibrils alone are non-toxic. However, the interaction

of HET-S with HET-s fibrils triggers the oligomerization and toxicity of HET-S resulting

in cell death. Central to this function is the structural change induced by fibril formation:
the interaction with HET-s fibrils induces the multimerization of HET-S, which triggers the
release of a hydrophobic transmembrane segment from the HeLo domain of HET-S. Thus
activated, HET-S oligomers can interact with membranes and induce membrane leakage and
cell death (Mathur et al. 2012; Seuring et al. 2012) reminiscent of the membrane disruption
caused by Ap oligomers (Reiss et al. 2018). Where HET-s’ ability to se/f-template is not
important for the cell death induced by the HET-s/HET-S interaction, its ability to act as

a template for HET-S oligomerization very much is. Nevertheless, the self-templating of
HET-s allows the maintenance of the functional state of HET-s between cells and Podospora
strains. One property of the cross-pg motif that does not seem to be important for function is
its fibrous nature. Despite the fact that HET-s fibrils were found to be mechanically strong
(Lamour et al. 2017), the fibrous nature of these fibrils does not play an obvious role for
function.

Concluding remarks

Functional cross- fibrils (functional amyloids), a well-established concept, are found in
all kingdoms of life, and new examples are described regularly. In this review, | wanted

to highlight the functional advantages of cross-B fibril formation over other means of
solving the same biological problem by focusing on the unique properties of the cross-
motif. These properties are the inherent periodicity, stability, and multimeric and fibrous
nature of cross-p fibrils as well as their ability to se/f-template and the structural change
that occurs when proteins aggregate into cross-p fibrils. Each functional cross-p fibril
takes advantage of multiple of these properties depending on its specific function. In some
cases, the advantages of cross- fibril formation over other solutions to the same biological
problem are quite clear. For example, when properties such as stability and self-templating
are used to create long-lasting signals (e.g. Orb2) that can be inherited in a non-Mendelian
fashion (e.g. Sup35). For other functional cross-p fibrils the advantage of the cross-p

maotif is less obvious. For example, what is the advantage of cross-p formation over e.g.
phosphorylation for activating the RIP1-RIP3 kinases? Additional research is required to
answer this question.

The fact that functional cross-p fibrils are no rare curiosity in nature is supported by
mounting evidence that some of these functional motifs are evolutionarily old and well-
conserved. A prominent example of this is the similarity between programmed cell death-
inducing functional cross-p fibrils: HET-s and HELLP in fungi, and metazoan RHIMs
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domain proteins such as RIP1/RIP3 (Kajava et al. 2014; Daskalov et al. 2016; Daskalov and
Saupe 2021). The long evolutionary history of functional cross-p fibrils should not come as
a surprise considering that this fold, which is dominated by backbone hydrogen bonding,
can be adopted by virtually all proteins under the right conditions (Chiti et al. 1999).
Consequently, Greenwald and co-workers hypothesized that the cross-f motif is among the
first protein folds (Greenwald and Riek 2012).

What is the relation between functional cross-g fibrils and cross-p fibrils found in disease?
Is there an intrinsic toxicity to cross-f fibrils or oligomeric intermediates formed during
their formation? One hypothesis is that functional cross-f fibrils might mitigate oligomer
toxicity through controlled and rapid aggregation into mature fibrils which are often found
to be less toxic (Hervas et al. 2016). However, if there is an intrinsic toxicity to oligomers
or cross-p fibrils, it is surprising that in cross-p fibrils with a function in programmed cell
death, the cross-f core itself is not toxic and toxicity is rather caused by conformational
change in the framing sequence (RIP1/RIP3) or of binding partners (HET-s/HET-S). These
examples of functional cross-p fibrils in programmed cell death, in turn, suggest that cross-p
fibrils in disease could potentially induce cell death via conformational change in framing
sequences or an influence on their binding partners rather than a direct toxicity of their
cross-p core or oligomeric intermediates. This exchange of hypotheses between the field of
functional and disease relevant cross- fibrils is a good example of why studying functional
cross- fibrils not only deepens our understanding of basic biology but it can also result in
new ideas and concepts that might help us cure diseases caused by fibril formation.
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A) Schematics of in-register cross-p (found in most cross- fibrils) and antiparallel cross-f

structures. Two layers formed by two monomers are shown. The fibril axis is indicated with

a large red arrow. In the parallel-in register motif, the same residues from each monomer are
right on top of each other, which is not the case in the antiparallel (or out of register parallel)
case. B) Idealized in-register, parallel cross-p fibril. The protein backbone of each monomer
is represented by yellow bars. Two examples of side chains are illustrated as blue circles and
pink squares. 4 B-strands connected via kinks and turns can be identified in the top view.
The side view shows the large continuous pB-sheets formed by strands 2 and p4 from each

monomer.
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Figure 2: Levelsof periodicity in cross- fibrils.

A) Periodicity along the fibril axis caused by the repetition of monomers. In the simplest
case when every strand of a p-sheet is formed by a different monomer, the periodicity is

4.8 A (top). Otherwise the this periodicity is multiple of 4.8 A. For example when one
monomer provides two strands of the same pB-sheet as illustrated with alternating blue and
red monomers (bottom). B) Periodicity along the fibril axis caused by a slight rotation of
each monomer around the fibril axis (yaw). Three examples with rotation angles of 0°,

2°, and 4° are given and the resulting periodicity is indicated. C) Periodicity induced by
lateral association of fibrils. A square bracket indicates the resulting periodicity. D) Example
of lateral association of Pmel17 fibrils during stage Il of melanosome formation (top), to
which melanin binds during stage 111 (bottom). Images from Hurbain and co-workers (2008)
Copyright 2008 National Academy of Sciences.

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2023 August 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Siemer

Page 21

lm»\,\,\,\\\

Y 9
P i
) Y,

Figure 3: Cross-p formation causes multimerization of core and framing sequences.
A) ldealized cross- fibril with intrinsically disordered framing sequences (purple) that form

an entropic brush at the surface of the fibril. B) Idealized cross- fibril with globular domain
(purple) connected to the cross-f core (yellow) via a linker.
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Figure 4: Cross-p fibrils can be made of one or multiple protofilaments.
A) View down the fibril axis (Top) and along the fibril axis (Side) of an idealized cross-p

core formed by a single (proto)filament. In such a fibril there is only one monomer per layer.
B) Idealized cross-p fibril that is made of two protofilaments. The top view shows nicely
how this fibil has two identical monomers per layer.
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Image from Morris et. al. 2011 under a CC BY 4.0 license (https://creativecommons.org/

licenses/by/4.0/). B) Model of EASa15 fibrils showing the fibril core and globular,

A) transmission electron micrograph of negatively stained EASa15 rodlet monolayers.
amphipathic framing sequences. Image from Macindoe et al. 2012.

Figure5: Class| hydrophobin rodlet structures are stabilized by a cross-p core.
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