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Abstract

The term amyloid has historically been used to describe fibrillar aggregates formed as the result of
protein misfolding and that are associated with a range of diseases broadly termed amyloidoses.
The discovery of “functional amyloids’ expanded the amyloid umbrella to encompass aggregates
structurally similar to disease-associated amyloids but that engage in a variety of biologically
useful tasks without incurring toxicity. The mechanisms by which functional amyloid systems
ensure nontoxic assembly has provided insights into potential therapeutic strategies for treating
amyloidoses. Some of the most-studied functional amyloids are ones produced by bacteria. Curli
amyloids are extracellular fibers made by enteric bacteria that function to encase and protect
bacterial communities during biofilm formation. Here we review recent studies highlighting
microbial functional amyloid assembly systems that are tailored to enable the assembly of non-
toxic amyloid aggregates.
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Introduction

Amyloid fibers are insoluble protein aggregates that share specific biophysical and chemical
properties [1]. While the primary sequences of amyloid-forming proteins lack unifying
signatures, most amyloid aggregates possess B-rich secondary structure where the p-strands
align perpendicular to the long axis of the unbranched fibril [2]. Therefore, amyloids are best
described structurally as ordered fibrillar aggregates with a repeating cross-strand structure.
Amyloid formation is well known for its association with protein misfolding and
neurodegenerative disease [2]. The amyloid-linked diseases include Alzheimer’s,
Parkinson’s, type Il diabetes and prion diseases, among many others [1,2]. In each case, the
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conversion of non-amyloid proteins to thermodynamically stable amyloids occurs as the
result of protein misfolding [2].

However, amyloid formation is not always the product of protein misfolding and can
sometimes be a positive contributor to cellular biology. ‘Functional” amyloids capitalize on
the intrinsic properties of the amyloid fold, including its thermodynamic stability, to
facilitate various cellular tasks [3-9]. Functional amyloids form via dedicated pathways and
the diversity of functional amyloids across cellular life suggest the amyloid fold represents
an essential protein folding state. Recent studies have elucidated mechanisms of regulation
for numerous functional amyloid and amyloid-like systems, including the discovery of
spatially controlled nucleation mechanisms, biological amyloid inhibitors, reversibility of
aggregation and protease cleavages which precipitate functional amyloid formation,
controlling the precise cellular moment at which amyloid formation can occur [6,10-14,
107, 108]. A better understanding of the mechanisms employed by functional amyloid
systems to mitigate the inherent toxicity of amyloid formation should inspire the
development of novel therapeutics. This review will highlight two key features of functional
amyloid assembly systems that differentiate them from disease-associated amyloids: 1) the
rapid and efficient conversion of unstructured peptides into functional amyloid polymers,
and 2) the structural integrity of functional amyloid fibers.

The path to amyloid can be toxic

Mature amyloid fibers are recognized for their stable, highly-repetitive, B-rich quaternary
structure [2]. However, amyloidogenic peptides often start as intrinsically disordered
structures that assemble into transient oligomeric states before reaching the amyloid state
[1]. In fact, it is the oligomeric intermediates, rather than full-length fibers, that are the toxic
species in several disease-associated amyloidoses [15-23]. The Kinetics of amyloid
formation is routinely measured /n vitro using the amyloid-binding dye thioflavin-T (ThT)
due to the ability of ThT to fluoresce upon intercalation between p-strands along the axis of
growing fibers [24]. Monitoring the emission of ThT fluorescence typically reveals three
distinct phases of amyloid polymerization: a lag phase, a growth phase, and a plateau phase
(Figure 1a). The lag phase reports on a critical rate-limiting step during which fibril
formation is undetectably low (Figure 1a). Early in the lag phase, primary nucleation
dominates the process [25]. During primary nucleation, protein monomers aggregate to
precipitate formation of a minimal ‘nucleus’ which is then poised to template the rapid
conversion of additional subunits into the growing amyloid fiber. The elongation phase is
characterized by sequential addition of non-fibrillar monomers or oligomers to the tip of the
growing fiber [25]. Various kinetic models have been proposed to describe the major
molecular events occurring during each phase [25]. The simplest of these models is the
nucleated polymerization (NP) model, which was adapted from the model proposed for the
formation of scaffolding proteins like actin, although more complex two-state kinetic models
have also been proposed [26—30]. An overview of these mechanisms are shown in Figure 1b.
For several disease-associated amyloids, the formation of amyloid can proceed via a
pathway generating non-fibrillar, pre-amyloid oligomers which are cytotoxic [15-23].
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The observation of structural polymorphisms, or variations in fibril structure, is an emerging
characteristic of multiple disease-associated amyloids [31,32]. Structural polymorphisms
have been observed for several disease-associated amyloids, including amyloid-p, a-
synuclein, PrP and tau [33-40]. For functional amyloids that rely on predictable fibril
architecture to participate in structural roles and ligand-binding activities, polymorphisms
might produce unwanted or non-functional polymers that might liberate toxic species. The
following sections will focus on recent studies revealing intrinsic mechanisms by which
functional amyloid systems may circumvent the toxic pathways followed by disease-
associated amyloids.

Rapid fibrillization by functional amyloids can limit cytotoxicity: Lessons

from the curli system

If the production of toxic intermediates is a hallmark of disease-associated amyloid
fibrillization, do functional amyloids limit the formation of amyloid intermediates? The
assembly of curli amyloid fibers by enteric bacteria represents a finely tuned system for
controlled amyloid polymerization [41]. Curli are extracellular functional amyloids that
mediate host cell adhesion and provide structural integrity to bacterial communities called
biofilms [3]. £. colibacteria that express curli and form biofilms are resistant to many
environmental stressors [42-51]. Curli biogenesis relies on tightly regulated transcriptional,
secretory and assembly systems. Curli production is encoded by the csg operons, csgBAC
and csgDEFG [52] (Figure 2). CsgD is the ‘master regulator’ of curli biogenesis, as it
activates transcription of the csgBAC operon [53-55]. CsgA and CsgB are the major and
minor curlin subunits, respectively [3,10,11,56]. CsgA and CsgB are both amyloid forming
proteins, but are secreted across the bacterial outer membrane via the CsgG secretion
complex as unstructured, monomeric subunits [57-59]. On the cell surface, CsgB is
proposed to fold efficiently into a B-rich ‘nucleator’ due to electrostatic interactions with the
outer membrane, assuming a conformation competent to template the rapid polymerization
of CsgA [11,56,60,61]. The growth of curli amyloid fibers continues as additional CsgA
molecules are secreted through the CsgG complex and interact with the growing fiber tip
(Figure 2). CsgE and CsgF are accessory proteins that promote efficient secretion of CsgA
across the outer membrane and nucleation into amyloid on the cell surface [62,63]. In the
periplasmic space, the highly aggregation prone CsgA protein is maintained in a soluble and
unstructured state by CsgC, a specific and potent periplasmic inhibitor of curli formation
[13,14]. While this coordinated machinery is necessary to ensure that amyloid formation
occurs at the right place and time, biophysical characteristics of curli fibers may also play a
role in protecting the cell from the potentially detrimental effects associated with amyloid
formation.

CsgA is secreted as an unstructured protein of roughly 13 kDa composed of five imperfect
repeats, R1-R5. When incorporated in an amyloid fiber, it has been predicted that each
repeat includes a strand-loop-strand motif which stacks between neighboring repeats,
stabilized by hydrogen bonds in a -helix [3,12,64,65,79,106] (Figure 3a). In this
conformation, each CsgA monomer would contribute five consecutive, covalently linked -
strands to the fibril spine. Terminal repeats R1 and R5 mediate heteronucleation with the
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nucleator protein, CsgB, and self-association while internal repeats R2, R3 and R4 contain
critical ‘gatekeeper residues’ which modulate amyloid formation [12,66]. The architecture
predicted for each monomer in the fibrillar state is precisely organized to facilitate efficient,
regulated nucleation. Each outer membrane-tethered CsgB monomer exposes a template for
recognition by an R1 or R5 repeat on a recently secreted, unstructured CsgA monomer,
potentially precipitating rapid association and adoption of B-sheet rich structure [12]. The
exposure of R1 or R5 on the growing tip of a curli fiber would similarly contribute to
efficient elongation, readily providing a recognition site for subsequently secreted CsgA
monomers. While the precise mechanism of surface-catalyzed nucleation has not been
elucidated, it is tempting to postulate that the necessity of an exposed lateral face of an R1 or
R5 repeat to permit for the correct folding of a CsgA monomer into an amyloid-competent
component potentially restricts the ability of CsgA to form surface-catalyzed fibrils with
structural integrity comparable to that of fibrils nucleated from the cell surface.

Recent /n vitro kinetic studies of CsgA polymerization have demonstrated the efficiency of
unseeded nucleation [67,68]. CsgA polymerization monitored by ThT fluorescence fits a
polymerization model consistent with primary homonucleation and elongation, notably
excluding the presence of surface-catalyzed nucleation or fragmentation, which have been
described as responsible for liberating toxic oligomeric species for some disease-associated
amyloids [16,21,22,67]. By complementing kinetic modelling with dynamic imaging using
atomic force microscopy (AFM), Sleutel et al. have recently been able to synthesize a
comprehensive picture of CsgA polymerization in isolation [68]. While CsgA
polymerization occurs via a characteristic lag time during which a significant population of
fibers are undetectable monitoring ThT fluorescence, transmission electron microscopy
(TEM) demonstrates individual fibers begin to appear almost immediately after CsgA is
exchanged out of its denaturing purification buffer [68]. Results indicate that these fibers
polymerize directly from unstructured CsgA monomers, lacking transition through a non-
fibrillar, oligomeric intermediate [68,69]. Dynamic imaging of growing fibers using AFM
demonstrates the formation of curled fibers capable of self-terminating with single growth
poles which do not show evidence of surface-catalyzed nucleation [68]. Dynamic imaging
further demonstrates the absence of a ‘minimal stable fragment size,” or minimal nucleus
size, for polymerizing CsgA, below which monomer assembly is unstable and results in
nucleus breakdown, observable with the 10 nm resolution of the imaging technique [68]. For
scale, their predicted width of folded CsgA is 3.2nm [68]. Together, these results compose a
distinct picture of amyloid polymerization kinetics. CsgA polymerization occurs rapidly and
does not occur via a non-fibrillar intermediate. The authors further postulate the nucleus size
may approach the size of an individual monomer, as has been suggested previously [68,70].
This mechanism would dramatically lower the kinetic barrier for amyloid formation while
permitting for rapid fibrillization without the generation of structurally divergent, toxic
oligomers.
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Curli Fibers Polymerize via Specific Nucleation and Adopt a Highly Stable
Amyloid-like Fold

In contrast to the disease-associated amyloids, CsgA has not been shown to adopt
polymorphic structures and can form ordered fibrils under a wide range of conditions [67].
Nucleation specificity and the overall stability of the mature curli amyloid fiber may be
responsible for the structural integrity. CsgA nucleation by the dedicated nucleator protein,
CsgB, provides a mechanism for curli fibers to be templated predictably and homogeneously
[11]. CsgA and CsgB share approximately 30% sequence similarity and the first four repeats
of CsgB share a motif similar to the p-strand-loop-p-strand motif repeated in the R1-R5
repeats of CsgA [11,60]. The first four repeats of CsgB lacking the fifth repeat which does
not contain the CsgA-like motif, CsgBtrunc, is itself amyloidogenic and is able to effectively
nucleate the polymerization of CsgA by reducing the lag time /n vitro[11]. Notably, islet
amyloid polypeptide protein (IAPP) fibers are unable to seed CsgA when incubated with
CsgA at similar w/w% ratios, suggesting that nucleation of CsgA is at least somewhat
specific [11]. The specific nucleation process by which CsgA rapidly polymerizes on the
surface of £. colifacilitates homogenous fiber morphology and helps ensure precise
temporal and spatial control of fiber growth.

In addition to polymerizing via a specific nucleation process, CsgA contains critical
gatekeeper residues that modulate amyloid activity within the medial repeats R2, R3 and R4
[66]. While the terminal repeats R1 and R5 mediate CsgA-CsgA interactions and are
interchangeable /in vivo, R2, R3 and R4 contain residues that temper the amyloidogenicity of
CsgA [66]. A CsgA mutant lacking its gatekeeper residues, called CsgA*, polymerizes more
rapidly than CsgA and its overexpression in E. coli significantly reduces viability compared
to CsgA [66]. Wang et al. propose that this decrease in viability could be due to increased
propensity of CsgA* to aggregate relative to CsgA, suggesting that the gatekeeper residues
may play a role in quenching fiber formation kinetics so that amyloid aggregates do not
form at the wrong time or place [66].

Perhaps the most striking distinguishing structural feature of CsgA is its adoption of a fold
distinct from the discontinuous in-register parallel p-sheet structure observed for many prion
strains and disease-associated amyloids, including Ap, amylin, tau, and a-synuclein [65,71—
78]. Solid-state NMR and electron microscopy data reveal that CsgA does not adopt an in-
register parallel B-sheet structure, but likely adopts a structure in which individual
monomers adopt a B-helix or B-solenoid-like fold [65]. A B-helical structure for CsgA was
constructed computationally and compared to experimental data [79]. In this model, CsgA
monomers may form a left- or right-handed B-helix when integrated into a fiber with each of
the five repeats wrapping around the sides of the enclosed hydrophobic ‘rectangular’ core
while neighboring repeats participate in intermolecular stacking along the fibril axis within
each subunit [79].

B-solenoids and p-helices are formed by coiling of B-strands and feature a characteristic
hydrophobic core [80]. B-solenoids often function as viral or bacterial adhesins, exposing
elongated lateral faces which may participate in binding activities [80]. While this fold is
common in bacterial proteins, it has been suggested as a variant of an amyloid fold only
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fairly recently [65,79,81,82]. The adoption of this fold by functional amyloid systems could
represent a means to mimic the efficiency and functionality of amyloid-like superstructure
without the potentially risky adoption of an amyloid fold composed of discontinuous, mated
B-sheets. If CsgA adopts a p-helical structure in curli fibers, the presence of five repeating
units with sequence similarity forming the windings of the helix would support this
proposed evolutionary mechanism [80]. Kajava et al. note that, as repetitive sequences
experience deletions and duplications more rapidly than sequences without repetition, p-
helical proteins composed of repetitive sequences may be common at the cell surface due to
their ability to respond sensitively to environmental changes [80,83,84]. Evidence for the
adoption of a p-helical fold by CsgA monomers within curli fibers /n vivowould provide
insight into the mechanism by which this functional amyloid may have evolved and
remained nontoxic to its host organism.

The Prion-Forming Domain of HET-s Mimics a B-solenoid-like Fold and

Auto-Inhibitory Mechanism

The B-helix-like amyloid fold also appears in the fibrillar form of the HET-s prion of
Podospora anserina, which is required for a process known as heterokaryon incompatibility
(Figure 3b) [78,85,86]. The /Aet-slocus is one of several loci checked before colony fusion
occurs, which is dependent on a critical number of loci in the genome being identical [78].
Incompatibility between the het-sand het-S'loci is dependent on two distinct states of the
gene products, the amyloid form, HET-s, and the non-amyloid form, HET-S, which vary by
13 residues [87]. Both HET-s and HET-S possess a C-terminal prion-forming domain from
residues 218-289, which is amyloid-competent by itself, and an N-terminal globular domain
(1-227) which overlap [88].

The solid-state NMR spectra of HET-5(218-289) fibrils reveals a f-solenoid structure, in
which each molecule contributes two complete windings to the solenoid [81]. This structure
has since been confirmed for the prion forming domain within the full-length HET-s prion
[89,90]. Again, the B-solenoid HET-s structure differs from the in-register parallel p-sheet
structure observed for many disease-associated amyloids [65,71-78,81]. The B-strands that
comprise the HET-s pB-helix have been termed ‘pseudo-repeats,” as they share ~30%
sequence identity with each other [81,82]. The presence of these pseudo-repeats in the p-
strands of HET-s(218-289) is reminiscent of the repeats present in CsgA and CsgB and, like
CsgA, the HET-s structure is stabilized by favorable intramolecular charge interactions
between stacked residues [80,81]. Notably, structural polymorphisms have not been reported
for HET-s fibrils.

The interaction between HET-s and HET-S may be directly responsible for mediating
heterokaryon incompatibility [5,88]. Greenwald et al. suggest that HET-S can adopt a
conformation competent to inhibit prion formation of HET-s in #rans which is toxic or which
promotes the formation of a toxic oligomer-like species with HET-s [88]. The inhibitory
conformation adopted by HET-S reportedly ‘render[s] the seed or fibril sterile for further
growth’ [88,90]. This mechanism is reminiscent of a broader class of solenoid-capping
activities routinely observed to prevent polymerization of soluble proteins with solenoidal
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windings [80,91-96]. In summary, the structural integrity and fibril homogeneity of CsgA
and HET-s(218-289) is maintained by intramolecular contacts that stabilize the fibril spine
composed of stacked B-helices [65,81,89,90]. The ability of functional amyloids to assume a
single, stable fibril architecture minimizes the risk of potentially toxic structural
polymorphisms.

A Functional Amyloid Peptide of S. aureus PSMa3 Assumes a Unique Fibril

Architecture

Phenol-soluble modulin a3 (PSMa3) belongs to a class of peptides that are involved in
virulence and biofilm structuring in Staphylococcus aureus [97-99]. Biofilms enriched with
PSMs show increased resistance to dispersal and decreased vulnerability to enzymatic
degradation [97]. PSMa3 can also be highly cytotoxic [99]. Like other disease-associated
and functional amyloids characterized to date, PSMa3 binds ThT, demonstrating time-
dependent fibrillization, and binds the amyloid indicator dye Congo red [97]. In contrast to
other amyloids for which structures have been determined, an amyloidogenic peptide
derived from PSMa.3 forms long, unbranched amyloid fibrils composed of stacked a.-helices
in a ‘cross-a.’ spine (Figure 3c) [100]. In this fibril architecture, the helices are stacked in-
register with a tightly associated, hydrophobic interface between paired sheets, strongly
suggesting similarity to in-register cross-p amyloid spines [100]. Furthermore, the
cytotoxicity of the PSMa3 peptide to HEK293 and human T cells is dependent upon
fibrillization; a-helical secondary structure alone is not sufficient to confer cytotoxicity
[100]. The uncommon “cross-a’ structure of PSMa3 peptide fibrils illuminates another
example of a functional amyloid system building an amyloid-like scaffold to perform
necessary biological activities via a specifically tailored and controlled structural mechanism
circumventing autotoxicity [97,98,100].

Summary and Perspectives

Structural and kinetic insights into functional amyloid systems has revealed the blueprint for
safely and efficiently assembling amyloid fibrils [65,79,81,100]. These fibrils exploit the
functionality of amyloids by adopting an amyloid-like superstructure while potentially
minimizing the risk of generating polymorphic structures and liberating toxic intermediates.
A detailed understanding of the mechanisms by which functional amyloids circumvent
cellular toxicity has applications for the rational design of therapeutics aimed at mitigating
the toxicity of disease-associated amyloids. The two key intrinsic safety mechanisms
employed by the functional amyloid systems described in this review are rapid fibrillization
kinetics that bypass the formation of toxic oligomers, and the assumption of a single, stable
fibril conformation without structural polymorphisms [67-69,79,81,89,90]. These risk-
minimizing mechanisms prevent the formation of the proposed key determinants of toxicity
conferred by disease-associated amyloids, outlining a strategy to therapeutically target
amyloid-related toxicity by structurally stabilizing fibrillary aggregates or by expediting the
fibrillization of amyloidogenic proteins [16-23,101-105].

J Mol Biol. Author manuscript; available in PMC 2019 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deshmukh et al. Page 8

Acknowledgments

We thank current and past members of the Chapman for helpful discussions. Our lab gratefully acknowledges the
support of National Institutes of Health grant R0O1GM118651 and R21 Al137535.

Abbreviations

ThT thioflavin-T

cg curli-specific gene

PSMa.3 phenol-soluble modulin a3

NP nucleated polymerization

TEM transmission electron microscopy
AFM atomic force microscopy
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PrP prion protein

AB amyloid-B

IAPP islet amyloid polypeptide
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Highlights
Structural studies reveal unique fibril structures for microbial functional
amyloids.
The unique and atypical fibril structures may help ensure structural integrity.

Curli fibers capitalize on intrinsic amyloid properties to fulfill biological
functions.

Functional amyloid assembly is optimized to promote rapid and efficient
polymer formation.

An understanding of risk-minimizing mechanisms used by functional amyloid
systems can guide therapeutic strategies targeting disease-associated
amyloids.
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Figure 1.
(A) Kinetics of amyloid polymerization can be monitored with ThT fluorescence [24].

Amyloid polymerization occurs via a rate-limiting lag phase, growth or elongation phase
and stationary phase. (B) Mechanisms of amyloid polymerization. In (I) primary nucleation,
protein monomers form a minimal nucleus competent for elongation [25]. (1) Elongation
occurs when monomers add on to an existing fibril. (111) Surface-catalyzed nucleation and

(1V) fragmentation describe two modes of secondary nucleation [26-28]. In surface-
catalyzed nucleation, new fibrils are nucleated on the surface of an existing fibril in a

monomer-dependent process [26,27]. Fragmentation occurs when an existing fibril breaks to

produce two new independent fibrillar units capable of undergoing elongation [28].
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Figure 2.
The c¢sg operons encode the curli-specific genes [52]. CsgA is the major curlin subunit and is

secreted into the periplasmic space in an unstructured conformation via SecYEG [3]. CsgA
is maintained as unstructured in the periplasmic space by the amyloid inhibitor, CsgC [13].
Soluble CsgA is secreted to the outer membrane via the nonameric CsgG pore and
nonameric CsgE adaptor complex [58,59,63]. CsgA assumes a B-sheet rich conformation
upon interaction with the minor curlin subunit and nucleator protein, CsgB, which is
tethered to CsgG via CsgF [11,56,60,62].
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Figure 3.
(A) The proposed structure of CsgA in the amyloid form assumes a p-helical conformation

with a rectangular core [3,12,64,65,79,106]. (B) HET-5(218-289) forms a p-helical structure
by stacking sets of ‘pseudo-repeats’ [81,89,90]. (C) The amyloid formed from PSMa3
peptide assumes a ‘cross-a.’ structure [100].
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