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AMYs and AMPs, as well as their pathological implications for both infectious and neurodegenerative diseases.
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1. Introduction

Amyloids and antimicrobial peptides are generally considered
as two distinct families characterized by their diverse
sequences, structures, biological functions, and targets. Amy-
loid peptides (AMYs) are widely recognized as causative agents
in the development of many neurodegenerative diseases,
including Alzheimer’s disease (AD), type II diabetes (T2D),
and Parkinson’s disease (PD)."™ The prevailing “amyloid cas-
cade hypothesis” for the past 30 years postulates that the
accumulation of misfolded amyloid aggregates, characterized
by their highly ordered, B-sheet structures (namely amyloids),’
in human tissues is a key pathological feature of

Dr Dong Zhang earned his PhD in
Chemical, Biomolecular, and
Corrosion Engineering from The
University of Akron in 2022,
under  the  supervision of
Professor Jie Zheng. He s
currently a postdoctoral fellow
in Professor Younan Xia’s group
at the Georgia Institute of
Technology. His research focuses
on the rational design and
synthesis of polymers and
nanomaterials for applications
in environmental, biological,
and biomedical fields.

Dong Zhang

Ruth Nussinov is at the Frederick
National Laboratory of Cancer
Research, NCI, an adjunct
Professor at the Chemistry
Department at the University of
Maryland, and emeritus at the
Medical school at Tel Aviv
University. She authored over
750 scientific papers, is Editor-
in-Chief of Current Opinion in
Structural Biology, was Editor-
in-Chief of PLoS Computational
Biology, is Associate Editor and
on Editorial Boards of multiple
Journals. She is a frequent speaker in Domestic and International
meetings, symposia, and academic institutions, won multiple
awards, elected fellow of several societies, and was twice a highly
cited researcher. Her NCI website gives further details. https://ccr.
cancer.gov/ruth-nussinov.

E aim F

Ruth Nussinov

8714 | Chem. Soc. Rev.,, 2024, 53, 8713-8763

View Article Online

Chem Soc Rev

neurodegenerative diseases. Unlike the pathological character-
istics of amyloid peptides, antimicrobial peptides (AMPs),
particularly those broad-spectrum antibacterial ones, are aimed
at combating diseases caused by the infection and inflamma-
tion of various pathogens (e.g., viruses, parasites, bacteria,
fungi).®

Despite the disparate functions of AMYs and AMPs, numer-
ous studies revealed that certain amyloid and antimicrobial
peptides unexpectedly exhibit additional functions typically
associated with the other class.” AMPs, such as protegrin-1,®
plantaricin A,° uperin 3.5,"° magainin,"*> dermaseptin S9,'?
have demonstrated their ability to form amyloid-like fibrils
enriched in fB-sheet structures, resembling the characteristic
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morphology of classic amyloid fibrils. Similarly, several AMYs,
such as AB, hIAPP, a-syn, and SAA,”*™® exhibited antibacterial
activity against various bacterial strains (e.g., Candida albicans,
Escherichia coli, Staphylococcus epidermidis, etc.)'”™*° and anti-
viral activity against different viruses (e.g., influenza virus A,
herpes simplex virus, H3N2, HIN1, etc).>>*' AMYs appear to act
as a class of innate immune defense molecules, functioning by
utilizing toxic amyloid aggregates to eliminate a broad spec-
trum of pathogens through the disruption of their cell mem-
branes thus crucial functions. The shared functionality
between AMYs and AMPs could be attributed to their common
B-sheet-rich structures, enabling a strong binding affinity to
cell membranes. Such strong membrane-activating interaction
allows B-sheet-rich AMYs and AMPs to catalyze toxin-like chan-
nel formation and membrane depolarization as the primary
mode-of-action of membrane disruption,** ultimately leading
to the elimination of host target cells and pathogens. Therefore,
AMP amyloidogenicity and AMY antimicrobial activity are
suggested to originate from their shared innate and conserved
characteristics throughout evolution.®

More importantly, recent studies revealed intriguing patho-
logical connections between amyloid and antimicrobial pep-
tides, likely arising from their shared structural and functional
characteristics. While this area is still relatively less explored,
there is emerging evidence that certain pairs of AMYs and
AMPs, such as hIAPP and aurein, Ap and PG1, o-/B-defensin
and AB/hIAPP/hCT,>*** LL-37 and APB/hIAPP,>>*® a-syn and
CsgA/CsgC/CsgE,””° can interact with each other, leading to
the formation of amyloid fibrils that share similar conforma-
tions and pathological properties. This phenomenon, referred
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to as cross-seeding, highlights the intricate interplay between
amyloid and antimicrobial peptides in pathological processes.
As a result, the cross-seeding between AMYs and AMPs, likely
facilitated by their similar B-sheet structures, often modulates
amyloid aggregation through acceleration, inhibition, or mod-
ification of amyloid-induced cytotoxicity.’>** This dynamic
crosstalk between AMYs and AMPs highlights the potential
for therapeutic interventions targeting amyloid-related diseases
by harnessing the functional properties of antimicrobial
peptides.

Pathologically, the cross-seeding between AMYs and AMPs
gives rise to the ‘“microbial infection hypothesis” and the
“neuroinflammation hypothesis”. Both hypotheses offer
insights into the underlying pathological mechanisms of neu-
rodegenerative diseases. Since neuroinflammation is recog-
nized as a significant risk factor in the development of
pathological hallmarks of neurodegenerative diseases, both
pathogens (including viruses, bacteria, and fungi) and amyloid
aggregates (including AP, hIAPP, a-syn, and SAA) have been
reported to induce persistent neuroinflammation by activating
a long-lasting immune response. This chronic neuroinflamma-
tion, which arises as the consequence of both amyloid aggrega-
tion and microbial infection, contributes to the detrimental
effects on neuronal health and leads to the eventual
neurodegeneration.?*

Emerging evidence from both experimental and clinical
studies revealed a remarkable connection, and even a feedback
loop, between amyloid formation and neuroinflammation, in
addition to their individual contributions to the pathogenesis
of neurodegenerative diseases. This connection is facilitated
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Fig. 1 Historical timeline for discovering the native and alternative functions and cross-seeding of antimicrobial peptides (AMPs) and amyloid peptides

(AMYs).
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through bidirectional and continuous communication between
amyloid proteins and gut microbiota.***> Certain amyloid
proteins can influence the activity of gut microbiota, while
the gut microbiota, in turn, can modulate amyloid aggregation
and its associated toxicity. These findings shed light on the
potential involvement of the brain-gut-microbiota axis in neu-
rodegenerative mechanisms.*>?*® The intricate interplay
between amyloid formation, neuroinflammation, and the gut
microbiota represents a complex and dynamic relationship that
underlies the pathogenesis of these diseases, underscoring
antimicrobial peptides as promising agents to regulate the
detrimental functions of both.

Here, we present a historical timeline tracing the discovery
of both native and alternative functions, as well as cross-
seeding interactions, between AMPs and AMYs (Fig. 1). Overall,
we aim to provide a comprehensive overview of the pathological
relationship between AMYs and AMPs, with emphasis on their
shared structural/functional characteristics, cross-seeding, and
the biological roles of AMPs in the pathogenesis of neuro-
degeneration. Work on the pathological link between AMYs
and AMPs is still at its early stage. We hope that our perspec-
tive, which outlines current challenges and future direction,
will inspire efforts to exploit the potential of antimicrobial
peptides in the development of AMP-based drugs in the treat-
ment of neurodegenerative diseases.

2. Pathological links in sequence,
structure, and function similarities
between antimicrobial peptides and
amyloid peptides

2.1.
AMYs

Sequence and structural similarities between AMPs and

AMYs and AMPs exhibit distinct sequence and structural
characteristics related to their intrinsic antimicrobial activity
and peptide aggregation property. As reported in antimicrobial
peptides database (APD)*””*® and collection of anti-microbial
peptides (CAMP)*° database, AMPs contain over 2400
sequences,’® while AMYs have a much smaller sequence pool,
comprising approximately 30 sequences associated with 25
different neurodegenerative diseases. Typically, AMYs demon-
strate amphiphilicity with a high hydrophobic residue content,*
while AMPs of typically 10-40 amino acids long are rich in
cationic residues (lysine and arginine) and hydrophobic resi-
dues (leucine, valine, and isoleucine) to counterbalance posi-
tive charges.*’ A notable commonality between the two peptide
classes is the prevalence of hydrophobic residues, crucial for
membrane insertion and stabilization through preferential
hydrophobic interactions with lipid membranes.**™** Both
AMYs and AMPs frequently demonstrate a pronounced prefer-
ence for hydrophobic residues such as Ile, Val, and aromatic
amino acids.*”*® Sequence analysis from AMP databases
reveals that the average hydrophobic content of AMPs is 42%.
Within this content, Leu, Ala, Cys, Ile, Val, and Phe are
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frequently occurring residues in AMP sequences, while Met is
rarely observed in AMPs (<1.2%)."® Differently, all AMYs
inherently possess the capability to form B-structure-rich aggre-
gates, suggesting that AMY sequences may exhibit a higher
tendency for aggregation compared to other peptides. Compu-
tational analysis, exploring the aggregation propensity of both
amyloidogenic and non-amyloidogenic sequences,”’™*° along
with experimental investigations,®® reveals that amino acids
such as Val, Trp, Phe, Cys, Tyr, Ser, and Ile are more favorable
for amyloid formation, while charged residues like Asp, Lys,
Glu, and Arg are less favored. Aligned with the hydrophobicity
indexes of amino acids, these residues play a dual role:
strengthening the association force in peptide-cell membrane
interactions and providing more robust stabilization of the
peptide aggregates. The distinct hydrophobic residue composi-
tion among different AMYs and AMPs contributes to the
diversity in their structures and functions, which is under-
scored by the linkage of the hydrophobicity to their hemolytic
potential.

While positive charge serves as a distinguishing feature
between AMPs and AMYs, however both classes demonstrate
stronger interactions with anionic lipid membranes compared
to neutral zwitterionic lipid membranes. The prevalence of
positively charged residues in AMPs with average net charge
of +3.2e promotes selectivity, facilitating the initiation of con-
tacts and the adoption of a surface position on anionic mem-
branes. Typical Arg-rich AMPs (e.g., apidaecin, buforin II,
indolicidin) can spontaneously translocate into bacterial cells
without membrane perturbationn.”*>* Upon translocation,
these Arg-rich AMPs interact with DNA, RNA, ribosomes, and
other intracellular components via electrostatic interactions,
ultimately leading to cell death. However, the presence of
positively charged residues like Arg and Lys appears to dis-
courage their occurrence in amyloid sequences. This may be
attributed to electrostatic repulsion, as charge-charge stacking
disfavors the self-aggregation of AMYs. On the other hand, the
prevalence of negatively charged residues in AMYs enables
complex formation with cations, facilitating the transport of
cations across the membrane.

The amphiphilic nature of AMPs achieves a balance between
polar and nonpolar components, notably featuring a lower
prevalence of Gln and Asn in AMPs. Cys is notably abundant
(>14%) in B-hairpin AMPs, underscoring the prevalence of
disulfide bonds as common structural motifs essential for
maintaining a stable amphipathic structure.”” In contrast,
although strong hydrophobicity plays a crucial role in AMY
aggregation, the mere bias toward hydrophobicity does not
provide a sound explanation for amyloid structures and aggre-
gation. Polar residues are equally essential to facilitate the
formation of specific B-sheet organizations. Given that typical,
parallel B-sheets in amyloid fibrils are predominantly stabilized
by interchain hydrogen bonds between B-sheets, GIn and Asn
are highly favored in AMYs. These residues contribute to the
formation of a ladder structure crucial for stabilizing amyloid
fibrils when GIn/Asn harboring peptides adopt an in-register,
parallel B-sheet arrangement, as evidenced by GNNQQNY.

This journal is © The Royal Society of Chemistry 2024
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While proline tends to discourage the B-structure in amyloid
sequences, it does not exhibit a distinct preference in AMP
sequences.

Overall, an amphipathic characteristic is a common
sequence feature shared between AMPs and AMYs, although
specific attributes may vary to achieve their unique structures
and distinct native functions. AMPs commonly exhibit amphi-
pathic structures with an abundance of hydrophobic and
cationic residues but fewer polar residues. Key contributors to
the positive charge, necessary for membrane interaction, are
Arg and Lys, while cysteine residues may form disulfide bonds,
enhancing stability. This amphipathicity enables selective
interaction with microbial membranes. AMYs feature a propen-
sity for hydrophobic amino acids, presence of aromatic resi-
dues, glycine-rich segments for flexibility, and occurrence of
charged residues, and these sequence elements contribute to
the adoption of B-structure-rich structure in their aggregates.
The presence of various residue types contributes to peptide-
membrane interactions in distinct ways. Charged residues are
known for initiating contacts and membrane adsorption
through electrostatic interactions, hydrophobic residues
increase the likelihood of the adsorbed peptides to partition
into the hydrophobic interior of the membranes, and polar
residues achieve their functions by forming hydrogen bonding
networks with lipid polar groups and adjusting secondary
structures for membrane interactions. Moreover, charged and
polar residues play a vital role in determining the correct
orientation for peptide adsorption on and insertion into the
membrane, with specific tilt angles.>® A strong correlation in
Fig. 2 is evident for 80% of the amino acid residues found in
both antimicrobial and amyloid-like regions. The probability of
an individual residue being situated in either aggregation-
prone or antimicrobial domains is well correlated, with the
notable exception of positively charged residues that favors in
antimicrobial region, but not aggregation-prone region.>®
Illustratively, AMYs arrange hydrophobic, hydrophilic, and
charged residues sequentially, as seen in patterns like
CCCHHHPPPPPPPPPPPPPC, while AMPs adopt an alternative

Polar uncharged residues
Polar charged residues
Non-polar residues

Aggregation Propensity
&

-15 T T 1

1 1 1
01 02 03 04 05 0.6
Antimicrobial Index

Fig. 2 Functional residue propensity in both amyloid and antimicrobial
sequence regions of antimicrobial peptides (AMPs) and amyloid peptides
(AMYs). Reproduced with permission from ref. 56.
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sequence, exemplified by PHCPHCPHCPHCPHCPHC (e.g.,
VKRWKKWRWKWKKWYV).>” Statistical analysis of composi-
tional preferences in naturally occurring AMPs and AMYs
may identify specific sequence fragments for membrane bind-
ing, transmembrane insertion, and structural transition, which
could serve as the basis for engineering specific sequences for
AMPs and AMYs, thereby endowing them with new alternative
functions.

Structurally, AMPs display four distinctive conforma-
tions—a-helical, B-sheet, extended, and disordered states, pre-
dominantly determined by solution NMR and X-ray methods.
Among these, helical- and B-related structures are the most
populated conformations. In many instances, AMPs exhibit
distinct structures in solution compared to when they interact
with membranes. Upon exposure to cell membranes, they
undergo structural transitions or peptide aggregation to facil-
itate membrane adsorption or insertion. In contrast, AMYs
lack defined structures in their native states, however, under
pathological conditions, AMYs consistently adopt an in-
register, B-sheet organization in their fibrillar aggregates,
demonstrating a remarkable independence from both their
individual sequences and the cellular environment. Commonly,
fibrillar amyloid aggregates exhibit several structural motifs,
including (i) the self-complementing polar or non-polar van der
Waals (VDW) zippers between (anti)parallel sheets in sequences
like GNNQQNY,*®*® AB,°%°' hIAPP** and (ii) chemically-
identical amino acid ladders such as Asn and Gln, and n-n
stacking.®> These motifs provide structure-based forces to
stabilize B-sheet conformations. Different from AMYs, the
presence of cell membranes appears to accelerate amyloid
formation, impacting the kinetics of B-sheet structures rather
than their thermodynamics. B-structure motifs are present in
both AMPs and AMYs (Fig. 3). In AMPs they are often stabilized
by disulfide bridges between conserved Cys residues (e.g.,
protegrin 1, tachyplesin, human B-defensin, gomesin)*>®*%®
(Fig. 3a), while those of AMYs (e.g., hIAPP, A, PrP,) are typically
stabilized by salt bridges®”®> (Fig. 3b). Deletion of disulfide
bonds in AMPs (e.g., PG-1, a-defensins) leads to loss of f-
hairpin and membrane-activated antimicrobial activity,®”"*°
emphasizing the essential role of disulfide bonds in the struc-
ture and function of AMPs. AMPs without disulfide bonds,
including 1137,”® melittin,”* magainin,”>”® cecropin A,”*”> and
dermaseptins,”® initially adopt a random coil in solution and
undergo a random-coil-to-helix transition upon interaction
with the membrane. The lengths of these B-sheets typically
span the membrane bilayer thickness, in which mismatches
between the hydrophobic regions of the B-strands and the
lipids significantly influence the peptides lateral and orienta-
tional movements within the membranes.

2.2. Common membrane disruption mechanisms of AMPs
and AMYs

Antimicrobial peptides (AMPs) and amyloidogenic peptides
(AMYs) disrupt cell membranes through both receptor-
mediated and nonreceptor-mediated mechanisms. Receptor-
mediated mechanisms involve the recognition of target cells
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via specific receptors such as sugars, lipids, or proteins, leading
to cellular responses including cell necrosis and apoptosis
through varied cellular processes.>””””®
primarily addresses nonreceptor-mediated mechanisms, focus-
ing on direct interactions of these peptides with the membrane
that lead to increased membrane permeability through various
modes (barrel-stave, toroidal-pore, carpet, and detergent
models).”® Such direct membrane interaction process can be
generalized into three sequential steps: initial membrane
adsorption, deeper peptide insertion, and reorganization

However, this review

8718 | Chem. Soc. Rev,, 2024, 53, 8713-8763

within the membrane (Fig. 4a). Although this model simplifies
the dynamics, it underscores the critical factors influencing
these interactions, including intrinsic physicochemical proper-
ties of peptides (size, sequence, secondary structure, net
charge, charge distribution, hydrophobicity, and amphiphilic
character), dynamic properties of peptides (aggregation,
adsorption, orientation, and insertion), characteristics of cell
membranes (composition, headgroup size, surface charge,
hydrogen bonding capacity, and bilayer elastic properties),
and environmental conditions (peptide concentration,

This journal is © The Royal Society of Chemistry 2024
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temperature, ionic strength, pH).*>*' Membrane disruption by

AMPs and AMYs occurs through two broad mechanisms:** non-
poration and poration (Fig. 4b). Non-poration does not involve
crossing the membrane but can disrupt its integrity. For
instance, in the carpet model, peptides disrupt the membrane
without forming pores, extracting lipids to create micelles and
causing local, transient defects. This mechanism is employed
by peptides such as cecropin and melittin, which align parallel
to the membrane, disrupting lipid organization and inducing
thinning. In contrast, poration involves forming transmem-
brane pores or channels, typically occurring when peptides
insert into the membrane and oligomerize to create structures
that facilitate the passage of ions and molecules. The barrel-
stave and toroidal models are common scenarios, where mono-
meric peptides either insert and subsequently form pores, or
peptide oligomers directly insert to create pores.

In these non-poration, membrane-disruption events
(Fig. 4b), AMP and AMY peptides could function as ‘“deter-
gents”®*%* extracting specific lipids from membranes to form

peptide/lipid micelles, anchoring themselves in the polar head-
group region to cause lateral membrane expansion and thin-
ning, or triggering lipids clustering and segregation and
subsequent lipid phase transitions.®®%”%%>%¢ In the carpet or
detergent models, both AMYs and AMPs align parallel to the

This journal is © The Royal Society of Chemistry 2024

membrane, with the hydrophilic side of the peptide facing the
headgroups through electrostatic interactions, while the hydro-
phobic portion faces the lipid tails through hydrophobic inter-
actions. These mechanisms have been reported for AMPs such
as cecropin,® buforin 2, aurein 1.2,%® Citropin,®® and
melittin®® to achieve their antimicrobial activity at high peptide
densities or peptide-to-lipid ratios, as well as for AMYs like
AB,”® hIAPP,”* a-syn,”*> and PrP%’ to induce cell toxicity and
neurodegeneration. Additional evidence for the non-poration
models comes from the observation that certain peptides are
too short to span the membrane and form a pore. Examples
include Mastoparan (14 residues),”® KLLKLLLKLLLKLLK
(15 residues),”® (Aib-Lys-Aib-Ala),-;_5.”® These non-poration
membrane destabilization events typically involve the
membrane interactions of monomeric AMPs or AMYs, resulting
in the creation of permeation and leakage pathways that
facilitate the crossing of small molecules and ions through
lipid bilayers.®”

Distinct from non-poration actions, AMPs (e.g., PG-1) and
AMYs (e.g., AB, hIAPP) can form trans-membrane pores or ion
channels, generally through two main processes depending on
peptide-to-lipid ratios.”®'°" The first process involves mono-
meric peptides initially inserting into the membrane, followed
by reorganization to create pores. In the second scenario,
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peptide oligomers directly insert and immediately form pores.
Both scenarios require peptide oligomerization, occurring after
and before membrane insertion, respectively. Essential to this
process is the precise assembly of a specific number of pep-
tides, achieving optimal hydrophobic alignment with lipid
chains and reducing exposed hydrophobic and charged resi-
dues, crucial for functional transmembrane pore formation.
Two primary pore topologies, ‘“barrel-stave” and ‘toroidal”,
derived from o-helices AMPs, are central to understanding
peptide-induced pore formation. In barrel-stave pores, peptide
chains align vertically and parallel to the membrane lipids,
creating stability through hydrophobic interactions. Examples
include AMPs such as alamethicin, ceratotoxins, and
distinctin,®>'%>1°* and AMYs such as AP, hIAPP, and
osyn.'®"% In contrast, toroidal pores form when peptides
bind to lipid headgroups, inducing a positive curvature that results
in a torus-shaped opening, with peptides arranged circularly. Pep-
tides known to form toroidal pores include magainins,”
mastoparan-X,*** viroporin, and PG-1*> among AMPs, as well as
AB,'%1% prP(106-126),"*° and hIAPP'"! among AMYs.

Visualizing is comprehending. While AMP transmembrane
pores are directly characterized by X-ray and NMR, amyloid
pores — formed by AB,"">™'"> hIAPP,"'*'" o-synuclein,'*® and
serum amyloid A,"'®''*'2% and K3 peptides derived from P,-
microglobulin,****?*'*> ABri, and ADan - are typically analyzed
using fluorescence leakage tests in giant vesicles, ionic con-
ductance, confocal microscopy, electrophysiology, cell calcium
imaging, and molecular dynamics (MD) simulations. Direct
observation of these amyloid pores remains challenging due
to difficulties in isolating pure amyloid oligomers for crystal-
lization. Often, their existence is inferred from activities, such
as channel conductance, calcium imaging, neuritic degenera-
tion, mitochondrial damage.®" Alternatively, AFM/SEM images
and molecular modeling enables the reconstruction of amyloid
pores at low-to-medium resolutions (Fig. 5), showing structural
similarities with AMP pores. Both amyloid and AMP pores are
characterized by donut-shaped supramolecular arrangements
of loosely connected oligomeric aggregates with (-sheet
structures,"'*'*>"** reminiscent of pore-forming bacterial tox-
ins. Despite variations in pore conformations, types, and sub-
unit interactions with bilayers, these irregularly shaped and
dynamic pores, with typical inner diameters of 1-3 nm and
outer diameters of 6-10 nm,"*® maintain an open state, allow-
ing the uncontrolled passage of ions and molecules without
specific ion selectivity. Unlike traditional gated ion channels,
these non-gated ion pores lack mechanisms to regulate their
opening and closure, indicating a fundamental difference in
their functional properties.

Computational models, utilizing NMR-resolved f-strand-
turn-B-strand amyloid monomers, have been employed to
reconstruct diverse oligomeric pore structures in amyloids like
AP, hIAPP, serum amyloid A, B,-microtublin.®®'*>7'** These
computational pores feature varied peptide counts (12 to 36
monomers), pore sizes (inner diameters of 2-4 nm and outer
diameters of 7-12 nm), and topologies interacting with lipid
bilayers."” The U-shaped structures of these amyloid pores,
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consisting of multiple, loosely connected, mobile subunits, are
consistent with AFM images and reveal dynamic behaviors,"*®
such as multiple conductance, weak cation selectivity, and
voltage independence, and responses to inhibitors such as
Congo red and zinc.''®'?*1%11¢ Importantly, computationally
constructed pores do not consistently maintain a stable, open
pore-like structure, instead factors like lateral bilayer pressure,
hydrophobic interactions, and thermal instability can destabi-
lize these pores, leading to pore collapse and reflecting the
complex role of amyloid pores in various disorders.

Taken together, AMPs and AMYs, despite their sequence and
structural diversity, share common features such as a well-
defined B-structure and a hydrophobic, amphipathic region.
These attributes support their biological functions, with AMYs
displaying antimicrobial activities and AMPs showing self-
aggregation properties. Crucially, peptide oligomerization initi-
ates and promotes interactions that lead to the formation of
transmembrane pores and curved membranes, both capable of
disrupting normal membrane permeability. This oligomeriza-
tion not only transforms nonamyloidogenic peptides into
pathogenic variants,'*” but also enhances the antimicrobial
efficacy of AMP monomers,”” highlighting its essential role in
regulating membrane permeability. Moreover, the mechanisms
of membrane disruption by AMPs and AMYs are multifaceted,
involving various actions like transmembrane pore formation
and membrane fusion. These processes are part of a broader
phenomenon seen in diverse peptides, including cell-
penetrating peptides, pore-forming toxins, glycopeptides, and
lipopeptides. Such membrane-activating peptides play crucial
roles across biological domains, not only enabling viruses and
bacteria to attack host cells but also serving as a defense
mechanism in both invertebrates and vertebrates through
membrane-disruption strategies.

2.3. Pathological links between antimicrobial peptides and
amyloid peptides

The pathological link between antimicrobial peptides (AMPs)
and amyloid peptides (AMYs) can be traced back to their
common association with microbial contexts. Mechanistically,
in addition to the well-established role of amyloid aggregation,
microbial infection has emerged as a significant contributor to
the pathogenesis of neurodegenerative diseases.**> The “amy-
loid aggregation hypothesis” posits that the formation of toxic
amyloid aggregates with B-rich structures is a requirement for
the progression of neurodegenerative diseases, leading to cel-
lular degeneration and eventual cell death. Conversely, the
“microbial infection hypothesis’ suggests that neuroinflamma-
tion induced by bacteria, viruses, and fungi contributes to
the pathology of neurodegenerative diseases through a persis-
tent immune response.*>** While these two hypotheses pro-
pose distinct mechanisms for neurodegenerative diseases,
emerging evidence from experimental and clinical studies
has unveiled an intricate relationship between amyloid for-
mation and microbial infection. Bidirectional and continuous
communication between amyloid proteins and the gut
microbiota (particularly bacterial amyloids) has emerged as a

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comparative characterizations of (a) antimicrobial pores formed by melittin (Reproduced with permission from ref. 126 Copyright © 2015
American Chemical Society), amhelin (Reproduced with permission from ref. 127 Copyright 2013 National Academy of Science), perforin-2 (Reproduced
with permission from ref. 128 Copyright © 2022 The Author(s)), perforin (Reproduced with permission from ref. 129 Copyright © 2021 The Royal of
Chemistry) by AFM images (upper panel) and melittin (Reproduced with permission from ref. 130 Copyright © 2015 American Chemical Society),
protegrin-1 (Reproduced with permission from ref. 131 Copyright © 2008 American Chemical Society), pleurocidin (Reproduced with permission from
ref. 132 Copyright © 2021 American Chemical Society), kaempferol (Reproduced with permission from ref. 133 Copyright © 2022 American Chemical
Society), mutacin 1140 (Reproduced with permission from ref. 134 Copyright © 2019 the Owner Societies), chrysophsin-3 (Reproduced with permission
from ref. 135 Copyright © 2018 The Royal of Chemistry) by molecular simulations (lower panel); (b) amyloid pores formed by AB;_40 (Reproduced with
permission from ref. 116 Copyright © 2005 National Academy of Sciences, U.S.A.), ovalbumin (Reproduced with permission from ref. 136 Copyright ©
2013 American Chemical Society), a-synuclein,'® ABri,*® albebetin (Reproduced with permission from ref. 137 Copyright © 2004 American Chemical
Society), hIAPP, ¢ serum amyloid A*'® ADan,**® K3 (Reproduced with permission from ref. 121 2009 American Chemical Society) by AFM images (upper
panel) and AB (Reproduced with permission from ref. 138 Copyright © 2013 American Chemical Society), Medin (Reproduced with permission from
ref. 139 Copyright © 2020 Biophysical Society), hIAPP (Reproduced with permission from ref. 106 Copyright © 2012 Elsevier B.V.) K3,%* FKFEFKFE
(Reproduced with permission from ref. 140 Copyright © 2022 American Chemical Society), a-synucleings_o, (Reproduced with permission from ref. 141
Copyright © 2023 American Chemical Society) by molecular simulations (lower panel).

critical factor in the pathogenic connection between these two Interestingly, recent research has uncovered the conver-
phenomena.>**® This suggests a molecular crosstalk between gence of certain features between AMYs and AMPs,
the amyloid aggregation hypothesis and the microbial infection adding another layer of complexity to their interplay. Some
hypothesis. AMYs, typically associated with disease pathology, exhibit
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antimicrobial activity, while certain AMPs, known for their role
in host defense, display amyloidogenic potentials. The dual
functionality of some AMYs and AMPs provides new evidence
for manipulating their sequences, structures, and activities to
develop therapeutic intervention strategies for combating both
microbial infections and neurodegenerative disorders. The
discovery of dual functionality in certain AMYs and AMPs
presents compelling evidence for the potential manipulation
of these attributes as a basis for developing therapeutic inter-
vention strategies combating both microbial infections and
neurodegenerative disorders.

Several AMPs, including phenol-soluble modulin,**®
plantaricin A,° longipin,"*® melittin,"*° dermaseptin $9,”®
magainin 2,* temporins,"*' aurein,***** uperin,'®*** LL-
37,'* protegrin-1,"*® defensins,>*** and AMC-K9 conjugate,"’
have been observed to exhibit self-assembly into amyloid-like
fibrils with PB-rich structures, either in buffer solutions or on
lipid membranes. These self-assembled AMP fibrils bear simi-
larity to pathological amyloid fibrils associated with human
disease. The identification of AMPs as capable of forming
amyloid-like structures highlights an intriguing aspect of their
biological activity beyond their well-known antimicrobial prop-
erties. The resemblance between these self-assembled AMP
fibrils and disease-related amyloid fibrils raises important
questions regarding their functional implications and the
underlying mechanisms governing their assembly. Considering
that AMPs are implicated in the pathogenesis of neurodegen-
erative diseases associated with “microbial infection hypoth-
esis”, further investigations focusing on cross-seeding
interactions between these AMPs and different amyloid pro-
teins may lead to the identification of dual-functional,
multiple-target inhibitors. Such AMP inhibitors would have
the potential to simultaneously impede pathology-associated
amyloid aggregation and microbial infection pathways.

In parallel, recent studies have challenged the conventional
perception of AMYs as exclusively pathogenic and useless
substances. Instead, emerging evidence reveals the diverse
biological functions of AMYs, encompassing their beneficial
roles as reservoirs for certain polypeptide hormones storage,">®
participation in cell adhesion,*® contribution to the develop-
ment of functionalized biomaterials and nanomaterials, ®%*¢*
and demonstration of antibacterial activity.”'®> Unlike some
AMPs that possess amyloidogenic properties, AMYs are increas-
ingly recognized as ancient and highly conserved innate
immune effectors involved in the prevention of microbial
infections. Since the initial discovery in 2002 that serum
amyloid A (SAA) can cause significant damage to various
bacteria cells through the formation of voltage-independent
and poorly selective ion channels,""® numerous other AMYs
have been found to possess antimicrobial activity against
common bacteria and fungi, including PrP,; ,3; and its trun-
cated variants,'® AB,"” hIAPP,'® hCT,>*** o-syn,'®> and SAA.'**
In some cases, the antimicrobial potency of these AMYs is
equivalent to or even greater than that of LL-37 antimicrobial
peptide. These findings provide compelling evidence that AMYs
exert their antimicrobial and cytotoxic activities through a

1
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shared mechanism involving the formation of ion-permeable
channels in the cell membranes of pathogens. Also, these
findings not only expand our understanding of the biological
roles of AMYs in relation to the “microbial infection hypoth-
esis”, but also challenge the simplistic notion that they are
solely deleterious, as commonly associated with the “amyloid
aggregation hypothesis.”

Emerging but limited studies have revealed the occurrence
of cross-seeding between bacterial amyloids and AMYs, as well
as between AMPs and AMYs. This is likely due to the presence
of these peptides in the blood circulation and cerebrospinal
fluid, which raises the possibility of their co-aggregation or
cross-seeding with other amyloidogenic proteins.'®>™®” The
former cross-seeding between bacterial amyloids and AMYs
seems to establish a pathogenic link, possibly creating a loop
that contributes to disease propagation from microbial/virus
infection to amyloid pathogenies through the brain-gut-
microbiota.>**> Unlike the cross-seeding between bacterial
amyloids and AMYs, the cross-seeding observed in certain
AMPs-AMYs pair systems, such as human B-defensin and AP/
hIAPP/hCT,* human o-defensin and AB/hIAPP/hCT,*® LL-37
and AB/hIAPP,>>*® g-syn and CsgA/CsgC/CsgE,””>° presents a
more intricate scenario. This cross-seeding enables AMPs to
modulate the aggregation and misfolding of different AMYs.
However, the changes in amyloid aggregation induced by AMPs
do not necessarily lead to a reduction in amyloid-induced cell
toxicity and the preservation of AMPs’s antimicrobial activity,
presumably due to the formation of AMP-AMY complexes and
alterations in the distribution of AMY aggregates. On a positive
note, recent studies have identified specific AMPs as dual-
functional, multiple-target inhibitors capable of simulta-
neously blocking amyloid aggregation and microbial infection
pathways. These AMPs show the potential to interrupt the
interlinked pathological processes and bidirectional commu-
nication between amyloid aggregation and microbial infection.
This discovery introduces an innovative approach to explore
and repurpose a diverse range of antimicrobial peptides that
inherently possess both bacterial-killing and amyloid inhibi-
tion functions, so as to effectively reconcile the “amyloid
cascade hypothesis” and the “microbial infection hypothesis”.
Additionally, the occurrence of amyloid cross-seeding, where
various disease-related amyloid proteins form structurally simi-
lar amyloid fibrils, has been frequently observed.**"'°® This
phenomenon poses an additional risk factor for the initiation
and progression of other neurodegenerative diseases. Surpris-
ingly, seemingly unrelated amyloid proteins can trigger patho-
logical events in different neurodegenerative diseases through
amyloid cross-seeding. This further complicates the under-
standing of the amyloid aggregation hypothesis and its associa-
tion with microbial infection.*®

The COVID-19 pandemic has prompted researchers to inves-
tigate a potential connection between SARS-CoV-2 infection and
amyloidosis. Preliminary studies have reported some interest-
ing findings. It has been observed that the spike protein (S-
protein) of the SARS-CoV-2 virus contains aggregation-prone
heparin-binding sequences, and this characteristic enables the

This journal is © The Royal Society of Chemistry 2024
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S-protein to aggregate into amyloid-like fibrils at a faster rate
compared to AB and a-synuclein.’®® In another study, S-protein
does not affect a-synuclein aggregation, while the SARS-CoV-2
nucleocapsid protein (N-protein) significantly accelerates the
aggregation process.'’® Additionally, molecular dynamics simu-
lations have indicated that the SK9 fragment from the E-protein
of SARS-CoV-2 promotes the formation of amyloid structures in
serum amyloid A."”" These findings highlight the potential
involvement of SARS-CoV-2 viral proteins in amyloid formation
but require further investigation to explore the cross-seeding
interactions between specific SARS-CoV-2 proteins (e.g., S-
protein, N-protein, E-protein) and different amyloid peptides
(e.g., AB, a-synuclein, tau, and prions), as well as reveal the
potential impact of these interactions on disease pathology.

These findings highlight the intricate and multifaceted
nature of the pathological links between antimicrobial peptides
and amyloid peptides. The bidirectional communication
between amyloid proteins and the gut microbiota, coupled with
the phenomenon of amyloid cross-seeding, provides new
insights into the complex interplay between amyloid formation
and microbial infection in the development and progression of
neurodegenerative diseases. Further exploration of these patho-
logical links holds promise for advancing our understanding of
neurodegenerative diseases and may open avenues for the
development of novel therapeutic strategies targeting both
amyloid aggregation and microbial infection.

3. Amyloid property of antimicrobial
peptides

Antimicrobial peptides (AMPs), also known as host defense
peptides (HDPs), are abundant in the brain and other immune-
privileged tissues and function as innate defense mechanisms
against a variety of microorganisms and pathogens. AMPs,
typically comprising 50-100 amino acids, show significant
sequence and structural diversity, but mainly fall into two
categories based on their secondary structures: o-helical and
B-sheet peptides. These peptides disrupt bacterial cell walls,
protein and nucleic acid synthesis, enzymatic activities, and
membrane integrity, and possess antiviral, antifungal, antitu-
mor, and immunomodulatory properties. The structural and
functional similarities between AMPs and amyloids (AMYs)
highlight fundamental biological connections, with emerging
evidence of amyloidogenic properties in certain AMPs across
various organisms, including animals, amphibians, insects,
plants, and microbes, suggesting a more universally conserved
role for AMPs linked to their amyloid properties.
Mechanistically, the neuroinflammation seen in neurode-
generative diseases® is closely linked to microbial infections
caused by viruses (such as HSV-1,"”> HIV,"”* HHV-6A""%), bac-
teria (such as gut bacteria,'”> liver bacteria Helicobacter
pylori,"’® Chlamydia pneumoniae'’’), fungi (such as Candida
species, Cladosporium, Cryptococcus'’®), and SEVL.'7® These
infections can compromise the blood-brain barrier (BBB),
trigger persistent immune responses, and ultimately contribute
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to neurodegeneration.>”** Bacterial amyloid proteins, found in
the gut microbiota, share structural similarities with amyloid
proteins in the central nervous system (CNS). Both bacterial
and amyloid aggregates are targeted by the immune system,
leading to prolonged inflammation'®®'®! and activation of
microglia,"®> which exacerbate neurodegeneration. Exposure
to bacterial amyloids can enhance immune responses against
neuronal amyloids, potentially crossing the compromised BBB
and disrupting brain function in individuals with infections.
Below, Table 1 presents a range of antimicrobial peptides
(AMPs), including natural AMPs from various sources and
synthetic or engineered AMPs with amyloid-like properties.

3.1. Natural AMPs from mammals

Numerous studies were conducted to unravel the relationship
between the self-association of AMPs and membrane disrup-
tion. Several models have been proposed, similar to those
describing the membrane disruption of AMYs.**?'%?'1 The
identification of a distorted antiparallel B-sheet structure in
bovine lactoferricin B, a 25-residue AMP, suggests a potentially
beneficial o-to-f secondary structure transition in antimicro-
bial activity. This observation implies a resemblance to the
pathological amyloid formation (Fig. 6a)."®* Subsequently, sev-
eral AMPs from various animals have been recognized for their
amyloid-like properties.

Cathelicidins, along with defensins, constitute a significant
category of cationic AMPs and represent a pivotal component of
the immune system in diverse vertebrates, including humans
and other animals. This cationic AMP family is featured by a
highly conserved N-terminal cathelin domain and a diverse C-
terminal antimicrobial domain exhibiting a-helical, B-hairpin,
or proline/arginine-rich characteristics. Within the extensive
family of over 30 cathelicidin members found in mammals,
numerous AMPs have been identified as amyloidogenic pep-
tides. For instance, the 13-residue AMP indolicidin, derived
from bovine species, demonstrates the ability to form amyloid-
like fibers in the presence of liposomes containing phosphati-
dylserine (Fig. 6b)."®* The protegrin group of cathelicidin AMPs,
isolated from porcine leukocytes, exhibits a distinctive cysteine-
rich B-sheet structure.** The unique conformation of prote-
grins, featuring a two-stranded antiparallel B-sheet stabilized by
two cysteine bridges with strands connected by a f-turn,
suggests potential self-interactions similar to those of AMYs.
The amyloidogenic property of protegrins is evident, particu-
larly in the case of PG-1, which exhibits rapid kinetics in
forming amyloid fibrils (Fig. 6c).® Moreover, LL-37, as the only
human cathelicidin, has been extensively studied for its
amyloid-like property. LL-37, an a-helical AMP essential in the
first line of defense against local infections and systemic
pathogen invasions,>? exhibits initial evidence suggesting that
its antimicrobial effects arise from compromising the
microbe’s membrane barrier through the formation of cyto-
amyloid-like fibers in the presence of acidic
phospholipids.>* These amyloid-like structures have been
studied for their role in immune responses and interactions
with host cells. The fibrillation of LL-37 is critical for DNA
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E S 3 % s g S S € € 2  bindingand affects receptors in the immune system.*'” Further
- =P é - _ £ studies. h'fwe identi.fi.ed an active core of LL-37 (residues 17T29)
5 5% g % z '§ g that mimics the ability of full-length LL-37 to self-assemble into
EES 28 E S § g § 2 densely packed helices forming a protein fibril (Fig. 6d).**®
I 2 —ag E E = g g é‘ Recent studies on LL-37 suggested a potent inhibitory effect on
LE 8 §§ sz & £5 ¢ amyloid aggregation,”>*® suggesting the complex role that
E E TSE § § %‘ 9 2 § AMPs may play in response to external stimuli.
é‘i; ‘*E g% S_E £ é g@ Defensins, characterized as small cysteine-rich cationic pro-
%a § % 8 g g g § e E gOE teins, play a central role in the host defense mechanisms of
» |2 & %;EE E % £ 8 gﬁ:g granulocytic leukocytes, mucosal surfaces, skin, and other
,_%O i § EE’TE g i é TE g g epithelia. Three defensin subfamilies—o-defensins, B-defen-
& E g 5 %OE g §§ g2 S lj fi sins, and 6-defensins—are expressed in animals. Typically
E» gg EZ‘ E%H% 3.?;§ = g ‘E g spanning 18-45 amino acids, defensins feature three or four
5 E -g E é e g 95 E’E = g é 5% highly conserved disulfide bonds, and their tertiary structures
g 2223275 g/é '§_§ % ER §§ § % % are dominated by turn-linked B-strands, resulting in compact
folded structures with favorable self-assembly properties.
< = S Human o-defensin 6 (HD-6) showcases a unique innate
g% 2 immune mechanism, wherein it self-assembles into elongated
gé ; S % ; ; ; % ; fibrils that effectively entrap bacteria, preventing microbial
< g g o = & 7 |nvasion [Flg..6e).1‘85’216 Notably, certain subgr(?ups of d.ef.en—
= &) = j:v-: g o O O O  sins, with their unique B-strand-rich conformations, exhibit a
g 2 §§ g? Eg 2z E g 3 potent inhibitory effect on amyloid peptides. This inhibitory
§ g EE £§ QE é@ ® ? E i effect has been observed in human a-defensin HNP-1, rabbit
a-defensin NP-3A,* HD-6, and human p-defensin HBD-1.%3
These defensins can cross-seed with three amyloid peptide-
s—AP, hIAPP, and hCT—hindering their aggregation into amy-
A 2 2 2 loid fibrils from both monomers and oligomers. These findings
E § .§ § suggest a therapeutic potential for AMPs in the context of
Z < < < < < < < <«  amyloidrelated diseases. This raises an intriguing question
<= Z Z © Z © © Z  about the potential bidirectional communication between
T o § S g §2:"~§ s 3 microbial infection and amyloid formation and opening ave-
£ ‘é ‘§ g g g § § g B nues for further exploration.
Sle® o <8 %"E ooEiLd? Beyond AMPs derived from the innate immune system,
(8 s 88 835883 §8 S €S«  certain basic proteins exhibit potent toxicity against microbes
g < ¥ M M MAavEAa<¥EARAZ  apd viruses. The eosinophil cationic protein (ECP), located in
g * § ﬁ“ :ﬁ§ § § :‘é the eosinophil primary matrix, belongs to the Ribonuclease A
é g . 4 g % § .é" 24 § % § % § g superfamily. Apart from its involvement in tissue-remodeling
gl 9 S g g %’é = g 2 §§§0 T§ S Eg S processes, ECP serves as an AMP with a broad spectrum of
g 5 : : ; DQ. E:S : o " o :_ : :_ : action against bacteria, and at higher concentrations, displays
ol . 3} G. o B. 5. cytotoxic activity to eukaryotic cells. Recently, the in vitro for-
s| o S £ES E68 ®Eg0° mation of amyloid-like aggregation of ECP has been reported
%0 §§ §§ % 5 % 5 § .% E (Fig. 6f). This discovery may offer new insights into the anti-
_.: %% %% E% %% % %% < = < microbial mechanism of the protein involving amyloid for-
?|ME KB w@m @am M@@ Z Z Z  mation, and its potential toxicity to host tissues during
B g D = inflammation processes.'®® The amyloid-like fibril propensity
© .E’f,:; bE = ; %g T Ex of ECP suggests a connection to the presence of eosinophil
N e E “22 § &E 3 % E‘E « < < infiltration in AD. These findings imply that amyloidosis in
ez 83 £L£38=2 238 z z z mammals could be a more general outcome potentiated by the
& E .: & % immunomodulatory and infection control functions of AMPs.
B o % L g % % E ;éb é & § 3.2. Natural AMPs from amphibians
é E i% 5 E ;‘3 % ‘EJ § 5 E é In 1989, the first documentation of an AMP with aggregation
S properties emerged, revealing the spontaneous polymerization
. & of magainin 2."" Magainin 2, a 23-residue AMP derived from
2 & the skin of the African clawed frog Xenopus laevis, possesses the
P 3 ability to form filaments with a diameter of 13 nm with a

8726 | Chem. Soc. Rev,, 2024, 53, 8713-8763 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00878a

Open Access Article. Published on 23 July 2024. Downloaded on 6/18/2026 8:06:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

a Bovin Lactoferricin d

b Indolicidin

c PG-1

VA
‘a

-NH,

Fig. 6

View Article Online

Review Article

LL-37

ECP:

Illustrations of natural AMPs from mammals with amyloid property. (a) Bovin lactoferricin characterized by a distorted antiparallel B-sheet

structure in solution as elucidated by 2D NMR (Reproduced with permission from ref. 183 Copyright © 1998 American Chemical Society.) (PDB: 1LFC). (b)
Bovine cathelicidin indolicidin capable of forming amyloid-like fibers induced by acidic phospholipids; a left image displays phase-contrast microscopy,
while a right image exhibits a polarizing microscopy after Congo red staining. (Reproduced with permission from ref. 184 Copyright © 2005 American
Chemical Society.) (c) Porcine cathelicidin PG-1, featuring a cysteine-rich B-hairpin structure (PDB: 1PG1), spontaneously forming amyloid fibrils within
hours in the AFM image. (Reproduced with permission from ref. 8 Copyright © 2014 Elsevier Inc.) (d) Human cathelicidin LL-37 is an a-helical AMP (PDB:
2K60). The active core of LL-37 (residues 17-29) mimics the ability of the full-length peptide to self-assemble into densely packed helical protein fibrils,
as demonstrated by transmission electron microscopy (TEM, middle image) and the resolved crystal structure (right image). (Reproduced with permission
from ref. 155 Copyright © 2020 Springer Nature Limited) (e) Human a-defensin HD-6 adopting a triple-stranded B-sheet structure (PDB: 1ZMQ). HD-6
self-assembles into elongated fibrils that entrap bacteria, as evidenced by SEM images of wild-type S. Typhimurium incubated with vehicle (upper image)
and HD-6 (bottom images); scale bar is 5 um. (Reproduced with permission from ref. 185 Copyright © 2024 American Association for the advancement
of Science) (f) Human ribonuclease ECP is an AMP with an o + B folding topology (PDB: 1DYT). ECP demonstrates amyloid-like aggregation capacity as
depicted in the TEM micrograph of ECP aggregates; scale bar is 1 pm. (Reproduced with permission from ref. 186 Copyright © 2010 American Chemical
Society.) Amino acid residues of each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar charged residues in blue,

and non-polar residues in yellow.

periodic helical substructure (Fig. 7a). This observation sug-
gests a crucial aspect of peptide-lipid interactions, implicating
polymerization in membrane-disrupting antibiotic activities.
Following the identification of magainin 2, numerous natural
AMPs sourced from amphibians have been reported.>'”**®
Skin secretions of hylid frogs comprise a diverse array of
genetically related AMPs, collectively termed dermaseptins.
This peptide family forms a superfamily characterized by
marked diversity, predominantly exhibiting a cationic nature
with an amphipathic o-helical structure. Dermaseptin S9, a
representative member of the dermaseptins superfamily, exhi-
bits amyloidogenic properties (Fig. 7b).”® Mechanistic studies
on dermaseptin S9 revealed that its largely hydrophobic middle
segment serves as a structural foundation for the formation of
B-strand, subsequently facilitating self-assembly into amyloid-
like fibrils."> The antimicrobial activity of Dermaseptin S9 is
attributed to the same hydrophobic segment, which can adopt

This journal is © The Royal Society of Chemistry 2024

an o-helical conformation, supported by its cationic N- and
C-termini when bound to anionic target membranes.”"® The
amyloid-like properties are not exclusive to dermaseptin S9 but
extend to other dermaseptins as well. Dermaseptin PD-3-7, for
instance, stands out as a unique example within the derma-
septin family, featuring a negative net charge at neutral pH due
to the presence of three aspartic acid residues. The peptide can
self-assemble into reversible amyloid fibrils in a pH-controlled
manner (Fig. 7c). Through the transition from low pH to pH
exceeding 5.0, metastable amorphous aggregates of PD-3-7
form and release from the amyloid depot, inducing a robust
cytotoxic effect.’®”'8 This observation introduces a novel nat-
ural defense strategy involving amyloid deposits, wherein a
temporary cytotoxic agent can be rapidly generated and
released in response to microenvironmental factors such as
pH. The dual functionality of dermaseptin peptides suggests a
connection between amyloid and antimicrobial characteristics,

Chem. Soc. Rev., 2024, 53, 8713-8763 | 8727
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prompting the exploration of potential associations between form structures rich in B-sheets. These findings underscore the
the two properties. significance of helical intermediates in the amyloidogenesis

The connection between amyloid and antimicrobial activ- pathway for uparin AMPs.">* The crystal structure of uperin 3.5
ities gains further support with the discovery that amyloid-like presents a distinctive helical cross-o. amyloid fibril formed on
self-assembly serves as a mechanism regulating AMPs. Uperins, membranes, recapitulating properties of B-sheets and contri-
representing a family of AMPs, are a-helical peptides consisting  buting to its antibacterial activity. However, in the absence of
of 13 to 19 residues secreted on the skin of Uperoleia mjobergii  lipids, the same peptide primarily forms cross-B fibrils."*® Cryo-
(Australian toadlet). A wide variety of uperin peptides have EM further elucidates the amyloid cross-p fibrils, revealing
shown their intriguing aggregation propensity, among which mated B-sheets at atomic resolution (Fig. 7d)."** These second-
uperin 3.5 exhibits the highest propensity.””® A simulation ary structure transitions suggest a role as structural and func-
study exploring helix-to-coil transitions in individual uperin tional cross-o/f chameleons. Building on these observations, a
3.x (x = 4, 5, 6) peptides demonstrates an inverse relationship recent computational screen successfully identified new
between the helical stability of peptides and their tendency to sequences of fibril-forming AMPs (ffAMPs) from living

a  Magainin 2 d Uperin 3.5

Fluoresence (RFU)
g 8

g

1] 12 24 36 48
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Eukaryote Cross-a Fibril
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1
//‘
/
L? |

180

45 0
Incubation time (h)

Fig. 7 lllustrations of natural AMPs from amphibians with amyloid property. (a) Magainin 2, a helical AMP derived from the African clawed frog's skin
(PDB: 2LSA), can spontaneously polymerize into 13 nm filaments with a periodic helical substructure, revealed by TEM images; scale bar is 100 nm.
(Reproduced with permission from ref. 11 Copyright © 1989 John Wiley & Sons, Inc.) (b) Dermaseptin S9, found in hylid frog skin secretions, exhibits a
B-sheet-rich conformation with a high aggregation propensity in agueous environments, as identified by CD spectrum (left image) and TEM (right image);
scale bar is 50 nm. (Reproduced with permission from ref. 76 Copyright © 2008 John Wiley & Sons, Inc.) (c) Dermaseptin PD-3-7 with a unique negative
net charge opposed to other dermaseptins forms amyloid-like fibrils at acidic pH as observed by TEM (left image; scale bar is 200 nm), while it exhibits
reversibly amyloid-like aggregates in a pH-dependent manner as monitored by ThT fluorescence changes (right image). (Reproduced with permission
from ref. 188 Copyright © 2009 John Wiley & Sons, Inc.) (d) Uperin 3.5, an a-helical peptide from the Australian toadlet’s skin, can self-assemble into
elongated amyloid fibrils, as confirmed by ThT (upper left panel) and TEM (upper right panel, scale bar is 300 nm). Crystal structures of uperin 3.5 in the
presence of bacterial cells or membrane mimetics reveal a cross-o amyloid fibril architecture (middle panel, PDB: 6GS3), integral to antimicrobial activity.
(Reproduced with permission from ref. 189 Copyright © 2021 National Academy of Science) In the absence of lipids, uperin 3.5 forms a 3-blade
symmetrical propeller of nine peptides per fibril layer with tight B-sheet interfaces (bottom panel, PDB: 7QV5). (Reproduced with permission from ref. 152
Copyright © 2022 Springer Nature Limited) Amino acid residues of each AMP are color-coded to reflect their properties: polar uncharged residues in
rose, polar charged residues in blue, and non-polar residues in yellow.
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organisms, particularly in amphibians.’®® Examples from
amphibians, including cyanophlyctin secreted on the skin of
the amphibian Euphlyctis cyanophlyctis, citropin-1.3 secreted
from the granular dorsal and submental glands of the Blue
Mountains tree frog Litoria citropa, brevinin-2SKb isolated from
the stream brown frog Rana sakuraii, temporin-1CEa extracted
from the skin of the Asiatic grass frog Rana chensinensis,
bombinin H4 secreted on the skin of the yellow-bellied toad
Bombina variegate, and aurein 3.3 secreted by Ranoidea ranifor-
mis (Southern bell frog), all exhibit cross-p and cross-o. amyloid
properties.”®® These findings prompt hypotheses about the
prevalent role of fibril secondary structure switching in regulat-
ing antimicrobial activities in AMPs, providing a new perspec-
tive on the amyloid-antimicrobial link.

3.3. Natural AMPs from arthropods

Insects have evolved a diverse array of AMPs to defend them-
selves against a broad spectrum of pathogens, often displayi-
ng a propensity to form large amyloid-like aggregates. The

a  Cupiennin-1
Ia;ioglossin LL-I
Cecropin-C
Cecropin-C

Cupiennin-1 Lasioglossin LL-

5
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cross-o/f amyloid properties are notably prevalent in various
natural AMPs found in insects, exemplified by cupiennin-1
from the spider venom of Cupiennius salei, lasioglossin LL-I
isolated from the venom of the eusocial bee Lasioglossum
laticeps, and cecropin-C produced by Anopheles gambiae mos-
quitoes (Fig. 8a)."*°

Cecropins, initially discovered in the hemolymph of Hyalo-
phora cecropia, are AMPs of 31-37 residues and constitute the
essential part of the innate immune system of insects. Besides
cecropin-C exhibiting cross-o/p amyloid properties, their aggre-
gation tendencies have been demonstrated, closely associated
with their antimicrobial activity. Early investigations into the
aggregation of cecropin P1 in the presence of membrane
proposed the widely cited “carpet model” of AMPs’ mechanism
of action. In this model, cecropin P1 adheres extensively to the
pathogen’s membrane, causing membrane deformation and
eventually destruction when the concentration of cecropin P1
exceeds a critical threshold.®® Similarly, cecropin A demon-
strates concentration-dependent membrane activity, implying

b Melittin
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Fig. 8

Illustrations of natural AMPs from arthropods with amyloid property. (a) Cupiennin-1 from the spider venom of Cupiennius salei, lasioglossin LL-I

from the venom of the eusocial bee Lasioglossum laticeps, and cecropin-C from Anopheles gambiae mosquitoes can form amyloid-like fibrils, as
visualized by TEM; scale bar is 200 nm. (Reproduced with permission from ref. 190 Copyright © 2022 American Chemical Society.) (b) Melittin from the
honeybee (PDB: 6DST) adopts a helical conformation (CD spectrum, upper right panel) and forms large globular oligomers and some fibrillar species
(AFM, bottom left panel) in the presence of SDS. Melittin aggregates exhibit ThT fluorescence (bottom right panel), indicating the presence of amyloid-
like B-sheet structures. (Reproduced with permission from ref. 150 Copyright © 2015 Singh et al.) (c) Longipin, derived from the harvestman Acutisoma
longipes, forms amyloid-like structures in the presence of lipid-vesicles, as evaluated by ThT. The inset shows representative emission spectra of longipin
and POPG or POPC vesicles incubated for 1, 5, and 30 minutes. (Reproduced with permission from ref. 149 Copyright © 2016 Sayegh et al.) (d) Papiliocin
(PDB: 2LA2), a cecropin originally found in the haemolymph of Hyalophora cecropia, shares high structural similarity with AB42. (Reproduced with
permission from ref. 221 Copyright © 2020 Springer Nature Limited) All structures are depicted from left to right as a ribbon, a schematic secondary
structure with helices shown as cylinders, and a surface representation highlighting the distribution of polar (green) and apolar (orange) residues. Amino
acid residues of each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar charged residues in blue, and non-polar
residues in yellow.
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that its binding and state of aggregation determine its anti-
microbial activity against bacterial membranes.*** Another
study on cecropin AD and POPC/POPG vesicles reveals
concentration-dependent positive cooperativity, indicating
potential cecropin aggregates formation in the lipid phase.**?
However, more data is required to firmly establish the amyloid-
like properties of these cecropins.

Melittin, an extensively studied AMP, is a 26-residue
C-terminal amidated peptide derived from the honeybee (Apis
mellifera). While there is no direct evidence to support the
ability of free melittin to form amyloid structures, the peptide
has been reported to generate amyloid-like aggregates in the
presence of sodium dodecyl sulfate (SDS). Melittin rapidly
oligomerizes to form helix-rich oligomers in the presence of
SDS, and further aggregation into fibrils has been demon-
strated. The amyloid-like aggregates induce ThT fluorescence,
indicating the presence of B-sheet structures (Fig. 8b)."*° Addi-
tionally, melittin oligomers exhibit cytotoxic and hemolytic
activity, likely due to the accumulation of helix-rich oligomers
on the cell surface. Similarly, longipin, an unstructured AMP
consisting of 18 residues derived from the harvestman Acuti-
soma longipes, has been shown to fold into a B-sheet structure
and form amyloid-like fibril in the presence of a lipid bilayer
(Fig. 8c)."*°

In addition to the observed amyloid formation properties of
natural AMPs from arthropods, the connection between AMYs
and AMPs is further underscored by structural similarities
shared between representative amyloid peptide Ap and natural
AMPs from various organisms. Papiliocin, a cecropin-like pep-
tide discovered in the Asian butterfly Papilio Xuthus, exhibits
the highest structural resemblance to Ap among the analyzed
AMPs. In a comparative analysis between AP and papiliocin, it
was observed that both peptides display a similar tilt angle
between helices, and their surfaces, particularly in the C-
terminus, exhibit a comparable distribution of apolar residues
(Fig. 8d).**" Such structural and sequence similarity highlights
an emerging connection between AMYs and AMPs based on
shared structural characteristics.

3.4. Natural AMPs from microbes

Based on biosynthesis pathways, microbial AMPs can be cate-
gorized into ribosome- and nonribosome-synthesized AMPs,***
constituting a diverse group of antibacterial proteins found in
various bacterial strains. Similar to their eukaryotic counter-
parts, microbial AMPs are small in size, cationic, and amphi-
philic or hydrophobic. However, a significant distinction lies
in their antibacterial efficiency; eukaryotic AMPs are typically
active at micro-molar concentrations, while microbial
AMPs are highly potent, acting at pico- to nano-molar
concentrations.”*® Despite their potency, bacterial AMPs often
exhibit a relatively narrow killing spectrum, specifically affect-
ing bacteria closely related to the producing strain.”*® This
limitation is attributed to their specific modes of action.
Bacterial AMPs kill or inhibit the growth of closely related
species by binding to specific cell surface receptors, inducing
pore formation in the cytoplasmic membrane, DNA/RNA
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degradation, and inhibition of transcription, translation, or
DNA replication.?*”

Ribosome-synthesized AMPs, commonly known as bacter-
iocins, are prevalent in Gram-negative bacteria, particularly
within the Enterobacteriaceae family (e.g., Escherichia and
Klebsiella). These bacteriocins are commonly categorized into
microcins (small peptides, <10000 Da) or colicins (large
proteins, 25-80 000 Da). A representative example of microcin
is Microcin B17 (MccB17), a 43-residue peptide produced by
E. coli. MccB17 showcases antibacterial activity by inhibiting
DNA replication and inducing the SOS response in susceptible
bacteria.””® MccB17 was the first bacterial AMP discovered to
exhibit amyloid-forming capabilities. This groundbreaking dis-
covery, dating back to 1986, was captured by electron micro-
scopy, revealing highly ordered and conspicuously long
filaments reminiscent of amyloid fibrils'®" (Fig. 9a). Microcin
E492 (MccE492), a peptide naturally produced by Klebsiella
pneumoniae RYC492, exhibits activity against various Enterobac-
teriaceae strains, including Escherichia, Klebsiella, Citrobacter,
Salmonella, and Enterobacter.**® Unlike other bacteriocins,
MccE492 employs a mechanism involving the formation of
ion-permeable pores, leading to the depolarization and per-
meabilization of the bacterial cytoplasmic membrane, ulti-
mately resulting in a lethal loss of membrane potential.>**>*
Additionally, MccE492 demonstrates the capability to form
amyloid-like fibrils in vitro, sharing structural, morphological,
biochemical, and kinetic properties with disease-related
AMYs."? This aligns with the observation that Mcc E492
extends beyond antibacterial activity and has been found to
induce eukaryotic cell apoptosis and necrosis.>*> Computa-
tional analysis using different algorithms (such as AGGRES-
CAN, AmyloidMutants, etc.) identified the region MccE4925, 43
(VNVPIPVLIG) as the pro-amyloidogenic stretch. Consistently, a
mutant of MccE492 lacking residues 54-63 exhibited a signifi-
cantly reduced tendency for intracellular aggregation and dis-
played slower kinetics in in vitro polymerization.>** However,
similar to other amyloid-like AMPs, in vivo MccE492 amyloid-
like aggregation is associated with the loss of antibacterial
capability'® (Fig. 9b), supporting the emerging perspective
that mature amyloid fibrils may not be inherently harmful;
rather, they might serve as inert end products or play a
protective role by isolating toxic intermediates.

In Gram-positive bacteria, bacteriocins are classified into
two main classes: lantibiotics (class I) and nonlantibiotics
(class I1).>** Class II bacteriocins can be further divided into
four subclasses: pediocin-like bacteriocins (class IIa), two-
component bacteriocins (class IIb), circular bacteriocins (class
Iic), and unmodified, linear, non-pediocin-like bacteriocins
(class 1Id).**> Notably, bacteriocins produced by lactic acid
bacteria (LAB), covering diverse types from class I to class
ITa-d, have garnered significant attention due to their unique
attributes such as food-grade safety and heat stability. As a
result, LAB-produced bacteriocins find widespread use in the
food industry as natural biopreservatives. In comparison to
bacteriocins from Gram-negative bacteria, those originating
from LAB exhibit a broader spectrum of activity, extending

This journal is © The Royal Society of Chemistry 2024
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Fig. 9

Illustrations of natural AMPs from microbes with amyloid property. (a) MccB17 produced from E. coli can form amyloid-like fibrils, as visualized by

EM. (Reproduced with permission from ref. 191 Copyright © 1986 John Wiley & Sons, Inc.) (b) MccE492 produced by Klebsiella pneumoniae RYC492
possesses the capability to form B-sheet-rich, amyloid-like fibrils, as evidenced by CD spectrum and TEM (left images). Scale bars are 200 nm. The
occurrence of amyloid-like fibril formation, verified by the immunoblot in the right inset image, is correlated with the diminished antibacterial activity.
(Reproduced with permission from ref. 192 Copyright © 2005 Elsevier Inc.) (c) Plantaricin A (plA) generated from L. plantarum C11 exhibits the ability to
form amyloid-like fibrils in the presence of PS-containing liposomes, as demonstrated through phase-contrast microscopy (left image) and Congo red
staining observed via fluorescent microscopy (right image). Scale bars are 10 um (left) and 15 (right). (Reproduced with permission from ref. 9 Copyright ©
2005 Elsevier B.V.) (d) Plantaricin J (plJ) and Plantaricin K (plK) derived from L. plantarum C11 exhibit the ability to form amyloid-like fibrils, as observed by
TEM (left image) and ThT fluorescence (right image). Scale bars are 200 nm. (Reproduced with permission from ref. 190 Copyright © 2022 American
Chemical Society.) (e) Tyrocidines (TyrA and TyrC) derived from B. aneurinolyticus adopt an antiparallel B-sheet confirmation, as indicated by CD
spectrum. (Reproduced with permission from ref. 196 Copyright © 2013 American Chemical Society.) (f) cOB1 produced from E. faecalis shows amyloid-
like properties, as demonstrated by the enhanced ThT fluorescence (left image), the presence of amyloid-like fibrils by TEM (left inset image), and B-sheet
confirmation by CD spectrum (right image). (Reproduced with permission from ref. 193 Copyright © 2019 John Wiley & Sons, Inc.) Amino acid residues of
each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar charged residues in blue, and non-polar residues in yellow.

their antibacterial efficacy beyond closely related species. These
LAB-produced bacteriocins have demonstrated effectiveness
against various food spoilage and pathogenic bacteria, includ-
ing Gram-positive strains such as Listeria monocytogenes, Clos-
tridium perfringens, Bacillus cereus, and Gram-negative strains
like Salmonella enteritidis and Escherichia coli, contributing to
the extension of the shelf life of food products.**®

Plantaricin A (plA), a 26-residue peptide produced by Lacto-
bacillus plantarum C11, a strain of LAB found in the human
microbial flora, exhibits membrane-permeabilizing antimicro-
bial activity. The interaction of plA with membranes is highly
dependent on the lipid composition of the membrane. Intrigu-
ingly, plA has been observed to form supramolecular protein-
lipid amyloid-like fibrils upon binding to negatively charged
phospholipid-containing membranes (Fig. 9c). This suggests a
potential mechanistic link between fibril formation and the

This journal is © The Royal Society of Chemistry 2024

cytotoxicity of plA.° Another bacteriocin produced by Lactoba-
cillus plantarum C11, plantaricin J (plJ), and plantaricin K (pIK),
are two synergistic peptides with little sequence similarity,
measuring 25 and 32 residues, respectively. Typically, they are
used in equal amounts to achieve optimal antibacterial activity,
potentially by forming an active complex. When considered
separately, both plJ and pIK can individually form amyloid-like
fibrils, as observed by TEM. Distinctively, plJ displayed a typical
cross-p pattern in fiber X-ray diffraction, whereas pIK formed a
mixed population with the major polymorph being of cross-B
content, along with the ability to induce ThT fluorescence
(Fig. 9d)."®° However, the amyloid-forming capability of the
mixture of plJ and plK remains unclear. The wild-type and G6A-
substituted N-terminal domain of pediocin-like bacteriocins of
sakacin P (class Ila), obtained from Lactobacillus sakei, have
been identified as an S-shaped three-stranded antiparallel
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B-sheet-like domain."* It remains to be investigated in future
studies whether this B-sheet conformation is associated with an
amyloid-like structure and whether it contributes to the anti-
bacterial activity of sakacin P.

Unlike conventional ribosomal protein synthesis, nonribo-
some synthesized peptides are secondary metabolites produced
by intricate enzymatic machinery, typically categorized by the
linearity or cyclization of the molecule. Among these, a group of
nonribosomal AMPs (e.g., gramicidin S (GS), tyrocidines (Tyr),
loloatins, and laterocidin) originating from Gram-positive
Bacillus strains share structural similarities, notably featuring
a cyclic decapeptide. Structurally, GS demonstrates 50% iden-
tity with Tyr, specifically sharing the conserved pentapeptide
unit of FPV(Orn)L. Additionally, GS'® and Tyr'®® also share a
similar secondary structure of B-sheets in solution. To delve
into specifics, the B-sheet conformations of tyrocidines and
gramicidin S are distinct, ie., tyrocidines have an S-shaped,
three-stranded antiparallel p-sheet-like domain (Fig. 9e),
whereas gramicidin S adopts a B-helix structure. More recently,
a new antimicrobial innate immune peptide called cOB1 has
been identified. Originating from Enterococcus faecalis, cOB1
(VAVLVLGA) operates as a sex pheromone, exerting its natural
antimicrobial effects to restrict the growth of multidrug-
resistant Enterococcus faecalis in the gut at a picomolar
concentration.>®” Experimental evidence indicates that cOB1
forms amyloid-like structures, as supported by both in silico
predictions and in vitro assays involving Congo red, ThT stain-
ing, CD, and TEM morphology (Fig. 9f)."®> These structures are
postulated to serve as the nucleating core, potentially facilitat-
ing enhanced biofilm formation.

3.5. Natural AMPs from plants

Plant AMPs exhibit several shared characteristics with those
from animals, amphibians, and insects, such as (i) small
peptides ranging from 10 to 54 amino acids in length; (ii)
positive charges to interact with negatively charged microbial
membranes; (iii) amphipathic structure for interacting with
and disrupting the lipid membranes of microorganisms, all
of which make them effective in broad-spectrum antibacterial,
antifungal, and antiviral activities. However, plant AMPs are
distinguished by their high cysteine content, playing a pivotal
role in stabilizing, and maintaining the structural integrity of
these peptides. The presence of cysteine residues enables the
formation of 3-5 intramolecular disulfide bridges, contributing
to the stabilization of the secondary structure, enhancing
resistance to degradation by proteolytic enzymes and environ-
mental factors, and thereby maintaining bioactivity. Plant
AMPs are categorized into distinct subgroups, such as thionins,
defensins, cyclotides, hevein, knottin, o-hairpinin, lipid trans-
fer proteins, and snakins, based on their sequence similarity,
number of cysteine residues, disulfide bond patterns, and
tertiary structure.>3%2%°

While diverse plant AMPs have been extensively studied for
their antimicrobial activities, the connection between these
peptides and amyloidogenicity remains poorly understood. To
date, only two peptides within the defensin category have been
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reported to exhibit a high propensity for amyloid fibril for-
mation, suggesting that amyloidogenicity is not a generic
feature of plant AMPs. One example is RsAFP-19, a 19 amino
acid C-terminal fragment derived from the radish seed (Rapha-
nus sativus) antifungal protein (RsAFP). RsAFP-19 has been
demonstrated to possess amyloid fibril-forming properties by
a synergistic approach combing computational methods (ie.,
TANGO) and experimental techniques (ie., fluorescent-
binding, morphology, and secondary structures). Evidently,
RsAFP-19 exhibits characteristics typical of classical amyloid
fibrils, including ThT assay fluorophore-binding intensity, nar-
row protofilaments observed by AFM and TEM, and a cross-f8
structure from X-ray fiber diffraction analysis. In contrast,
NaD1-19, a plant defensin peptide structurally and functionally
related to RsAFP-19, derived from the ornamental tobacco plant
Nicotiana alata, does not show any propensity for amyloid fibril
formation,"®” highlighting the specificity and diversity of amy-
loidogenic properties in plant AMPs. Interestingly, challenging
the assumption that amyloid formation is intricately linked to
antimicrobial properties, the “gel-like” RsAFP-19 amyloid
fibrils formed after 1-month storage (freezing and thawing)
completely lost their anti-fungal activity (Fig. 10a), suggesting
the irrelevance of fibril formation to the biological functions of
RsAFP."” The other example is Cn-AMP2, a plant defensin
derived from the liquid endosperm of coconut (Cocos nucifera),
which is rich in hydrophobic residues (a characteristic shared
with AMYs) and exhibits a natural tendency to form amyloid-
like fibrillary structures comparable to Ap (Fig. 10b). However,
the antibacterial effect of fibrillar Cn-AMP2 remains unstudied,
creating uncertainty about the link between the amyloidogenic
structure and its biological functions.'®

3.6. Synthetic or engineered AMPs

Most naturally occurring antimicrobial peptides are character-
ized by cationic linear sequences that tend to fold into amphi-
pathic a-helices. This structural feature plays a crucial role in
inducing membrane leakage, contributing to their broad-
spectrum antimicrobial activity and rapid action against
microbial membranes. Despite these advantages, AMPs with
amphipathic o-helices face certain limitations, including the
requirement for high concentrations to effectively eliminate
target organisms, susceptibility to proteolytic degradation by
enzymes, high toxicity to host cells, and limited selectivity that
may lead to unintended interactions with host cells. To address
these challenges and enhance the antimicrobial efficacy of
AMPs, rational design strategies to explore AMPs with stable
B-sheet structures are essential. However, there is ongoing
debate about the preference for the development of B-sheet
species into amyloid-like aggregates.

The interaction between amyloid aggregates and antimicro-
bial properties is complex and multifaceted. Although for-
mation of amyloid-like fibrils can create pores or channels in
microbial membranes, exhibiting potential antimicrobial cap-
abilities, the prevailing consensus is that self-assembly is
detrimental to antibacterial potency. On one hand, a simple
and straightforward approach to increase the folding ability of

This journal is © The Royal Society of Chemistry 2024
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Ilustrations of natural AMPs from plants with amyloid property. (a) RsAFP-19 produced from Radish seed shows amyloid-like properties, as

indicated by the enhanced ThT fluorescence and the presence of amyloid-like fibrils by TEM (left images). The scale bar is 200 nm. The occurrence of
amyloid-like fibril formation correlates with the reduction in antibacterial activity (right image). (Reproduced with permission from ref. 197 Copyright ©
2013 Elsevier B.V.) (b) Cn-AMP2 generated from Cocos nucifera exhibits amyloid-like properties, as evidenced by the enhanced ThT fluorescence (left
image) and the presence of amyloid-like fibrils by TEM (right image). The scale bar is 200 nm. (Reproduced with permission from ref. 198 Copyright ©
2016 John Wiley & Sons, Inc.) Amino acid residues of each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar

charged residues in blue, and non-polar residues in yellow.

short peptides is acylation with long-chain fatty acids (ie.,
lipidation). In the design of lipidated peptides, palmitic acid
was conjugated to the N-terminus of (IIKK),I-NH, (n = 2-3).
This lipidation enhanced the hydrophobic interaction and
induced the formation of B-sheet-rich nanofibrils resembling
amyloid fibrils, as confirmed by ThT, CD, and TEM analyses199
(Fig. 11a). However, the antimicrobial activity of these lipidated
AMPs was either comparable or diminished. This reduction was
primarily attributed to stronger homo-interactions (i.e., self-
aggregation) compared to hetero-interactions, resulting in
limited interaction with bacteria.'® On the other hand, the
delivery of such large, self-assembled AMPs to infectious loca-
tions poses challenges, resulting in reduced efficiency. The
critical aspect lies in understanding when and where these
amyloid-like fibrils form. As proof of concept, a designed
peptide, KRRFFRRK (FF8), remains in a random coil structure
under physiological conditions but is specifically triggered by
the negatively charged lipid membrane to self-aggregate
into nanofibrils (Fig. 11b). This structure exhibits enhanced
antimicrobial capability compared to a control peptide, GG8
(KRRGGRRK), without the ability to self-assemble,**® implying
that formation of amyloid-like fibrils occurs subsequent to FF8

This journal is © The Royal Society of Chemistry 2024

being transported to the membrane, reducing the transporta-
tion pressure of self-assembling AMPs.

To date, there has been only limited research exploring the
self-assembly capabilities of newly designed AMPs into larger
amyloid aggregates. Several studies suggested a tendency for
these peptides to fold into B-sheets. Further investigation is
necessary to explore the potential transformation of B-sheets
into amyloid-like fibrils. To this end, a number of approaches
aimed at re-engineering naturally occurring AMPs, such as
sequence shuffling, residue or stereoisomer substitution,
guided by the structure-activity relationship. These modifica-
tions aim to bring about changes in charge, conformation,
sequence, length, amphipathicity, hydrophobicity, self-
aggregation, and other key properties. These efforts are geared
towards engineered AMPs to enhance their properties and
overcome inherent limitations.

In this regard, a significant area of investigation involves
transforming a-helical AMPs into B-sheet AMPs, representing a
current focal point in the field. One illustrative instance is
HPRP-A1, a 15-residue o-helical AMP derived from the N-
terminus of the Helicobacter pylori ribosomal protein L1.
HPRP-A1 served as the foundational peptide for designing

Chem. Soc. Rev., 2024, 53, 8713-8763 | 8733
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Fig. 11 Illustrations of synthetic or engineered AMPs with amyloid-forming or B-sheet formation properties. (a) C16-Gs(IIKK),I-CONH,, an engineered
AMPs via terminal alkylation, forms amyloid-like aggregates, as indicated by the enhanced ThT fluorescence (left image) and the presence of amyloid-like
fibrils by cryo-TEM (right image). The scale bar is 100 nm. (Adapted with permission from ref. 199 Copyright © 2020 American Chemical Society). (b) FF8
(b) FF8 demonstrates the ability to form amyloid-like nanofibrils under pH 9.4, while maintaining a monomeric state at pH 7.4, as visualized by AFM.
(Reproduced with permission from ref. 200 Copyright © 2020 The Royal Society of Chemistry.) (c) HPRP-Al isomers are designed to adopt different
conformations, where HPRPAL assumes an a-helix, HPRPB adopts a f-sheet, and HPRPB adopts a random coil conformation, as confirmed by the CD
spectrum. (Adapted with permission from ref. 201 Copyright © 2015 John Wiley & Sons, Inc.). (d) (KIGAKI)s, designed from a-helical (KIAGKIA)z, adopts
B-sheet structure in the presence of POPG LUV, as indicated by CD spectrum. (Adapted with permission from ref. 202 Copyright © 2001 Elsevier Inc.).
(e) GL13K folds into B-sheet structure in the presence of anionic DOPG liposomes, while retaining unstructured in the presence of neutral DOPC
liposomes and PBS buffer, as confirmed by CD spectrum (Reproduced with permission from ref. 204 Copyright © 2013 Elsevier B.V.) (f) Temporin L
analogue adopts a B-type conformation when exposed to liposomes mimicking bacterial membranes, as evidenced by CD spectrum. (Reproduced with
permission from ref. 207 Copyright © 2022 MDPI (Basel, Switzerland).) (g) (IRIK), and (IRIK)s demonstrate B-sheet folding in the presence of membrane-
mimicking environment, specifically in a 25 mM SDS micelles solution. (Adapted with permission from ref. 208 Copyright © 2013 John Wiley & Sons, Inc.).
(h) FSGRGY - a pore-forming peptide — adopts B-sheet structure, in contrast to non-pore-forming AGGKGF that exhibits some a-helical secondary
structure, as depicted by CD spectrum. (Reproduced with permission from ref. 209 Copyright © 2005 National Academy of Science.) Amino acid
residues of each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar charged residues in blue, and non-polar
residues in yellow.

isomers with distinct secondary structures (i.e., a-helical struc-
ture with different helicity, B-sheet structure, and random coil
structure, Fig. 11c). This was achieved by reshuffling the pep-
tide sequence while maintaining an identical amino acid
composition to eliminate the influence of other properties,
such as peptide length, charge, and hydrophobicity. A com-
parative analysis of HPRP-A1 isomers with different secondary
structures revealed a hierarchy in antibacterial efficacy, with the

8734 | Chem. Soc. Rev., 2024, 53, 8713-8763

order being o-helix > B-sheet > random coil.**" This aligns
with the prevailing consensus indicating that a decline in
antibacterial capability occurs following the formation of amy-
loid aggregates.

Inspired by a derivative of PGLa, (KIAGKIA);-NH,, known
for its amphipathic o-helix structure, (KIGAKI);-NH, was
engineered to adopt an amphipathic B-sheet structure
(Fig. 11d). A direct comparison reveals that the B-sheet variant,

This journal is © The Royal Society of Chemistry 2024
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(KIGAKI)3-NH,, exhibits antimicrobial activity comparable to
that of its o-helical counterpart, (KIAGKIA);-NH,, but with
higher selectivity toward bacterial membranes over mamma-
lian membranes.?*®> Notably, (KIGAKI);-NH, exhibits higher
selectivity in binding to and inducing leakage in membranes
rich in phosphatidylethanolamine, a neutral phospholipid
prevalent in bacterial plasma membranes, compared to those
rich in phosphatidylcholine, a major neutral lipid in mamma-
lian plasma membranes.>*® Furthermore, a single substitution
of Ile (I) with Trp (W) in (KIGAKI);-NH,, while preserving the
B-sheet structure, enhances its binding affinity to membranes
containing acidic phospholipids (characteristic of bacterial mem-
branes) over zwitterionic phospholipids (characteristic of mamma-
lian membranes), underscoring the specificity of f-sheet (KIGAKI);-
NH, and its analogs for targeting bacterial membranes.”** Simi-
larly, GL13K, engineered from the salivary protein BPIFA2 by
substituting charged residues with Lys (K), gained a newfound
antibacterial capacity and a preference for folding into -sheets in
anionic DOPG membranes, as opposed to zwitterionic (neutral)
eukaryotic DOPC membranes®®*?** (Fig. 11e). However, it is crucial
to note that the adoption of a B-sheet structure in GL13K does not
necessarily lead to the formation of amyloid-like fibrils. Subsequent
investigations have revealed that GL13K does not form fibrils under
physiological conditions, effectively dispelling the possibility of
pathological amyloid presence.”*?

Beyond residue substitution, the incorporation of stereo-
isomers, specifically substituting L-amino acids with their
p-enantiomers, offers advantages in enhancing resistance to
enzymatic degradation and improving stability. An illustrative
example involves the substitution of p-amino acids into a
cytolytic o-helical pardaxin fragment, inducing a structural
transition to a B-sheet conformation. This modification not
only leads to a structural shift but also results in a functional
transition, transforming from high toxicity towards both bac-
teria and erythrocytes to specific cytolytic activity targeted at
bacteria while sparing erythrocytes.*’® Similarly, the gramicidin
S analogue (GS14) with a B-sheet structure demonstrates broad-
spectrum antimicrobial capability against both Gram-positive/
negative bacteria and fungi, but it poses a toxicity risk to red
blood cells. To address this concern, GS14 was modified by
substituting p-amino acids with r-amino acids, disrupting the
B-sheet structure and significantly reducing toxicity to red
blood cells.>®® Furthermore, the combination of residue and
stereoisomer substitution/addition has been investigated in the
modification of Temporin L, an antimicrobial peptide with the
ability to form o-helical aggregates, aiming to enhance peptide
stability and effectiveness. These modifications encompass the
addition of a norleucine residue at the N-terminus, the sub-
stitution of Q3 to P3 and G10 to K10, as well as the replacement
of L9 and K10 with 19 and k10. This tailored modification
strategy ensures that the Temporin L analogue remains
unstructured in an aqueous environment but adopts a B-type
conformation when exposed to liposomes mimicking bacterial
membranes (Fig. 11f), resulting in improved antibacterial
efficacy.”®” These findings underscore the promising advantage
of B-sheet-forming AMPs in selectively targeting and disrupting
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bacterial membranes while minimizing the impact on host cell
membranes.

While employing wild-type AMPs as templates for chemical
modifications to design new AMPs has its drawbacks, such as
the potential for increased immunogenicity due to extended
sequences which may elevate manufacturing costs, and a high
similarity to host defense AMPs that could trigger resistance,
recent research by Novabiotics Ltd demonstrates promising
advancements in this area. Utilizing HDP templates, they have
developed new antimicrobial and immunomodulatory com-
pounds, with several products currently undergoing clinical
trials. This underscores the potential of such strategies,
although optimizing efficacy and safety profiles remains a
challenge.**® Hence, the strategic development of short syn-
thetic peptides that bear minimal resemblance to naturally
occurring AMP sequences is anticipated to be a promising
approach for creating safe and effective AMPs for clinical
applications. Pursuing this objective, a series of short synthetic
B-sheet folding AMPs, consisting of short recurring
(X1Y1X,Y;,) -2 3-NH,, have been designed. Here, X and Y repre-
sent hydrophobic (i.e., V, I, F, W) and cationic (R, K) residues,
respectively, which facilitate interaction with microbial mem-
branes. These designed B-sheet folding AMPs (confirmed by
CD, Fig. 11g) demonstrate wide-ranging antimicrobial efficacy
against Gram-positive bacteria such as S. epidermidis and
S. aureus, Gram-negative bacteria like E. coli and P. aeruginosa,
and the yeast C. albicans. Among these AMPs, (IRIK),-NH, and
(IRVK);-NH, emerge as the most potent, inhibiting sessile
biofilm bacteria growth and inducing biomass reduction.>*®

The p-amino acid-substituted p-sheet-forming peptides, (IRIK),-
NH,-all-D and (IRVK)s;-NH,-all-D, demonstrate enhanced antimi-
crobial activities, extending to a series of clinically relevant
antibiotic-resistant bacteria (i.e., methicillin-resistant S. aureus,
vancomycin-resistant Enterococci, A. baumannii, M. tuberculosis,
etc.). Additionally, these peptides exhibit improved protease stabi-
lity, making them promising candidates for therapeutic applica-
tions in the fight against antibiotic resistance.****> However, the
limitations in the number of rational designs for AMPs may stem
from a poor understanding of the fundamental principles govern-
ing the correlation between self-assembly and action mechanisms,
as well as the complex nature of diverse AMPs. In contrast to trial-
and-error attempts, the utilization of rational combinatorial
libraries offers a potent method for the selection and engineering
of novel pore-forming sequences. Construction of the combinator-
ial library involved employing B-sheets as a foundational framework
and subsequent screening to obtain good hits. One example is
FSKRGY, a novel AMP that self-assembles into B-sheet pores in
membranes to exhibit antimicrobial properties®®® (Fig. 11h).

4. Antimicrobial activity of amyloid
peptides
Amyloid aggregation involves the transition from unstructured

soluble monomers to B-sheet-rich amyloid fibrils, hallmark features
of protein misfolding diseases like AD, PD, and T2D.>***%
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The abnormal accumulation of these fibrils leads to deposits in
organs, causing cellular dysfunction and tissue damage.
Recently, “functional amyloid fibrils” have gained recognition
for their positive biological roles,>*® such as curli fibrils in
bacteria and silk proteins in insects, which aid in biofilm
formation and structural support.>*>**° Despite belonging to
different peptide families, AMYs and AMPs share notable
similarities. Both involve hydrophobic residues crucial for
aggregation in AMYs and microbial membrane interactions in
AMPs.?? As discussed in Section 3, many AMPs, like AMYs
adopt B-sheet structures and can self-assemble into aggregates,
particularly during microbial interactions. Both AMYs and
AMPs disrupt lipid bilayers, causing cell or bacterial death.”'®
This section presents a range of AMYs (Fig. 12 and Table 2),
such as AP (red, Alzheimer’s disease), hIAPP (green, type 2
diabetes), a-syn (yellow, Parkinson’s disease), PrP (blue, prion
disease), and SAA (grey, systemic amyloid A), which exhibit
antimicrobial properties.

4.1. Amyloid-p peptide (associated with Alzheimer disease)

AB, an inadvertent byproduct of amyloid protein precursor
(APP) catabolism in the brain and peripheral tissues, is widely
recognized as a crucial pathological hallmark of AD. AP is
generated in both AD and healthy individuals through extra-
cellular and intramembrane endoproteolytic cleavage of APP
via B-secretase/y-secretase pathways.>®®> The degradation of AP
is facilitated by the AB-degrading enzyme neutral endopepti-
dase (NEP).>°® Under normal circumstances, AB maintains a
dynamic equilibrium between production and degradation,
with a steady low level (approximately nanomolar concen-
tration) of soluble AB.>®” However, an imbalance in this equili-
brium leads to elevated AP deposition in the brain, contributing
to the onset and progression of AD. Despite extensive efforts to
develop therapeutic strategies targeting AP inhibition, none
have received approval due to limited efficacy or adverse side
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effects.>68269

For instance, clinical studies on A immunother-
apy with AN1792 showed that AD patients experienced a higher
incidence of subacute meningoencephalitis—a brain inflam-
matory disease caused by infection—resulting in the termina-
tion of the trial.”’®*”" Similar challenges have been
encountered in other AB-related inhibition therapies, such as
AD02°”*> and CAD106.>”* These observations suggest a potential
physiological role of AB beyond its pathological implications,
prompting the consideration of maintaining normal AP doses
and forms rather than pursuing complete clearance.

Recently, a novel model for AD amyloidogenesis, known as
the “antimicrobial protection hypothesis” has emerged, com-
plementing the traditional “amyloid cascade hypothesis”.>”*
According to this hypothesis, AB is not a functionless peptide
released into the cell by accident or genetic predisposition.
Instead, akin to AMPs, AP production is stimulated as part of an
innate immune response to activate neuroinflammatory path-
ways (e.g., microglia and proinflammatory cytokines) and elim-
inate foreign threats. As a byproduct, Ap subsequently plays a
secondary role in AD pathology by inducing chronic activation
of these pathways, leading to sustained inflammation and
neurodegeneration.’> Notably, AB has been identified as an
AMP in vitro, exhibiting activity against 8 of 16 common and
clinically relevant pathogens (e.g., Gram-positive bacteria,
Gram-negative bacteria, fungi), with antimicrobial capacity
equivalent to or greater than LL-37, a human innate
AMP'7?* (Fig. 13a). Recent findings from the same group
indicate that the expression of AP is associated with an
increased survival rate in different bacterial and fungal infec-
tion models, such as in vitro mammalian cells, in vivo nema-
todes, and mice. Conversely, APP knockout mice, exhibiting
immunodeficiency associated with low AP expression, showed
higher mortality than wild-type mice after infection, further
highlighting the protective role of AR as an AMP in innate
immunity.””” Brain tissues from AD patients exhibit higher
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Fig. 13 Antimicrobial activity of AB. (a) Antibacterial efficacy of AB4, against E. faecalis growth, in comparison to untreated and LL-37-treated bacteria,
through colony forming unit (CFU) counting and western blot analyses using mAB 6E10 or anti-LL-37 antibodies to further evaluate the impact on
bacterial cultures. (Reproduced with permission from ref. 17 Copyright © 2010 Soscia et al.) (b) Antiviral ability of AB42 in an HSV1 Encephalitis 5XFAD
Mouse Model. 5XFAD mice exhibit an extended survival rate compared to wild-type mice after the injection of HSV1 into the hippocampal region of each
brain hemisphere. (Reproduced with permission from ref. 251 Copyright © 2018 Elsevier Inc.) (c) Comparative analysis of the antifungal efficacy of
monomeric AB4,, amyloid-B-derived diffusible oligomeric ligands (ADDLs), and protofibrillar A4, against C. albicans, with the descending order of anti-
fungal efficiency: oligomers > monomers > protofibrils. (Reproduced with permission from ref. 275 Copyright © 2016 American Association for the
Advancement of Science.) (d) Comparative analysis of the antifungal activity of cell-derived AB4,, AB4o, LL-37, and synthetic AB4, against C. albicans, with
the descending order of anti-fungal efficiency: LL-37 > cell-derived AB4,> > cell-derived AB4o > synthetic AB42. (Adapted with permission from ref. 275
Copyright © 2016 American Association for the Advancement of Science). (e) Comparative analysis of the antiviral ability (neutralization) of AB4»
fragments lacking C-terminals (i.e., ABx_40) versus those retaining C-terminals (i.e., ABx—42) on Phil IAV H3N2-infected MDCK cells, emphasizing the
crucial role of C-terminals in A4, in antiviral ability. (Reproduced with permission from ref. 254 Copyright © 2018 White et al.) (f) Antibacterial efficacy of
peptides KK (red) and KY (blue) against E. coli. (Reproduced with permission from ref. 257 Copyright © 2019 MDPI (Basel, Switzerland).) (g) Antibacterial
efficacy of peptides Ks(FA)4Ks and Kg(FA)4 against E. coli. (Reproduced with permission from ref. 258 Copyright © 2020 American Chemical Society.)
Amino acid residues of each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar charged residues in blue, and non-
polar residues in yellow.

antimicrobial activity than samples from age-matched non-AD
individuals, correlating with AP levels in the brain."”

In addition to microbial infection, there is growing evidence
suggesting the potential involvement of viral infection in the
development of AD.>’**”” Members of the herpes virus family,
specifically HSV-1, HSV-2, CMV, and HHV-6, are frequently
identified in the brains of AD patients, where they colocalize
within AP plaques.”’®*”® Intriguingly, direct interactions
between AP and HSV-1 have been demonstrated both in vitro
and in vivo. In these studies, AB was shown to bind to the
surface glycoproteins of HSV-1, triggering a general protective
viral entrapment response in various cell lines challenged with
HSV-1. This response inhibited HSV-1 replication and upregu-
lated miRNA-146.>"?%" Similarly, 5xFAD mice (a transgenic AD
mouse model overexpressing human Af) subjected to hippo-
campal HSV-1 inoculation exhibited an improved survival rate
compared to wild-type counterparts® (Fig. 13b). Beyond
HSV-1, AP has demonstrated its ability to prevent infection of
cultured cells by other viruses, including HHV-6,>>" as well as

8738 | Chem. Soc. Rev,, 2024, 53, 8713-8763

seasonal and pandemic strains of HIN1 and H3N2 of the
influenza virus.”*

The inherent oligomerization and fibrillization behavior
observed in AMP function (as discussed in Section 2.2) suggests
that the form of AP oligomers may not be inherently abnormal
in the context of AD pathophysiology. Instead, AP oligomeriza-
tion may occur as an adaptive response to optimize antimicro-
bial activities, akin to established AMPs. As illustrated in
Fig. 13c, synthetic AB oligomers (referred to as amyloid-pB-
derived diffusible oligomeric ligands, ADDLSs) exhibit higher
potency against Candida compared to non-oligomerized pep-
tides (i.e., monomers and protofibrils).>”> In a separate com-
parative analysis, cell-derived AP, encompassing diverse
polymorphic molecular forms, demonstrates superior antimi-
crobial and antiviral activity compared to homogenous
synthetic AB**"*”> (Fig. 13d). Various hypotheses regarding
the mechanism have been proposed, including (i) enhanced
binding of soluble AP oligomers to microbial cell wall carbo-
hydrates via a heparin-binding domain (VHHQKL);*”>

This journal is © The Royal Society of Chemistry 2024
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(ii) amyloidogenic-induced microbial agglutination, entrapping
microbes in a network of B-amyloid;**"*® (iii) insertion of AB
oligomers into the lipid bilayer cell membrane;>** and (iv) pore-
forming ability of B-sheet-rich AP oligomers on the plasma
membrane via toxic ion channels.” Considering the intrinsic
properties of oligomeric AB, they are relatively unstable and can
exist in various aggregation states, morphologies, and sizes,”**
thereby creating a diverse and polymorphic oligomer pool
capable of targeting a broader spectrum of pathogens.

To date, over 40 distinct variants/isoforms of the Af peptide,
featuring N- and C-terminal truncations, have been identified
in secretory compartments and peripheral blood, forming a
complex mixture with lengths ranging from 37 to 43 amino
acids.?®>?%¢ Among these, AB;_,o is the most prevalent, while
APB,_4, is recognized as the most amyloidogenic and neurotoxic
form.?®”?%%  Efforts to pinpoint the crucial antimicrobial
domains of AB have involved extensive comparisons between
full-length and truncated ABy_40/APx-42. Regardless of the origin
(synthetic or cell-derived), AB; 4, consistently exhibits more
robust antibacterial and antiviral activity than AB;_4."”*”> This
is evident in lower minimum inhibitory concentration (MIC)
values against the same types of microorganisms (Fig. 13d),
emphasizing the significance of Ile41 and Ala42 located at the
C-terminus of AB;_s,. The pivotal role of these domains is
reinforced by observations that truncated A4, variants (e.g:,
ARy 42, AP3s_42) retain antimicrobial activities, while fragments
lacking C-terminals (e.g., AB1-34, AB1-28, AP22-40, AB33_40) lOSE
such capabilities®***** (Fig. 13e). These differences likely arise
from (i) the higher amyloidogenicity of APy.4,, inducing agglu-
tination and mediating oligomerization through a loop
between Met35 and Ala42;*% (ii) the heightened neurotoxicity
of ABy_4,, directly inducing bacterial death;>®” (iii) the increased
hydrophobicity of AP, 4., leading to higher binding to the
surface of microorganisms; and (iv) the enhanced uptake of
bacteria by neutrophils for AB,_4,. Studies suggest an increased
tendency for aggregation in N-terminal truncated AB,_s,
290291 pccordingly, AP,,_s» demonstrates a notable
ability to enhance neutrophil uptake of IAV and E. coli, sur-
passing that of the full-length AP, 4,.>* However, further
truncation to AB;s 4, decreases E. coli uptake, likely attributed
to the absence of the B-turn-pB confirmation formed by a salt
bridge between Lys28 and Asp23.>**

Given the robust anti-microorganism behavior of AP,
numerous studies have explored variations inspired by its core
motif. In one such investigation, two variables were introduced:
N-methylation modification and the functionalization of
gold nanoparticles (GNPs). These modifications were
assessed for their anti-bacterial capabilities in comparison to
fragments containing naked APs,_3; (i.e., CGGIGLMVG and
CGGGGGIGLMVG). The results demonstrated a significant
enhancement in antimicrobial efficacy with N-methylated pep-
tides, further amplified when conjugated with GNPs.>*® Addi-
tionally, specific AR segments, namely GAIIG (AP, 33) and
KLVFFA (AB16-21), have been identified as self-assembling
building blocks capable of spontaneously forming a B-sheet
amyloid core.>®>*** This intrinsic ability suggests potential

variants.
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fibrillization-mediated antimicrobial properties. Consequently,
these segments were utilized as starting sequences for
designing experimental functional scaffolds, including KYK-
GAIIGNIK, KYRSGAITIGY, K;(FA),K;, and Kq(FA),. As antici-
pated, all these peptides demonstrated the capacity to self-
assemble into amyloid fibrils, exhibiting a potent bactericidal
effect against E. coli*>”**® (Fig. 13f and g).

4.2. Human islet amyloid polypeptide (associated with type 2
diabetes)

Presently, it is clear that type 2 diabetes (T2D) arises from a
combination of factors, encompassing inadequate response to
insulin (insulin resistance) and impaired insulin secretion by
the pancreatic islet B cells. This culminates the elevated blood
glucose level.>***%> However, the precise pathological mechan-
isms underlying these processes remain elusive. On one hand,
a pathological correlation exists between aggregated human
islet amyloid polypeptide (hIAPP) and type 2 diabetes (T2D),
evident in clinical observations where over 90% of T2D patients
exhibit the presence of hIAPP deposits in the form of extra-
cellular fibrillar aggregates within their pancreatic tissue.”® It
was postulated that alterations in the local microenvironment,
particularly changes in the hydrophobicity of hIAPP, play a
pivotal role in amyloid formation.?®” This, in turn, contributes
to pancreatic B dysfunction, cell death, and ultimately triggers
the onset of T2D.

On the other hand, recent studies have investigated into the
connection between T2D and microbial infection/inflamma-
tion. Similar to the speculation in AD, hIAPP might also be
produced as a form of inflammatory response to high levels of
blood glucose or external pathogens. Clinically, the onset of
T2D often coincides with or follows a pathogen infection,
especially pancreatitis.”*® The microbiome plays a crucial role
in both indirect and direct contributions to T2D development.
Numerous studies have highlighted that gut microbial dysbio-
sis can indirectly contribute to the onset of T2D. When micro-
bial dysbiosis occurs, it can lead to changes in the function and
permeability of the intestinal barrier. This, in turn, has
the potential to activate the innate immune system and
modify signaling pathways, triggering low-grade inflammation,
ultimately leading to insulin resistance and possibly
T2D.??°?% Moreover, direct infections by viruses (hepatitis C,
cytomegalovirus),>°™%> bacteria (H. pylori, Lactobacillus,
C. pneumoniae),’**° and fungi (C. albicans)**° are also linked
to an increased risk of developing T2D or worsening its
symptoms. In this context, an elevated number of immune
cells are detected in the pancreatic islets, accompanied by
heightened levels of cytokines, chemokines, and IL-1.3%7°%
These seem to be part of an immune response aimed at
eliminating foreign intruders. This observation prompts con-
sideration of whether hIAPP production might be a conse-
quence of this inflammatory akin to the
antimicrobial role of Af in AD.

Structurally, both hIAPP and AMPs share a net positive
charge and exhibit amphipathic characteristics, crucial features
enabling their interactions with negatively charged lipid

response,
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membranes. Notably, hIAPP demonstrates antimicrobial activ-
ity against clinically relevant bacteria such as S. aureus and
E. coli (Fig. 14a and b). Certainly, hIAPP demonstrated a
significant inhibition of bacteria growth during the incubation
period, particularly evident from 5 hours for S. aureus and
2 hours for E. coli. However, these differences gradually dimin-
ished as the incubation progressed, nearly disappearing at the
end, possibly due to peptide degradation. In comparison to the
extensively discussed A, as a potent AMP (Section 4.1), hIAPP
exhibited greater potency in inhibiting the growth of E. coli.
Furthermore, the antimicrobial efficacy of hIAPP varied based on
its amyloid states, with the ascending order of antimicrobial
capacity being freshly-prepared hIAPP monomers > protofibrillar
hIAPP > fibrillar hIAPP (Fig. 14c and d) at incubation timepoints of
4, 7.5, and 12 hours.'* Our series of studies342 further confirmed
hIAPP’s antimicrobial properties against S. aureus, S. epidermidis,
and E. coli. Due to variations in batches and concentrations of
hIAPP tailored for distinct projects, the antimicrobial efficacy
exhibited variability, with growth inhibition ranging from 14% to
36% for S. aureus, 8% to 53% for S. epidermidis, and 26% to 32% for
E. coli. Overall, it is essential to emphasize that research focused on
the antimicrobial properties of hIAPP is limited and ongoing. The
exact mechanisms linking hIAPP aggregation, microbial infection,
and T2D are still under exploration.

4.3. a-Synuclein (associated with Parkinson disease)

a-Synuclein (o-syn), a widespread protein prominently found in
the brain, is linked to Parkinson’s disease (PD) and other
neurodegenerative conditions.>*® It has been established that

8740 | Chem. Soc. Rev, 2024, 53, 8713-8763

the characteristic proteinaceous deposits of a-syn constitute the
primary component of Lewy bodies and Lewy neurites, hall-
mark pathologies in PD, cortical Lewy body dementia (LBD),
and multiple system atrophy (MSA).>'°?'! Recently, o-syn and
its fragment o-syne; o5 (also known as non-Af component,
NAC) were identified in association with AD, accumulating
with AB in senile plaques.®> Consequently, strategies targeting
the production, aggregation, spread, and degradation of a-syn
have been actively pursued to combat these diseases.>"* Unfor-
tunately, none of these approaches has successfully advanced
to the clinical stage, reflecting the challenge of balancing the
inhibition of a-syn pathological activities with the preservation
of its physiological function. While the precise functions of a-
syn remain elusive, compelling evidence suggests its role as a
membrane protein in its physiological state. This is evident
through (i) the localization of a-syn at pre-synaptic terminals of
neurons, implying an association with membranes as synaptic
vesicles are membrane-bound structures,*'* and (ii) the bind-
ing interaction between a-syn and synaptic membranes, facil-
itating its various cellular functions such as neurotransmitter
release, synaptic vesicle trafficking, and cellular membrane
fusion.?">'"” The affinity of a-syn for membranes can be
attributed to favorable electrostatic interactions, particularly
with the numerous positively charged lysine residues in the N-
terminus of a-syn and the negatively charged phospholipid
membranes. This binding mechanism closely resembles the
working principle of AMPs, prompting further exploration of
potential physiological functions of a-syn as an AMP through
membrane-targeting models.'%3%?

This journal is © The Royal Society of Chemistry 2024
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Clearly, clinical observations suggest that patients under-
going antiviral therapy for hepatitis C virus (HCV) are less
prone to developing PD,**° indicating a potential link between
pathogen exposure and PD risk. Similar implications arise
regarding an elevated PD risk in patients with bacterial infec-
tions (e.g., Helicobacter pylori) or fungal infections (e.g., Malas-
sezia).*** While epidemiological studies have yet to establish
direct associations between microbial infections and PD risk,
let alone determine their sequential occurrence, at the mole-
cular level, it is evident that full length a-syn;_,40 can directly
inhibit the growth of bacteria (e.g., Staphylococcus aureus and
E. coli, etc., Fig. 15a), yeast (e.g., Candida albicans, Candida
troppicalis, etc., Fig. 15b),"> and mold (e.g., Aspergillus flavus,
Aspergillus fumigatus, and Rhizoctonia solani, etc.) with extre-
mely high efficiency, as indicated by low MIC values ranging
from 0.2 to 3.2 pM. When comparing different a-syn fragments
with the full-length o-syn, an antimicrobial activity ranks as
follows: a-syn;_149 > 0-Syn;_os (MIC = 0.8-3.2 uM) > 0-Syn;_g
(MIC = 1.6-12.8 pM) > 0-SyNegy-140 (MIC > 25.6 pM) X 0-SyNoe 140
(MIC > 25.6 uM). This ranking highlights the crucial roles of
highly conserved N-terminal region (1-65) compared to less
conserved C-terminal region (96-140). Further investigation
into the targeted sites of a-syn demonstrated that rhodamine-
labeled a-syn accumulated on the cell surface of E. coli, while it
accumulates in the cytoplasm of C. albicans. This suggests that
a-syn interacts with bacterial membranes and fungal cytoplas-
mic compounds in microbial cells, leading to membrane
leakage and inhibition of cell growth. Moreover, the endogen-
ous neuronal expression of a-syn in a mice model has been
demonstrated to inhibit the replication of viruses, such as West
Nile virus (WNV) and Venezuelan equine encephalitis virus
(VEEV).>*® This inhibition reduces the likelihood of viral infec-
tion, injury, and disease in the central nervous system, as
evidenced by lower WNV viral titers and loads, along with a
higher survival rate among mice (Fig. 15c).

This journal is © The Royal Society of Chemistry 2024
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A plausible deduction is that monomeric a-syn is produced
as an AMP in response to immune activation, serving to protect
and eliminate external threats. Once the threats are neutralized
or eradicated, the body ideally returns to a state of equilibrium,
and any remaining antimicrobial agents (i.e., o-syn) are
degraded or recycled. However, during this process, o-syn
monomers may undergo aggregation before complete degrada-
tion, a phenomenon triggered by bacteria.***> Consequently, all
forms of a-syn, including monomeric, oligomeric, and aggre-
gated forms, collectively contribute to inducing neuroinflam-
mation. In this scenario, a-syn and immune responses appear
to occur synchronously during infections, forming a self-
reinforcing cycle. Any dysregulation of this coordination may
transform the virtuous cycle of infection defense into a vicious
cycle of neuroinflammation and neurodegeneration.

4.4. Prion protein (associated with prion disease)

Prion diseases, also referred to as transmissible spongiform
encephalopathies (TSEs), constitute a spectrum of neurodegen-
erative disorders. This group includes Creutzfeldt-Jakob dis-
ease (CJD), fatal familial insomnia (FFI), kuru, Gerstmann-
Straussler-Scheinker disease (GSS), and variably protease-
sensitive prionopathy (VPSPr) in humans.**® Similar to other
amyloid-forming peptides, the soluble cellular prion-related
protein (PrP®) undergoes a conformational change from
a-helix to B-sheet during pathogenesis. This results in the
formation of an insoluble protease-resistant isoform (PrP*¢),
which further aggregates in the brain, forming deposits that
contribute to the onset of neurodegenerative diseases. Impor-
tantly, PrPsc can act as a seed or template, binding with PrP°
and facilitating the PrP‘-to-PrP*° conversion, thereby intensify-
ing the progression of neurodegenerative diseases.**! Unlike
other amyloid diseases with uncertain transmissibility and
infections, prion diseases are well-established to be transmis-
sible between individuals, inducing chronic infection and/or
disease in different species—presenting an additional potential
pathological route for disease induction. Prnp-knockout
mice lacking PrP expression are not susceptible to prion infec-
tion, emphasizing the inflammatory role of PrP in prion
pathogenesis.** Increasing evidence suggests that the most
infectious particles are PrP-folding intermediates, specifically
small oligomers consisting of 12-24 monomers.>****” This
aligns with the widely accepted notion that small oligomers
of the misfolded protein are primarily responsible for
neurotoxicity.>*®

In addition to the putative neurotoxicity attributed to mis-
folded amyloids, the loss of normal PrP® function is considered
integral to neurodegenerative processes. PrP serves diverse
physiological functions, including cellular differentiation, neu-
ronal excitability, myelin maintenance, and metal ion
homeostasis.*****'  Other studies have demonstrated an
increase in PrP expression during bacterial infection®** and
inflammatory wounding/diseases,'®*"*** suggesting that PrP
may play a crucial role in inducing innate immune responses.
PrP has been identified as an antimicrobial agent against both
Gram-negative (e.g., E. coli, P. aeruginosa) and Gram-positive
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bacteria (B. subtilis, S. aureus) (Fig. 16a), as well as fungi (e.g.,
C. parapsilosis, Fig. 16b) under normal (pH = 7.4) and low pH
(pH = 5.5) conditions.'®® When comparing the antibacterial
effects of PrP with its truncated variants, a descending anti-
microbial ability is observed in the order of PrP,; ,3; >
PrP,; 144 > PrPgy_531, highlighting the significance of the N-
terminal region. A more detailed comparison between full-
length and a series overlapping peptide sequences comprising
20 amino acids, as well as shorter variants, further emphasizes
the importance of the N-terminal part of PrP, especially the
unstructured N-terminal (KKRPK) region of the protein
(Fig. 16c), which is mainly attributed to (i) the highly positive
sequence of KKRPK interacting with negatively charged micro-
bial membranes, (ii) the heparin-binding site enhancing the
binding and disruption of microbial membranes, and (iii) the
histidine-rich region coordinating interactions with metal ions
(e.g., Zn*" and Cu**)."'*'®® Substantial evidence suggests that
the antimicrobial activity primarily depends on the formation
of unstable oligomers, rather than mature amyloid fibrils, to
disrupt bacterial membranes via a carpet or detergent
model."'° Despite significant efforts over the past two decades
to investigate the pathological (infectious and neurotoxic) and
physiological (antimicrobial) nature of prion proteins, a major
gap persists in our understanding of the vicious loop involving
PrP°-PrP**-infections-PrP¢. Here, we propose two potential sce-
narios, with the hope that they prove useful for future research
and validation: (i) the conversion of PrP° to PrP* induces
inflammatory infection and upregulation of antimicrobial PrP*

8742 | Chem. Soc. Rev,, 2024, 53, 8713-8763

and (ii) external microbial threats induce PrP® upregulation,
leading to PrP°-PrP*® conversion.

4.5. Serum amyloid A (associated with systemic amyloid A)

Serum amyloid A (SAA), a highly conserved acute-phase protein
present in nearly all mammalian species, is primarily synthe-
sized by hepatocytes in the liver.>** However, its production is
not exclusive to hepatocytes, as various cells in extrahepatic
tissues also contribute to its synthesis. The SAA family com-
prises four protein isoforms, each consisting of 104 amino
acids. In humans, the acute-phase isoforms SAA1 and SAA2
(collectively referred to as SAA in this review) are prominently
induced by inflammatory signals, particularly interleukin-1
beta (IL-1B), interleukin-6 (IL-6), and lipopolysaccharide (LPS)
during the acute-phase response (APR). SAA3 is a pseudogene
in humans. Human SAA4, identified as a constitutive isoform,
is presumed to play a housekeeping role rather than serving as
a responsive element to inflammation, constituting the most
abundant serum SAA form in healthy individuals. Similarly, in
mice, SAA1 and SAA2 are the major forms of SAA proteins
produced by hepatocytes, while SAA4 is constitutively
expressed. A notable distinction between human and mouse
SAA lies in the SAA3 isoform, which codes for a functional SAA
protein and emerges as the primary form in mouse inflamma-
tory tissues.**>33¢

Originally identified as a major component of amyloid A
(AA) fibrillar deposits associated with reactive systemic
amyloidosis,”®” SAA has since been recognized for its dual role.

This journal is © The Royal Society of Chemistry 2024
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SAA primarily functions as an apolipoprotein of high-density
lipoproteins (HDL), the principal carrier of SAA in the blood-
stream, and acts as a secondary (reactive) precursor inducing
pathological AA amyloidosis. In the absence of the acute-phase
response (APR), SAA is constitutively produced at relatively low
levels, contributing to the maintenance of lipid metabolism
balance. APR process involves displacing apolipoprotein A1l
(apoA1) via its N-terminal lipid binding sites (SAA1-15) to form
acute-phase HDL. This modified HDL participates in various
functions, including (i) regulating lipid metabolism and cho-
lesterol efflux regulation;**® (ii) recruiting immune cells (e.g.,
monocytes and polymorphonuclear leukocytes) to sites of
inflammation;**° (iii) promoting the expression of several
proinflammatory cytokines, such as TNF-o, IL-6, IL-8, IL-1J,
and the growth-promoting granulocyte-macrophage colony-
stimulating factor;**° (iv) inducing directional migration
of human mast cells;**' and (vi) serving as an immune
opsonin for Gram-negative bacteria, including E. coli and
P. aeruginosa.**> In normal cases, elevated SAA levels decline
rapidly as inflaimmation resolves. However, any abnormal
prolonged or excessive inflammation or infectious diseases

View Article Online

Review Article

can lead to pathological conditions, including secondary amy-
loidosis, where SAA contributes to the formation of amyloid
deposits.

While a clear clinical association between SAA and inflam-
matory infections exists, the precise physiological role of SAA
during microbial infection remains elusive. The bacteriotoxicity
of SAA was initially observed in 1992 during an investigation
utilizing E. coli to express recombinant SAA at high production
levels. This expression led to a notable decrease in the volume
of cells, reaching 70-80% of the initial volume within 2 hours,
indicative of cell lysis>*® (Fig. 17a). Subsequent studies con-
firmed that SAA toxicity is connected to the formation of ion
channels in the bacterial membrane,"'® resembling the beha-
vior observed in other amyloid peptides.'*”**32** The for-
mation of such channels is attributed to both host cell
damage and antimicrobial activity. On one hand, it particularly
affects cells in the kidney, liver, and spleen, which require
electrically tight membranes for their ionic exchange functions.
This is supported by clinical evidence that renal dysfunction is
the most common symptom at the onset of AA amyloidosis.**®
On the other hand, amyloid-forming SAA variants (e.g., human

SAA: 11-12 kDa, 104 amino acid residues
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Fig. 17 Antimicrobial activity of serum amyloid A (SAA). (a) Antibacterial efficacy of recombinant SAA against E. coli, as indicated by the presence of
E. coli lysates subsequent to SAA expression in E. coli. Lane 1: molecular weight markers. Lane 2: lysates of non-induced E. coli. Lane 3,5,7: lysates of
E. coli expressing SAAL, SAA2, SAA4. Lane 4,6,8: purified rSAAL, rSAA2, rSAA4. (Reproduced with permission from ref. 260 Copyright © 1994 Published by
Elsevier B.V.) (b) Stain-selective antibacterial efficacy of SAA. Where SAA binds to Gram-negative bacteria while not interacting with Gram-positive
bacteria. (Reproduced with permission from ref. 164 Copyright © 2005 Elsevier Inc.) (c) pH-dependent antibacterial efficacy of SAA against S. aureus and
E. coli., highlighting its enhanced antibacterial activity under acidic conditions. (Reproduced with permission from ref. 16 Copyright © 2020 Elsevier Inc.)
(d) Antibacterial efficacy of SAA against uropathogenic E. coli (UPEC, e.g., UTI89 and F11) through the inhibition of their biofilm formation. Biofilm levels
were quantified by measuring Asg,. (Reproduced with permission from ref. 261 Copyright © 2012 Erman et al.) (e) Stain-selective antifungal efficacy of
rhSAA, where rhSAA exhibits anti-fungal activity specifically against C. albicans or closely related species of C. dubliniensis, excluding other fungal
species. (Reproduced with permission from ref. 262 Copyright © 2019 American Society for Microbiology.) (f) Antiviral efficacy of SAA against Huh-7 cells
infected by HCVpp. (Reproduced with permission from ref. 263 and 264 Copyright © 2016 American Association for the Study of Liver Diseases.) Amino
acid residues of each AMP are color-coded to reflect their properties: polar uncharged residues in rose, polar charged residues in blue, and non-polar
residues in yellow.
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SAA1, mouse SAA2) can effectively induce bacterial lysis, a
capability not shared by SAA4. This distinction highlights the
essential requirements of a B-pleated sheet confirmation and
the hydrophobicity of the N-terminus to interact with the
hydrophobic component of the bacterial cell.'*® This inter-
action occurs with high affinity (Kp = 1077-10"® M) and in a
rapid manner (~15 minutes).'®* In addition to E. coli, SAA
exhibits binding affinity with a diverse array of Gram-negative
bacteria, including S. typhimurium, S. flexneri, K. pneumoniae,
V. cholerae, and P. aeruginosa, while showing no binding affinity
for Gram-positive bacteria such as S. pneumoniae and S. aureus
(Fig. 17b). This strain-specific binding capability is closely
linked to the outer membrane protein A (OmpA)/OprF family
conserved ligands, present in nearly all Gram-negative
bacteria. These ligands act as opsonins, enhancing bacterial
clearance by modulating macrophages and neutrophils.'®*>*?
OmpA-deficient E. coli or OprF-deficient P. aeruginosa did not
bind to SAA, underscoring the role of SAA as a pattern-
recognition innate immune protein.'®*

Clinically, investigations into the bactericidal activity of SAA
have systematically explored different microenvironments and
utilized distinct gene knockout mouse models to understand
its efficacy in various infectious diseases. In comparison to
physiological neutral conditions, SAA has demonstrated heigh-
tened bactericidal activity under acidic conditions, particularly
at pH 5.2 (Fig. 17¢). This suggests its potential as an effective
antibacterial agent in addressing cutaneous infections, a char-
acteristic environment of the skin surface. This effectiveness
was further demonstrated using SAA1/2 double knockout mice
(SAA1/2 DKO), which exhibited impaired clearance of S. aureus
during cutaneous infections.'® Similarly, SAA1/2 DKO mice
proved to be more susceptible to dextran sodium sulfate
(DSS)-induced colitis, showcasing increased weight and blood
loss, along with higher histological disease scores compared to
wild-type controls.**® A robust mouse urinary tract infections
(UTI) model utilized the introduction of uropathogenic E. coli
(UPEC, e.g., UTI89 and F11) into the urinary tract to induce SAA
expression. The results revealed heightened levels of SAA1/2 in
response to UTI, demonstrating its role in blocking biofilm
formation by uropathogens®®* (Fig. 17d).

In addition to its antibacterial function, SAA also exhibits
anti-fungal activity against Candida albicans. The potential
anti-fungal properties of recombinant SAA were initially
demonstrated in 1990, showcasing its role as a potent activator
that enhances calcium mobilization, cell-surface antigen
expression, lactoferrin secretion, phagocytosis, and the anti-
Candida activity of polymorphonuclear cells.**” However, direct
evidence of SAA’s anti-fungal capabilities became clearer in
2019 when a systemic infection model was employed. In this
model, mouse SAA1 was upregulated following the induction of
C. albicans infection. During the infection, both human and
mouse recombinantly expressed SAA1l exhibited species-
specific anti-fungal activity by binding to the surface of
C. albicans or closely related species of C. dubliniensis (but
not C. glabrata, S. cerevisiae, and C. parapsilsis) cells (Fig. 17e).
This binding disrupted the integrity of the fungal cell
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membrane, leading to cell death.>®> Further investigation by
the same research group delved into the molecular mechan-
isms of SAA1’s anti-fungal activity and indicated that SAA1
mainly targets Als3 (agglutinin-like sequence 3), a cell wall
adhesin of C. albicans, inducing rapid cell aggregation and
subsequent death.**®

Upregulated expression of SAA has been observed in various
viral infections affecting both animals and humans. For
instance, SAA levels were notably elevated in COVID-19 patients
at the onset of hospitalization, even in cases with mild respira-
tory symptoms. This highlights SAA’s potential as an effective
predictive factor for severe COVID-19, demonstrating an accu-
racy of 89%.**%**° Additionally, SAA has been reported to
exhibit antiviral activity against the hepatitis C virus (HCV) by
inhibiting its entry into cells. However, this antiviral activity is
limited to the timing of SAA addition and virus adsorption (i.e.,
SAA addition during infection > SAA addition before
infection)***?** (Fig. 17f). Another study demonstrates the
antiviral effect of SAA by directly binding to the influenza A
virus (IAV) and enhancing the uptake of the virus by
neutrophils.*** SAA has demonstrated the capacity to block
HIV-1 infection of host cells through CCR5 receptors. Notably,
SAA emerges as one of the initial systemic antiviral responses to
HIV-1, detected as early as 5-7 days before the first detection of
plasma viral RNA and significantly earlier than other systemic
cytokines.**?

5. Cross-seeding between
antimicrobial, bacterial-secreted, and
amyloid peptides

The concept of cross-seeding between AMPs, bacterial-secreted
peptides, and amyloid peptides is supported by several lines of
indirect evidence. Firstly, the co-existence and often co-
localization of these peptides in various tissues, blood vessels,
and spinal fluids have led to conceptual frameworks proposing
molecular interactions and cross-seeding among these diverse
peptide aggregates. Secondly, additional evidence from pre-
vious sections has demonstrated the alternative antimicrobial
activity of certain AMPs (AMPs) and the amyloid-like aggrega-
tion property of specific amyloids (AMYs), as well as some
shared sequential and structural features in both AMPs and
AMYs. Thirdly, some investigations into cross-seeding among
amyloid peptides, particularly in cases where (i) multiple neu-
ropathologies co-occur in patients with two or more forms of
dementia and (ii) both amyloid aggregation and microbial
infection are observed, confirm that such co-occurrences can
be key pathological causes of neurodegenerative diseases.*>?
Building on the aforementioned findings and logical connec-
tions, the cross-seeding concept appears to offer a plausible
explanation for both direct and indirect molecular crosstalk
and spreading mechanisms between neurodegenerative dis-
eases and microbial infections. These cross-seeding interac-
tions involve the mutual modulation of peptide aggregations in
a transmissible manner, both in vitro and in vivo. The identified
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cross-seeding systems between antimicrobial peptides,
bacterial-secreted peptides, and amyloid peptides are still
limited. However, antimicrobial peptides, owing to their intrin-
sic antimicrobial activity, represent a vast and native resource
that has been relatively underexplored for repurposing as
potential and effective amyloid inhibitors (Fig. 18). Hence,
gaining a comprehensive understanding of the new functions
of AMYs and AMPs, along with the molecular events that
underlie their cross-seeding, spreading, and crosstalk in mixed
pathologies, is of paramount importance for the development
of new therapeutic strategies.

5.1. Cross-seeding between antimicrobial peptides and
amyloid peptides

Amyloid peptides (AMYs), traditionally associated with neuro-
degenerative diseases, have a strong tendency to aggregate into
fibrillar formation, contributing to pathological processes.
Conversely, antimicrobial peptides play a crucial role in the
innate immune response, targeting and neutralizing microbial
invaders. However, emerging research has unveiled unexpected
intersections between these two peptide classes through a
phenomenon known as cross-seeding. This cross-seeding inter-
action showcases how amyloid peptides can impact the beha-
vior of antimicrobial peptides and vice versa. This underscores
the intricate nature of peptide-peptide interactions, offering a
rich avenue for exploring novel mechanisms, implications, and
potential applications in the realms of health and diseases
within the context of this cross-seeding phenomenon.

5.1.1. Defensins and A, hIAPP, hCT. Recently, four defen-
sins—human neutrophil peptide (HNP-1), rabbit neutrophil
peptide (NP-3A), human o-defensin 6 (HD-6), and human
B-defensin 1 (HBD-1)—have demonstrated multi-targeting,

This journal is © The Royal Society of Chemistry 2024

dual-functional properties.>*>* These defensins exhibit the

ability to not only prevent the aggregation of three amyloid
peptides associated with various conditions; AP (linked to
Alzheimer’s disease), hIAPP (linked to Type 2 Diabetes), and
hCT (linked to medullary thyroid cancer), but also retain their
original antimicrobial activity to kill four common microorgan-
isms. Both HNP-1 and NP-3A, o-defensins featuring B-sheet
structures, effectively inhibited the aggregation of Af, hIAPP,
and hCT at sub-stoichiometric concentrations (<equimolar
ratio) in a dose-dependent manner over 24-30 hours at
37 °C.>* The ThT data presented in Fig. 19a clearly indicate
that at an equal molar ratio, both HNP-1 and NP-3A enabled to
completely suppress the amyloid fibril formation of the three
different A, hIAPP, and hCT, as evidenced by nearly 0%
relative ThT intensity, instead of formation of the less-
fibrillar, amorphous-like aggregates with disordered secondary
structures. Consistently, another o-defensin, HD-6, demon-
strated a comparable dose-dependent inhibition effect on the
three amyloid aggregations. The increase of the HD-6 : amyloid
molar ratio from 0.005 to 1 resulted in a significant reduction
in ThT signals for A from 11 to 94%, hIAPP from 16 to 49%,
and hCT from 35 to 93% (Fig. 19b).** This HD-6-induced
amyloid inhibition effect led to the formation of less-fibrillar,
amorphous-like aggregates, while retaining the original disor-
dered structures. In the HBD-1:amyloid systems across various
molar ratios (1:0.005-1:1), HBD-1 notably decreased ThT
fluorescence (a marker for amyloid fibril presence) by 44-
93%, reduced the rate of aggregation (halving the aggregation
time) by 71-96%, postponed the shift towards B-structures,
lowered fB-structure content by 4-28%, and broke down mature,
larger, and thicker fibrils into smaller, thinner forms. Compre-
hensive evaluations using ThT, CD, AFM, and SPR methods
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Fig. 19 Identified cross-seeding systems between antimicrobial peptides and amyloid peptides, including (a) HNP-1 and AB, hIAPP, hCT by ThT,
(Reproduced with permission from ref. 24 Copyright © 2021 The Royal of Chemistry) (b) HD-6 and A, hIAPP, hCT by ThT, (Reproduced with permission
from ref. 23 Copyright © 2022 The Royal of Chemistry) where both HNP-1 and HD-6 exhibit a general inhibition property against the fibrillization of
different amyloid peptides. (c) LL-37 and AB4> by SPR imaging (Reproduced with permission from ref. 25 Copyright © 2017 10S Press) and LL-37 and
hIAPP by ThT, (Reproduced with permission from ref. 26 Copyright © 2020 John Wiley & Sons, Inc.) where LL-37 acts as a nanomolar inhibitor to prevent
the fibril formation of both A and hIAPP and their associated cell toxicity; (d) LL-1ll and a-synuclein by phase-contrast light and fluorescence
microscopy, (Reproduced with permission from ref. 354 Copyright © 2021 MDPI (Basel, Switzerland)) where the addition of LL-IIl to a monomeric
a-synuclein solution facilitates the formation of LL-llI-enriched droplet clusters, effectively preventing the conversion of a-synuclein into mature fibrils;
(e) CAP37, CG, NE and AB by ThT, (Reproduced with permission from ref. 355 Copyright © 2021 Bentham Science Publishers) where CAP37 (circles), CG
(inverted triangles), and NE (triangles) inhibit the kinetic aggregation of Ap through different pathways, with varied inhibition efficiencies ranked in a
decreasing order of NE > CAP37 > CG. (f) Magainin 2 and rlAPP by liposome leakage assay, (Reproduced with permission from ref. 18 Copyright © 2013
National Academy of Science) where magainin 2 and rlAPP exhibit full cross-cooperativity, leading to equilibrium membrane leakage that is 100 times
greater than the simple sum of the activities of individual peptides. Amino acid residues of each AMP are color-coded to reflect their properties: polar

uncharged residues in rose, polar charged residues in blue, and non-polar residues in yellow.

across different amyloid-defensin systems highlight that the
defensins amyloid aggregation inhibitory effects depend on
both dosage and peptide sequence. Significant observations
include: (i) HD-6 and HBD-1 exhibit sequence-specific effec-
tiveness in inhibiting amyloid aggregation, ranked as Ap >
hCT > hIAPP for HBD-1 and in the order hCT > AP} > hIAPP
for HNP-1 and NP-3A. (ii) At lower concentrations, o-defensins
more effectively slow the expansion of amyloids from smaller
to larger aggregates, while at higher doses, they primarily
prevent the formation of amyloid nuclei during the lag phase.
These differences indicate the existence of interspecies energy
barriers that influence the interactions between different
a-defensins and amyloid proteins.

8746 | Chem. Soc. Rev, 2024, 53, 8713-8763

The four defensins also exhibited a dose-dependent protec-
tive role in rescuing cells from amyloid-induced toxicity to
varying extents. Specifically, in the presence of three amyloid
peptides, HNP-1 improved cell viability by 23-28%, NP-3A by
12-35%, HD-6 by 7-55%, and HBD-1 by 32-51%, while redu-
cing cell toxicity by 9-31%, 10-31%, 11-33%, and 16-25%,
respectively. The aggregated cellular data indicate various
potential mechanisms through which defensins could reduce
amyloid-induced toxicity. Potent interactions between defen-
sins and amyloid peptides may lessen the creation of harmful
amyloid aggregates known to disrupt cell membranes, resulting
in the formation of defensin-amyloid complexes that are
either less toxic or non-toxic and relatively harmless to cell

This journal is © The Royal Society of Chemistry 2024
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membranes. Additionally, defensins may competitively
decrease the binding propensity of amyloids to cell mem-
branes, collectively endowing defensins with an improved cell
protection function. On the other hand, cross-seeds of defen-
sins with the three different amyloid peptides generally demon-
strated comparable or even higher antimicrobial efficiency
than the corresponding pure amyloid peptides or defensins.

Considering that B-rich configurations are prevalent in
amyloid aggregates independent of sequence, the ability of
a-defensins to inhibit amyloids in a sequence-independent
manner mainly stems from their interaction with amyloid
proteins via pB-structure engagements. This interaction is
explained by the ‘“‘conformational selection binding” mecha-
nism, which suggests that defensins with p-structures, or any
peptides capable of forming B-structures, are predisposed to
engage with amyloids that share similar B-structural features.
This mechanism competitively reduces amyloid-amyloid inter-
actions, thereby preventing amyloid aggregation of AP, hIAPP,
and hCT, along with the resultant amyloid-induced toxicity.
Additionally, it contributes to antimicrobial protection.

5.1.2. LL-37 and A4, hIAPP. The human -cathelicidin
peptide LL-37, functioning as both an innate immune effector
and modulator, demonstrates a wide-ranging antimicrobial
and immunomodulatory activity. LL-37 was discovered to inter-
act with AB at nanomolar affinity,"* and it also demonstrated
the ability to effectively inhibit the formation of AB,, oligomers
and fibrils by impeding B-structure formation.>® The cross-
seeding phenomenon between LL-37 and A is likely attributed
to their evident sequence complementarity. AP, carries a net
negative charge of -3, in contrast to a net positive charge of +6
in LL-37, fostering robust electrostatic attraction. AfB,, com-
prises 11 hydrophobic residues, including 4 aromatic residues
(F or Y), while LL-37 possesses nine hydrophobic residues with
4 aromatic residues, thereby introducing additional hydropho-
bic associations and m-m interactions for -cross-seeding.
Furthermore, while both LL-37 and A4, display individual
toxicity and proinflammatory effects on the neuroblastoma cell
line SH-SY5Y through the stimulation of microglial production
of inflammatory cytokines, co-incubation of LL-37 and Af,,
leads to cross-seeding, which significantly reduces their cyto-
toxic impact on neurons. Although there is no direct correlation
observed between cathelicidin expression levels and AD, in vitro
cross-seeding of Ap and LL-37 serves a foundational exploration
to investigate common factors related to both peptides and
their impact on biophysical activities and signaling functions.
Notably, both Ap and LL-37 have been reported to regulate the
same Formyl-like Peptide Receptor 1 (FPRL1). This receptor
plays a role in phagocyte responses within the inflammatory
aspects of AD, particularly influenced by the reduced presence
of LL-37.%%°

Similarly, considering the presence of both LL-37 and hIAPP
in the pancreas and their notable (42%) sequence similarity,
LL-37 has been identified to interact with hIAPP with nanomo-
lar affinity. This cross-seeding mechanism proves effective in
preventing hIAPP aggregation and associated pancreatic (3-cell
damage and neuroinflammation in vitro.>® The inhibitory
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action of LL-37 is achieved by its attachment to (1) initial hIAPP
species, encapsulating them into soluble, non-fibrillar mixed
complexes, and (2) established hIAPP fibrils, transforming
them into assemblies that cannot seed further aggregation
(Fig. 19c). LL-37 emerges as having a significant connection
to the pathogenesis of T2D through various pathways, e.g., LL-
37 has been observed to suppress pancreatic -cell inflamma-
tion in a mouse model, while concurrently promoting insulin
and glucagon secretion, ultimately enhancing islet function.**”
These studies suggest a potential protective role for LL-37,
acting as a molecular inhibitor of both Af and hIAPP, in the
pathogenesis of both AD and T2D. Particularly noteworthy is
the resemblance of sporadic AD to what is often termed as ‘type
3 diabetes’ occurring in brain tissue.**®

5.1.3. LL-III and oa-synuclein. LL-III, which is extracted
from the venom of the eusocial bee Lasioglossum laticeps,
exhibited remarkable interactions with both monomers and
condensates of o-synuclein in the droplet phase, effectively
stabilizing the condensate and inhibiting its maturation to
the fibrillar state.**® As illustrated in Fig. 19d, the co-
incubation of LL-III (50 pM) and monomeric o-synuclein
(100 uM) facilitated the formation of droplet condensates, likely
through significant partitioning within the droplet phase. The
increase in LL-III concentrations to 200 or 500 uM further
enhanced the association of more droplets, with both the size
and quantity of the droplets increasing with higher LL-III
concentrations. During the period of droplet formation, only
random conformations were detected in the mixed solution of
LL-III and o-synuclein. This clearly indicates that LL-III inter-
acts efficiently with monomeric a-Syn within the droplet phase,
stabilizing the condensate and preventing the amyloid fibril
formation of o-synuclein. The cross-seeding interaction
between LL-III and a-synuclein is primarily governed by a
combination of electrostatic interactions in the unstructured
N-terminal domain and hydrophobic interactions in the NAC
region. LL-III showcases its anti-aggregation activity in a cellu-
lar model by mitigating o-synuclein aggregation in neuronal
cells and related cell death, in addition to its intrinsic activities
against various bacterial strains, fungi, and cancer cells. Such
dual functionality of antimicrobial peptide LL-III enables it to
target and neutralize various cell types by preventing their
transition into the fibrillar amyloid state associated with the
pathologies of Parkinson’s disease.

5.1.4. CAP37, CG, NE and AP. Three neutrophil granule
peptides—cationic antimicrobial protein of 37 kDa (CAP37),
cathepsin G (CG), and neutrophil elastase (NE)—demonstrate
the ability to interact with AB,, and inhibit AB,, fibrillation
through distinct pathways. ThT results showed that CAP37 and
NE predominantly inhibit the elongation phase, while CG
primarily inhibits the nucleation phase during the A, fibrilla-
tion process (Fig. 19¢). ELISA assays further revealed that AB,,
exhibited similar binding to both CAP37 and CG in the
presence and absence of protease inhibitors, but AB,, appeared
to bind to NE only in the presence of protease inhibitors. This
suggests that the cleavage of AB,, by these three peptides is
correlated with their subsequent inhibition efficiency. NE and
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CG efficiently cleaved AP,,, impeding its aggregation into
fibrils. In contrast, CAP37, while not efficiently cleaving AB,,,
exerted its inhibition effect most likely through a quenching
mechanism. Moreover, only CG and NE showed significant
inhibition of AP neurotoxicity, with CG being more efficient
than NE. The varied inhibition efficiencies of these peptides in
a decreasing order of NE > CAP37 > CG are likely attributed to
their ability to cleave AP and bind to AP, suggesting distinct
mechanisms of action in their anti-amyloid activities.**’

5.1.5. Magainin 2-rIAPP. Magainin 2 (M2), a 23-residue
broad-spectrum antimicrobial peptide initially identified in
Xenopus laevis, exhibits its bactericidal activity through
membrane leakage. M2 and rIAPP share structural and func-
tional features in the context of cell membranes, undergoing a
structural transition from random coils to amphipathic a-helix
upon binding to the cell membrane. Both peptides also display
common membrane permeation characteristics, including sto-
chastic initiation of leakage, a subsequent evolution of leakage,
and the formation of equilibrium pores. The cross-seeding of
rIAPP and magainin 2 leads to the formation of stable pores in
liposome membranes,'® causing a significant >100-fold
increase in liposome leakage beyond the sum of their activities
of hIAPP and magainin 2 alone (Fig. 19f). This cross-seeding
also results in >2000-fold growth inhibition of the Gram-
negative bacterium Paracoccus denitrificans.

The limited studies on AMPs-AMYs systems indicate that
cross-seeding can cooperatively induce membrane leakage and
bacterial cell death through different mechanisms. In some
cases, both AMPs and AMYs show strong antimicrobial
activity. The discovery of antimicrobial peptides with
B-structure, which can simultaneously inhibit microbial infec-
tion and amyloid aggregation, expands their potential as multi-
target amyloid inhibitors. These AMPs, while existing in limited
quantities, provide a molecular foundation for further engi-
neering and designing new variants. These variants could
combine antimicrobial, anti-amyloid, and immunomodulatory
functions, making them promising candidates for multifunc-
tional drugs in combating both microbial infections and
amyloid-related issues. These multiple-functional AMPs intro-
duce a novel concept, resembling “killing two birds with one
stone.” This concept successfully integrates the ‘“amyloid cas-
cade hypothesis” with the “microbial infection hypothesis”.
The functional and structural links between antimicrobial
peptides and amyloid proteins illustrate their natural abilities
in both bacterial elimination and amyloid suppression
functions.

5.2. Cross-seeding between bacterial-secreted peptides and
amyloid peptides

The gut-brain axis, involving bidirectional communication
between the gut and the brain, has garnered significant interest
due to its potential relevance in human disease and health.
Throughout this axis, the gut and the brain are interconnected
systems that can influence each other’s functioning, thus
representing a possible connection between the gut micro-
biome, their metabolites, and neurological disorders. Recent
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research presented compelling evidence supporting the notion
that symptoms of Alzheimer can be transferred to a healthy
young organism through the gut microbiota, establishing a
causative role that gut microbiota may have in the disease.>*° A
growing body of symptomatic, physiological, and pathological
data suggest that cross-seeding occurs between microbial amy-
loid curli presented in the gut and amyloid peptides found in
the brain.>”***=**> Curli fibrils are assembled through bacterial
secretion of unfolded amyloid proteins (e.g., CsgA, CsgC, CsgE,
FapCS) (Fig. 20a). Interestingly, these curli fibrils exhibit some
similarities to amyloid fibrils, including self-aggregation into
B-rich fibrils, surface adhesion to epithelial cells, and participa-
tion in bacteriophage defense mechanisms. Biochemical stu-
dies have provided compelling evidence that the native
bacterial chaperones of curli possess the ability to interact
with diverse human amyloid proteins, thereby influencing
their aggregation pathways in vitro and in vivo, including
aSyn,> 29322 AB 2% Tau,*** hIAPP,****%* and cellular prion
protein (PrP°).>*® Specifically, In the in vivo study of curli-
producing Escherichia coli (CsgA) in mice®” and in worm,**” a
promotion of aSyn aggregation and inflammation was observed
in both the gut and the brain, leading to a worsening of motor
impairment and gastrointestinal (GI) dysfunction. However, in
the two cases of variants of CsgA that were incapable of forming
amyloids and the introduction of an amyloid inhibitor that
prevented CsgA expression in the gut, they both did not affect
aSyn aggregation in the brain of mice. Different from the cross-
 amyloid conformation characteristic of curli fibrils, phenol-
soluble modulins (PSM) are amyloidogenic proteins originating
from Staphylococcus aureus that adopt a cross-o fibrillar
structure.>®® Both CsgE and PSMo have been observed to
accelerate aSyn amyloidogenesis in vitro®®*%® (Fig. 20b). The
higher cross-o content observed in PSMa3 has been associated
with an augmented promotional effect on the aggregation of
ABLo,””° implying a highly diverse conformational interplay in
cross-seeding interaction (Fig. 20c). Remarkably, pre-formed
CsgA seeds have also been identified as accelerators of AB
aggregation, and it is noteworthy that fibrillation inhibitors
are shared between CsgA and AB.>’" Similarly, AP displayed
favorable binding with FapC amyloid fragments (FapCS) of
Pseudomonas aeruginosa, leading to the acceleration of cross-
seeding fibrils (Fig. 20c).** FapCS acted as a catalyst and
propagated its structural characteristics for promoting A
amyloidogenesis in vitro, in silico, and in a zebrafish model of
AD. The robust seeding capacity for AR by FapCS induced
multiple pathological indicators, including behavior, cognitive
memory function, cerebral AR burden, synaptic health, produc-
tion of reactive oxygen species (ROS), and cell degeneration in
both neuronal cells and zebrafish. Both CsgA and CsgB can
cross-seed with the prostatic acid phosphatase fragment of
PAP, 45 556 (Fig. 20d). Acting as catalytic agents, they have a
moderate impact on the nucleation rate and a significant effect
on enhancing fiber growth from existing nuclei.*®* This sug-
gests a more intricate scenario in which cross-seeding partially
bypasses the nucleation step but has limited influence on fiber
elongation.
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Fig. 20 Cross-seeding interactions between bacterial-secreted peptides and amyloid peptides. (a) Schematic representation of distinct bacterial
biofilm-forming functional amyloids. Signal sequences (SS) are depicted in blue, amyloid regions (AR) in green, and loop/linker and terminus regions in
yellow. PSMs are short proteins adopting a cross-a fibrillar structure (PDB: 5I55). CsgA forms a B-helix with five imperfect AR repeats stacking on top of
each other (PDB: 8ENQ), while FapC also forms a B-helix with three ARs stacking on top of each other (FapC model modified from ref. 372
Copyright © 2018 The Authors). (b) CsgA (Reproduced with permission from ref. 27 Copyright © 2020 eLife Science Publications Ltd.) CsgE (Reproduced
with permission from ref. 28 Copyright © 2015 Chorell et al.) and PSMal (Reproduced with permission from ref. 369 Copyright © 2021 MDPI (Basel,
Switzerland)) have demonstrated the ability to accelerate aSyn amyloidogenesis. (c) PSMa3 exhibits a promotional effect on the aggregation of AB4o.
(Reproduced with permission from ref. 370 Copyright © 2023 MDPI (Basel, Switzerland)). Similarly, FapCS plays a catalytic role in promoting AB
amyloidogenesis. (Reproduced with permission from ref. 34 Copyright © 2023 John Wiley & Sons, Inc.) (d) Both CsgA and CsgB can cross-seed with the
prostatic acid phosphatase fragment of PAP248-286, facilitating its conversion into the amyloid SEVI. (Reproduced with permission from ref. 361
Copyright © 2013 PeerJ. Inc.) (e) CsgC inhibits the amyloid assembly of aSyn, while demonstrating no inhibitory effect on AB4» aggregation. (Reproduced
with permission from ref. 29 Copyright © 2015 Elsevier Inc.) (f) TTR and its mutants selectively inhibit the conversion of CsgA into amyloid-like fibrils.
(Reproduced with permission from ref. 373 Copyright © 2017 National Academy of Sciences) (g) Cross-seeding between CsgA/CsgB and hIAPP results in
a reduction in the lag-time but a significant inhibition of hIAPP elongation.*®* (h) CsgC can inhibit CsgA amyloid formation at sub-stoichiometric

concentrations and maintain CsgA in a non-p-sheet-rich conformation.?°
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In contrast to findings indicating that bacterial amyloid acts
as a trigger, promoting amyloid aggregation through cross-
seeding, some studies observed an opposite aspect: bacterial
curli possesses a potent and selective inhibitor of amyloid
formation. CsgC inhibited amyloid assembly of oSyn, while
having no inhibition effect on AP,, aggregation in vitro
(Fig. 20e).”® Human wild-type tetrameric transthyretin (TTR,
associated with AD) and its mutants were found to exert a
selective inhibitory effect on the conversion of CsgA into
amyloid-like fibrils in vitro (Fig. 20f).”> Notably, this effect
was observed specifically with CsgA and not CsgB, indicating
that the inhibitory mechanism is likely linked to its cross-
seeding interaction with CsgA. Furthermore, transthyretin
exhibited a comparable inhibitory effect on amyloid formation
and subsequent toxicity induced by AB,*’*?”> hIAPP,*’® and
HypF-N*”" in both in vitro experiments and mouse models.

Adding to the complexity, the cross-seeding of Csg with
various amyloid proteins led to intricate outcomes, which were
dependent on the specific amyloid sequences and concentra-
tions at play. When CsgA and CsgB were cross-seeded with
hIAPP, they caused a reduction in the lag-time of hIAPP
amyloid formation but significantly inhibited hIAPP elongation
(Fig. 20g).>°* On the other hand, the impact of CsgA and CsgB
on the fibrillization rate of AB,, was more nuanced. The
fibrillization rate demonstrated a modest decrease at lower
concentrations of both CsgA and CsgB, while it slightly
increased at higher concentrations.’®" These findings suggest
that microbial amyloid proteins may possess broad cross-
seeding activity, but they could serve as both an inhibitor and
enhancer of amyloid fibrillization, influenced by the specific
amyloid protein involved and the concentrations of the inter-
acting components. Importantly, under exceptional instances,
microbial amyloid proteins possess the capability to cross-seed
with each other. CsgC was found to inhibit CsgA amyloid
formation at sub-stoichiometric concentrations, effectively
maintaining CsgA in a non-f-sheetrich conformation
(Fig. 20h).*° These findings not only provide additional evi-
dence of the intricate interactions between microbial amyloid
proteins and their potential modulatory effects (either accel-
eration, inhibition, or both at different aggregation stages) on
amyloid formation pathways, relevant to a conformational
relationship underlying their cross-seeding interactions.

These findings along the gut-brain axis highlight the
potential interplay and multifaceted nature between microbial
amyloids and human amyloid proteins within the gut environ-
ment, with complex pathological consequences between amy-
loid aggregation and bacterial-induced inflammation.>” Such
interplay leads to an interesting hypothesis that exposure to
microbial amyloids in the gastrointestinal tract might play a
crucial role in accelerating amyloid aggregation and disease
progression in both the gut and the brain. The presence of
human and microbial amyloids in the circulation and cere-
brospinal fluid opens possibilities for multiple cross-seedings
between different pairs of amyloidogenic proteins. This
includes cross-seeding between o-syn and hIAPP,*”® AB and
hIAPP,*”® AP and o-syn,*** AR and tau,*® AB and
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transthyretin,’”> hIAPP and insulin.*®* Additionally, cross-
seeding can also occur between human and microbial amyloid
proteins, such as Natural silk from the silkworm Bombyx mori,
the prion protein Sup35 from the yeast Saccharomyces cerevi-
siae, and the curli protein CsgA from the bacterium Escherichia
coli, all of which have been shown to enhance the amyloidosis
of amyloid protein A (AA) in mice.*® The cross-seedings between
various amyloidogenic proteins, originating from both human
and microbial sources, adds another layer of complexity to the
gut-brain axis and its association with amyloid-related diseases,
microbial-related pathologies, and other neurological disorders
such as autism spectrum disorder, depression, and anxiety.
This growing understanding of the intricate connections
between the gut microbiome, amyloid proteins, and various
neurological conditions offers insights into potential therapeu-
tic approaches and preventive measures in the realm of neuro-
degenerative and neuropsychiatric disorders.

6. Computational understanding of
antimicrobial peptides and amyloid
peptides

While numerous studies have explored the native antimicrobial
activity of AMPs and the misfolding and self-aggregation prop-
erties of AMYs, less efforts have been devoted to computational
modeling and simulations of the alternative functions of self-
aggregation into amyloid-like fibrils of AMPs, the antimicrobial
activity of AMPs, and the cross-seeding between them. This
exploration is attributed to the absence of atomic structures for
these peptides and fewer identified systems involving alterna-
tive functions and cross-seeding interactions between AMPs
and AMYs.

6.1. Alternative function of antimicrobial peptides and
amyloid peptides

Current computational strategies for studying alternative func-
tion of AMPs and AMYs predominantly focus on the membrane
disruption mode of AMYs and the stable B-structure organiza-
tion of AMPs.'° For AMPs, the self-association and multimer-
ization into B-structures play a pivotal role in their activities,
with B-structures being widely recognized for their ability to
disrupt cell membrane potential. In Fig. 21, PG-1 assembles
into fibrils rich in B-structures, featuring both antiparallel and
parallel B-sheets. These twisted fibrils exhibit significant struc-
tural similarities to classical amyloids. The p-forming PG-1
peptides have the capability to permeate and self-organize into
oligomeric pores within various lipid bilayers, leading to non-
specific ion leakage and membrane disruption akin to the
membrane pores induced by AMPs.*"'**%3 When comparing
B-rich AMPs and amyloids like A, besides their shared cyto-
toxicity and amyloidogenicity, they also possess a common
structural motif, contributing to their ability to form channels.
Microsecond time-scale MD simulations of uperin-3.5 unveiled
two crucial factors of peptide concentrations and helical inter-
mediates that contribute to the formation of B-sheet-rich

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 Computational investigation of self-aggregation propensity of antimicrobial peptides to form amyloid-like fibrils with distinct secondary
structures and peptide organizations (cross-f sheets, cross-a sheets, a-helices). Examined peptides include PG-1 (Reproduced with permission from
ref. 8 Copyright © 2011 Elsevier Inc.), uperin 3.5 (Reproduced with permission from ref. 384 Copyright © 2023 The Owner Societies), tyrocidines
(Reproduced with permission from ref. 196 Copyright © 2013 American Chemistry Society), IIKVIK from PSMal and LFKFFK from PSMa3 (Reproduced
with permission from ref. 385 Copyright © 2018 Springer Nature Limited), aurein 3.3 (Reproduced with permission from ref. 152 Copyright © 2022
Springer Nature Limited), human LL-37:7_,9 (Reproduced with permission from ref. 155 Copyright © 2020 Springer Nature Limited).

amyloid-like structures.’>"*** Driven by strong hydrophobic
interactions, uperin-3.5 rapidly assembled into polymorphic
aggregates initially devoid of any B-structures. Subsequently, a
gradual structural transition occurred and progressed from
random coils to a-helices and ultimately to B-sheets. Although
a complete structural transition and formation of B-sheet
aggregates were not observed within the typical timescale,
a noticeable increase in B-sheet content at the expense of
a-helices is evident, suggesting that partial helical conforma-
tions may offer a more accessible energetic pathway to the
stable formation of amyloid aggregates. Replica Exchange
Molecular Dynamics (REMD) simulations of two tyrocidines
from Bacillus aneurinolyticus demonstrated their propensity to
readily aggregate into distinct dimers with varying orientations
(parallel vs. antiparallel between two monomers), each adopt-
ing a classical B-turn structure.'®® Despite structural similari-
ties among the dimers, the underlying forces of stabilization

This journal is © The Royal Society of Chemistry 2024

differ, with some primarily associated by hydrogen bonds and
others by hydrophobic interactions. The diverse orientations
and organizations of tyrocidine dimers suggest a polymorphic
nature in peptide aggregation similar to amyloid peptides.

A combination of computational modeling and x-ray micro-
crystallography has elucidated atomic structures of short seg-
ments from the Staphylococcus aureus phenol-soluble modulin
(PSM) peptide family."*®*%° PSM peptides demonstrated the
capacity to form amyloid-like fibrils, but adopted distinct
secondary structures, resulting in diverse cell toxicities. IIKVIK
from PSMo1 and IIKIIK from PSMa4 formed classical canonical
cross-B amyloid fibrils, where pairs of B-sheets tightly inter-
locked through a dry interface, creating a steric zipper. In
contrast, LFKFFK from PSMoa3 self-assembled into novel
cross-o. fibrils, with o-helices stacking perpendicularly to the
fibril axis. The structural disparities among PSMs correlate
with distinct functionalities: PSMoa3-formed a-helical fibrils
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exhibited the highest toxicity to human cells, while PSMa1- and
PSMu4-formed fB-structure fibrils conveyed minimal toxicity but
enhanced biofilm formation. The new discovery of cross-o
fibrillation introduces an innovative grasp of the polymorphic
structure of amyloid-like fibrils and its influence on cell toxi-
city. Similarly, a collaboration between cryo-electron micro-
scopy (cryo-EM) and computational modeling has yielded the
atomic structure of cross- fibrils of aurein 3.3. This structure
reveals six kinked fB-sheet chains arranged in an unconven-
tional in-plane layer."”* The six-chain organization comprises
two inner chains forming an overall S-shape, with two B-strand
conformations within a single chain located in an inner area
exhibiting C2; symmetry and four outer chains adopting a
V-shape conformation wrapped around this inner cross in
C4, symmetry. Such organization requires strong interlocking
B-sheet interactions and precise geometric matching to create
tightly staggered PB-sheets in both lateral and fibrillar direc-
tions. Lastly, diverging from the exclusively B-sheet-rich
amyloid-like fibrils formed by AMPs and the cross-o. amyloid
fibrils of PSMa3, human LL-374,_,9 adopted a distinct supra-
helical fibril structure with unique secondary structure
features.'®® LL-374,_, fibrils are formed through the assembly
of densely packed helices. In the lateral direction, the cross-
section reveals six helices forming a hexameric structure with a
central, hydrophobic pore. These helical fibrillar structures
prevent LL-37,,_,9 from stacking on top of each other perpendi-
cular to the fibril axis, and as a result, they do not bind to the
amyloid indicator dye Thioflavin T. Nevertheless, LL-3717 59
fibrils exhibit remarkable thermal stability, retaining their
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structural integrity without disassembling even after exposure
to an 80 °C heat shock.

Computational investigations into the antimicrobial activ-
ities of AMYs predominantly focus on their membrane disrup-
tion mechanisms. These mechanisms have been discussed in
preceding sections and will not be reiterated here. These
computational studies highlight the structure-function rela-
tionship between amyloid aggregation and antimicrobial activ-
ity for AMPs at the structural level. Various AMPs demonstrate
the capability to self-assemble into amyloid fibrillar structures,
each exhibiting distinct secondary structures and peptide orga-
nizations (cross-p sheets, cross-o sheets, a-helices), with speci-
fic functional roles in the eradication of bacterial cells.

6.2. Cross-seeding between antimicrobial peptides and
amyloid peptides

Fundamentally, the tightly packed B-sheet configuration acts as
a structural base and a template for interaction during amyloid
cross-seeding. This high degree of structural resemblance helps
diminish barriers across species, enhancing the binding and
recognition between various species and thus encouraging the
formation of heterogeneous amyloid assemblies. The only
recent computational study married molecular docking and
MD simulations to investigate the binding structures between
the HNP-1 dimer and amyloid pentamers formed by Af and
hIAPP.>* HNP-1 showed strong affinity for both the B-sheet and
U-turn regions of AP and hIAPP pentamers. This dual binding
mode indicates possible pathways through which HNP-1 inhi-
bits amyloid formation. By binding to these regions, HNP-1 not

Fig. 22 Computational exploration of cross-seeding between (a) HNP-1 and AB and (b) HNP-1 and hlAPP by MD simulations. HNP-1 demonstrates
favorable bindings to both the B-sheet and U-turn regions of A and hlAPP oligomers but exhibiting distinct residue binding preferences in each case.
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only interferes with the lateral associations and extension
processes of amyloid aggregation but also alters the primary
and secondary structures of AB or hIAPP, enhancing its ability
to inhibit amyloid formation. The interaction of HNP-1 with
amyloid aggregates also highlighted specific interfacial resi-
dues and their preferences for binding. In the AP pentamer,
HNP-1 strongly interacts with Leu17, Val18, Phe19, and Phe20
from the N-terminal B-sheet, and Ile32, Gly33, Leu34, Met35,
Val36, Gly37, Gly38, and Val40 from the C-terminal B-sheet
(Fig. 22a). In contrast, HNP-1 showed a preference for binding
to Leu27, Ser29, and Asn31 from the C-terminal B-sheet of
hIAPP (Fig. 22b).

In contrast to the growing body of experimental findings
revealing new alternative functions (e.g., plantaricin A, long-
ipin, melittin, dermaseptin S9, magainin 2, temporin B, Indo-
licidin) and identifying AMP-AMY cross-seeding systems, there
has been a limited number of computational simulations that
follow or parallel these experimental investigations at nano-
scale or atomic scale. The scarcity of computational studies
may trace back to the fundamental challenges associated with
protein (mis)folding and structural transitions during the
aggregation process, whether involving the same or different
peptides. Overcoming high energy barriers within long time-
scales, on the order of microseconds and beyond, is a crucial
aspect that needs to be addressed in exploring these intricate
phenomena by current computational approaches. Nonethe-
less, there is substantial potential for further computational
studies in this area.

7. Conclusions and perspectives

AMYs and AMPs belong to distinct families in terms of
sequence identity, structural characteristics, gene information,
biological function, and pathological implications. However,
recent studies revealed intriguing overlaps and interconnec-
tions between these two peptide families, hinting at a deeper
pathological relationship. Despite their apparent differences,
increasing evidence suggests that both AMYs and AMPs share
certain structural and functional features, likely acquired
through natural evolution. Both AMYs and AMPs exhibit a
propensity to adopt B-sheet-rich structures upon aggregation
and possess common membrane-disruption mechanisms.
These shared characteristics, including peptide self-assembly,
oligomerization, the presence of B-rich structures, and com-
mon modes of membrane interaction—such as the creation of
membrane pores and membrane thinning—observed in both
AMPs and AMYs, not only open the door for AMYs to acquire
antimicrobial activity and AMPs to exhibit amyloidogenic prop-
erties, but also hold potential implications for other
membrane-activating peptides and proteins. These common
structure-function traits provide possible targets for designing
universal defense strategies against viral and amyloid-related
diseases. Although challenging to design, approaches such
as stabilizing membranes, inhibiting pore formation
through small drugs or peptides, and preventing peptide
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oligomerization or structural transitions toward -structures
could represent therapeutic strategies applicable across a spec-
trum of diseases, including emerging threats like COVID-19.

More importantly, the cross-seeding phenomenon between
AMYs and AMPs is found to play a significant role in the
pathogenesis of neurodegenerative diseases and host defense
against microbial infections. Cross-seeding involves mutual
induction and propagation of peptide aggregation, leading to
the formation of mixed amyloid complexes. This interplay is
associated with the progression and exacerbation of neurode-
generative disorders, such as Alzheimer’s, Parkinson’s, and
amyotrophic lateral sclerosis. Cross-seeding highlights the
remarkable adaptive nature of AMYs and AMPs, allowing them
to contribute to the innate immune response and combat
microbial pathogens. Understanding the intricate connection
between AMYs and AMPs through cross-seeding mechanisms
will help uncover their roles in disease pathology and potential
therapeutic interventions.

With only a few studies to date, exploration of the AMY-AMP
connection may start with comparative studies that assess the
antimicrobial activity of AMYs and the amyloidogenic proper-
ties of AMPs. From a bioinformatic perspective, several amyloid
datasets, such as TANGO," ZipperDB,”® Waltz-DB2.0,%*°
Zyggregator,®™® and PASTA2,%*® have been developed for the
identification of amyloid-like aggregation-prone regions in
protein or peptide sequences. These datasets, primarily derived
from amyloid sequences, offer valuable predictive information
for the propensity of specific segments in amyloid proteins and
the identification of hotspots within these sequences. However,
the predictive accuracy and reliability of these datasets may be
compromised when applied to non-amyloid proteins or
sequences that do not originate from amyloidogenic regions.
Given the increasingly complex pathological interplay between
amyloid peptide aggregation and antimicrobial peptide
activity, conducting comparative sequence analysis between
membrane-activating peptides (e.g., cell penetrating peptides,
glycopeptides, lipopeptides) and AMYs and AMPs would facil-
itate de novo peptide design approaches. This involves employ-
ing techniques such as high-throughput combinatorial library
screening, structure-activity relationship modeling, and pre-
dictive algorithms, AI/ML models, with the integration of non-
coded modifications, to advance both peptide chemistry and
understanding of intricate mechanisms in protein-membrane
interactions.

Despite the recent rapid advancements in data-driven arti-
ficial intelligence (AI) and machine learning (ML), there is a
lack of comprehensive computational studies aimed at screen-
ing large antimicrobial datasets to identify AMPs with amyloi-
dogenic properties, as well as amyloid datasets to identify AMYs
with antimicrobial activity. Developing innovative data/model-
driven deep learning algorithms will serve to facilitate the
rational design of peptides or the repurposing of existing AMPs
and AMYs with dual antimicrobial and amyloidogenic proper-
ties. Utilizing large datasets of AMPs and smaller datasets of
AMYs, AI/ML-driven models would permit extracting valuable
structure-property features, enabling the discovery and design
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of peptides with specific characteristics such as B-structure self-
assembly sequences, membrane-disruption actions, and anti-
microbial activity. The design outcomes, successful or failed,
can be used as feedback to refine and optimize the AI/ML
models through iterative training processes. This iterative
approach ultimately enhances the efficiency of peptide design,
leading to the development of highly effective and novel pep-
tide candidates.

In addition to AI/ML modeling, the investigation of AMP-
AMY cross-seeding remains crucial for understanding both
host defense mechanisms and amyloid aggregation processes.
Molecular simulations, including molecular docking and mole-
cular dynamics, are powerful tools for identifying and exploring
the binding modes between AMPs and AMYs at both atomic
and coarse-grained levels. Simulations can provide useful
information such as binding residues, binding sites, structural
characteristics, affinity, and specificity of the peptide interac-
tions. Computational mutagenesis techniques can further vali-
date the key binding sequences, quaternary structures, and
hotspot residues involved in these peptide interactions.
Advancements in hardware technologies (e.g., GPU-based simu-
lations) and innovative algorithms (e.g., graph theory) hold
promise for mapping out the complex interaction patterns
within specific AMP-AMY systems. By leveraging these compu-
tational approaches, researchers can gain a deeper understand-
ing of the intricate interplay between AMPs and AMYs and shed
light on their potential roles in host defense and amyloid-
related diseases.

In addition to computational efforts, it is vital to conduct
in vitro and in vivo experimental research to further explore the
complementary functions of AMPs and AMYs. A key aspect to
investigate is the self-assembly properties of both peptide
families for determining the effective states of peptide mono-
mers, oligomers, or fibrils for antimicrobial activity in the case
of AMYs and for neurotoxicity towards neuron cells in the case
of AMPs. These experimental studies will contribute to expand-
ing the pool of datasets for AMPs and AMYs with dual anti-
amyloid and antibacterial activities. This iterative process,
which combine experimental validation with computationally
informed design, would accelerate the discovery, development,
and optimization of new self-assembled peptides, which could
be further translated into sustainable and cost-effective ther-
apeutic interventions.

Cross-seeding between these peptide families has signifi-
cant biological importance and scientific interest. Aggregation
through both acceleration and inhibition demonstrated the
ability to reduce amyloid-induced cytotoxicity. The pathological
implications of this relationship extend beyond the mere
formation of amyloid fibrils. Mechanistically, cross-seeding
between AMYs and AMPs contributes to the “microbial infec-
tion hypothesis” and the ‘“neuroinflammation hypothesis”.
The bidirectional communication between amyloid proteins
and gut microbiota highlights the critical role of the brain-
gut-microbiota axis in the pathogenesis of neurodegenerative
diseases. In a broader perspective, it is important to investigate
the potential cross-seeding interactions between specific
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pathogen-related proteins (e.g., viral capsid proteins, bacterial
surface proteins, or fungal amyloid proteins) and amyloid
peptides (e.g., AB, tau, hIAPP, a-synuclein, and prions), includ-
ing their direct assembly, aggregation, and fibrillation. Unra-
veling the interplay between pathogen-related proteins and
amyloid peptides holds the key to understanding the mechan-
isms underlying amyloid formation in infectious diseases and
neurodegenerative disorders. Furthermore, by exploring the
potential impact of these cross-seeding interactions on disease
pathology, novel therapeutic targets and strategies for interven-
tion may be uncovered, paving the way for future advancements
in combating these debilitating conditions.

As briefly summarized from the above, AMPs and AMYs
appear to be two sides of the same coin. Despite some progress,
the connection between AMPs and AMYSs is still unclear. Firstly,
there is a lack of studies that explore the underlying mechan-
isms and interactions between these two peptide families. The
precise molecular crosstalk and interplay between AMPs and
AMYs are not yet fully understood. Secondly, the existing
literature primarily focuses on individual aspects of either
AMPs or AMYs, with limited emphasis on their overlapping
properties and functional connections. This hinders a compre-
hensive understanding of the complex relationship between
these peptides. Additionally, the available datasets for AMPs
and AMYs are often limited in size and diversity, which restricts
the accuracy and generalizability of predictive models. Further
research could unravel this intricate connection. Endeavors will
not only deepen our fundamental understanding of the intri-
cate workings of the innate immune system and the pathogen-
esis of neurodegenerative diseases, but also hold great
potentials for advancing therapeutic interventions and innova-
tive approaches in both antimicrobial strategies and neurode-
generative disease treatments.
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