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ABSTRACT

The emergence of new pathogens and multidrug resistant bacteria is an important public
health issue that requires the development of novel classes of antibiotics. Antimicrobial peptides
(AMPs) are a promising platform with great potential for the identification of new lead compounds
that can combat the aforementioned pathogens due to their broad-spectrum antimicrobial activity
and relatively low rate of resistance emergence. AMPs of multicellular organisms made their debut
four decades ago thanks to ingenious researchers who asked simple questions about the resistance
to bacterial infections of insects. Questions such as “Do fruit flies ever get sick?”’, combined with
pioneering studies, have led to an understanding of AMPs as universal weapons of the immune
system. This review focuses on a sub-class of AMPs that feature a metal binding motif known as
the Amino Terminal Copper and Nickel (ATCUN) motif. One of the metal-based strategies of
hosts facing a pathogen, it includes wielding the inherent toxicity of copper and deliberately
trafficking this metal ion into sites of infection. The sudden increase in the concentration of copper
ions in the presence of ATCUN-containing AMPs (ATCUN-AMPs) likely results in a synergistic
interaction. Herein, we examine common structural features in ATCUN-AMPs that exist across
species, and we highlight unique features that deserve additional attention. We also present the
current state of knowledge about the molecular mechanisms behind their antimicrobial activity

and the methods available to study this promising class of AMPs.



1. Introduction

Antibiotics are the most successful form of chemotherapy in modern human medicine.
However, concern over the emergence of antibiotic-resistant bacterial strains has led to increased
interest in developing agents with unique modes of action. In his 1945 Nobel lecture, Alexander
Fleming was already warning humanity on the possibility of microbes becoming resilient to
antibiotics.! Now, 75 years later, we fear that we are at the edge of the antibiotic era due to the
rapid emergence of resistant microorganisms.>* The problem of resistance is compounded by the
fact that few antibiotics have been licensed for clinical use in recent years.* As our society flirts
with a post-antibiotic era, some estimates indicate that in 2050, 10 million people are expected to
die annually due to antibiotic-resistant microbial infections. It is therefore imperative to evaluate

new chemistries.’
1.1 Antimicrobial Peptides (AMPs)

Due to their broad-spectrum activity, antimicrobial peptides (AMPs) have arisen as an
important model for the design of novel antibiotics.*” AMPs are also known as host defense
peptides, a term reserved for naturally occurring peptides that are essential innate host defense
effector molecules in a variety of tissues and cell types of virtually every form of life, from bacteria
and fungi to invertebrates, plants, and vertebrates.® The diversity of AMP sequences is salient,
likely a consequence of adaptation strategies by both hosts and pathogens that have evolved over
millions of years. Indeed, AMPs belong to the most rapidly evolving families of biosynthetic
products,’ but the reasons behind AMP diversity are poorly understood.'® Understanding how this
ancient arm of host immunity remains effective against pathogenic microbial communities is of
the utmost importance, as it resembles our current crisis managing the emergence of antibiotic

resistance via new drug development for the treatment of bacterial infections.



The field of AMP research started with a basic question about why fruit flies do not get
sick.!! Boman and colleagues eventually studied the giant silk moth Hyalophora cecropia due to
its inducible immunity, ease to work with, and ability to yield large volumes of hemolymph.'! The
first AMPs, cecropin A and B, were discovered in the hemolymph of H. cecropia and were called
inducible bacteriolytic proteins.'? The original cecropins are 37-amino acid peptides that have 66%
sequence homology with a basic N-terminus and a hydrophobic center.!* Both AMPs were found
to be active against several Gram-negative bacteria, including Escherichia coli and Pseudomonas
aeruginosa, and Gram-positive bacteria, where cecropin B was most active against Bacillus
subtillis.'!3 Shortly after the discovery of the cecropins, two defensins were isolated in rabbit
alveolar macrophages by the Lehrer group.'* They went on to study six other defensins from rabbit
granulocytes that had broad-spectrum activities.!> Three human neutrophil defensins were found
in humans and were similar to the rabbit defensins, in that they had six conserved Cys residues
that formed three disulfide bonds and shared a total of 11 conserved residues including several Arg
residues.'® Subsequent studies soon revealed more AMPs in vertebrates after an observation that
frogs could avoid infection and heal wounds despite being in a non-sterile water tank.!” From
Xenopus laevis skin, Zasloff isolated magainin 1 and 2, which are 23 residue AMPs that have
broad-spectrum activity.!” Magainin 2 has been heavily studied as an a-helical membrane active
peptide and has an analog peptide called pexiganan that was developed as a topical treatment for
diabetic foot ulcers.!®* The subsequent discovery of tachyplesin was one of the first AMPs that

were discovered in invertebrate species. Horseshoe crab Tachypleus tridentatus hemocytes
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Figure 1. The number of publications from 1990 to 2020 resulting from a search using the
keywords “antimicrobial peptides” in SciFinder® shows the increase of interest in the field.
Search date: January 12, 2021.
contained tachyplesin, a 17 residue, C-terminally amidated AMP.? Tachyplesin had a high affinity
for binding lipopolysaccharides (LPS) but showed activity against both Gram-negative and -

positive bacteria.?

Nuclear magnetic resonance (NMR) spectroscopy revealed a unique
antiparallel B-sheet structure with two disulfide bonds.?® These families and the large number of
peptides that have been subsequently identified have exponentially expanded after the discovery
of this initial set of AMPs. The amount of publications and interest in the area of AMPs has steadily
increased since the 1990’s (Figure 1). The intensive study and search for AMPs in all six kingdoms
of life have revealed characteristic traits among the majority of AMPs. Structural diversity is an
important feature that can inform on the potential mode of action of the AMP. AMPs can form a-
helical, B-sheet, loop, cyclic, and disordered structures.!”?>2733 The diversity of AMPs is not

limited to sequence and structure, as a wide range of mechanisms have been studied, some of

which are more specific than others.

1.2 Introduction to the Mechanism of Action of AMPs



Mechanistic studies show that the majority of AMPs irreversibly damage cell membranes
to kill pathogens; however, several new modes of action have also been discovered. Numerous

hypotheses for the mechanism of membrane disruption have been proposed and some of them are

Figure 2. Selected models of membrane disruption. Peptides are depicted in an helical

conformation, but they do not need to have that secondary structure.

illustrated in Figure 2. Transmembrane pore formation can occur via either a toroidal pore or barrel
stave model. In order to form a transmembrane pore and span the bilayer, the peptide must be ~22
residues long as an o-helix, and ~8 residues long as a B-sheet.>* The toroidal pore model proposes

that the curvature of the membrane is affected when the peptide integrates perpendicular to the



membrane in a favorable manner.*® This curvature disrupts the membrane and causes separation
of the lipid tails and polar head groups.®® The barrel stave mode of action begins with peptide
accumulation on the surface of the membrane, followed by perpendicular insertion to the bilayer
and self-association to form a pore.>>*¢ Once a pore is formed, there is recruitment of more peptides
that eventually lead to the leakage of cellular contents and death. Dissipation of membrane
potential through an ion gradient can be another consequence of pore formation.’” Membrane
depolarization has been observed in two peptide toxins, melittin and alamethicin, and may be their
main mode of action.*>-® The site of pore formation is more likely to occur at sites of membrane
curvature or septa of dividing cells because of the lower lipid to peptide ratio requirement at the
newly synthesized bilayer, the shape of the curve, and the type of lipid at the septa or poles of
bacteria.**#! Transmembrane models have been suggested as the mode of action for a myriad of
AMPs including magainin 2, which is hypothesized to span the membrane, aggregate, and form
water-filled pores that can depolarize the membrane.*>** When magainin 2 becomes a-helical and
starts to form a pore, lipid flip-flopping occurs that can lead to lipid asymmetry and contribute to
depolarization of the membrane.*** Recently, the piscidins have been studied using neutron and
X-ray diffraction techniques.*** It was revealed that partitioning into the membrane is
accompanied by thinning of the bilayer and reorganization of lipids.***> Although many peptides
are thought to form pores, it has been debated whether transmembrane pores can be formed.
Wimley and colleagues have argued that using vesicles can lead to deceiving results. Simulations
show that a single channel in the vesicle can cause leakage of all of the vesicle contents in less
than a second.’ Additionally, total leakage from vesicles is usually incomplete, which leads to the
conclusion that no pores are forming or that they may just form transiently.3> The carpet or

detergent model was first proposed by Shai ef al. and describes a loss of integrity of the membrane



due to peptide accumulation on the membrane where there is a high peptide to lipid ratio.***’ The
peptides arrange themselves parallel to the membrane, where the hydrophilic side of the peptide
faces the headgroups and the hydrophobic portion faces the lipid tails. A density of AMPs must
accumulate, where the peptide:lipid ratio needed for disruption is between 1:1000 and 1:100.%
Once a threshold of peptides are present, this accumulation leads to a lack of structural integrity
and cell content leakage.*’ Peptides do not need to oligomerize in or on the membrane but do need

1.3 Further, an AMP does not need to have a certain

to reach a threshold to cause lysis of the cel
secondary structure or be able to enter the bilayer to induce disintegration of the membrane by the
carpet model.*® The mechanism of action of aurein 1.2, a 13 residue AMP from Litoria aurea, a
tree frog, has been well-studied and is an ideal example of a carpet model. Due to the short length
of aurein 1.2, it is unlikely that this peptide can span the membrane as a monomer and form a
transmembrane pore. Confocal microscopy was utilized to image giant unilamellar vesicles
(GUVs) with differently sized fluorophores and examine the leakage upon peptide interaction. At
a high peptide:lipid ratio, there was immediate rupture of GUVs that indicates a lytic carpet
mechanism.*® Solid state NMR (ssNMR) and surface plasmon resonance were used to ascertain
that there was increased headgroup disorder in the presence of dimyristoylphosphatidylcholine
(DMPC) lipids, while the lipid tails were almost unaffected by the presence of peptide.* A
concentration higher than 10 pM was needed to fully lyse a DMPC lipid bilayer.>® This supports
the notion that aurein 1.2 attacks membranes by using a carpet mechanism that disintegrates the
membrane. A more recent study used NMR and neutron reflectometry to reinforce the notion that
aurein 1.2 binds to the phospholipid headgroups, while only partially inserting into the lipid tails.*°

It was also found that there were greater membrane defects, greater headgroup disorder, and

thinner lipid tail regions in membranes composed of anionic lipids.>® As indicated above, multiple
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forms of interactions can occur when AMPs encounter membranes. These molecular events are

directed by the physical features of both the AMPs and the membrane constituents.

AMPs can also translocate into bacterial cells without disrupting the membranous
environment. Intracellular components have been targeted by many AMPs including buforin II,
tachyplesin I, apidaecin, indolicidin, PR-39, and clavanin A.2%3'">7 When an AMP enters a cell,
electrostatic interactions can cause binding to DNA, RNA, ribosomes, and other cellular
components, which can lead to cellular death. Translocation into the cell can occur spontaneously
with little membrane perturbation, specifically if the peptide is Arg-rich, reminiscent of cell-
penetrating peptides, or through protein channel transport.’*>* " For example, E. coli expresses
an inner membrane protein called SmbA that is part of an ABC transporter that can import Pro-
rich AMPs.%! One of those AMPs is PR-39, which is composed of almost 50% Pro residues. PR-
39 can be rapidly transported into bacterial cells, inhibit DNA synthesis, and cause protein
degradation.’® Another Pro- and Arg-rich peptide that can translocate into cells is apidaecin. Entry
into the cell has been postulated to rely on a transporter that may be a chaperone protein that the
peptide binds to when interacting with LPS.%*%> The mode of action of apidaecin was found to be
stereospecific through the comparison of activity between L-amino acid and D-amino acid
versions of apidaecin, and has an effect on protein synthesis, most likely via binding to
ribosomes.>>% Apidaecin can also directly bind to the bacterial heat shock protein DnaK with
sequence specificity, while it nonspecifically binds the chaperone GroEL.%? This activity was
specific to bacterial DnaK and not its homolog in human cells.®> AMPs that can spontaneously
translocate are typically Arg-rich.*® Buforin II is a highly active, broad-spectrum AMP from the
N-terminus of the histone H2A from the stomach of Bufo gargarizans.®* Even at five times the

minimum inhibitory concentration (MIC) of buforin II, there is no cell lysis observed and it seems
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to have a wholly intracellular mode of action.®* The unique helix-hinge-helix structure and the
DNA binding moiety at the C-terminus of buforin II specifically targets DNA and RNA to cause
cell death.®*% Similar to buforin II, indolicidin is a short 13 residue AMP from bovine neutrophils
that can rapidly translocate cells at three times the MIC without causing any cell membrane
damage.*>>* Indolicidin has a multi-hit mode of action that includes inhibition of DNA synthesis,
inhibition of DNA processing enzymes, direct binding to abasic DNA sites, ssDNA, and dsDNA,
and DNA crosslinking.?>%%®7 At high concentrations, indolicidin can also halt protein synthesis.*
AMPs that are thought to be only membrane active may also have activity against intracellular
components for a multi-hit mechanism. This is the case for tachyplesin I, which has a
concentration-dependent mechanism of action. Membrane disruption is the primary target, but
sublethal doses can influence esterase activity and lead to cell death, albeit more slowly than via
membrane disruption.®®® The most recent developments regarding AMP-induced DNA damage
features the metal-mediated mode of action of clavanin A, an AMP from the tunicate Styela clava.
It was previously shown that clavanin A potentiates its antimicrobial activity when combined with
Zn?>" ions, even against antibiotic-resistant strains of Gram-negative bacteria.”®>’ Although the
major mode of action of clavanin A was previously hypothesized to be pore formation, it was later
shown that clavanin A has multiple mechanisms of action including a novel DNA hydrolysis
mechanism.?®>7 Through the use of quantum mechanics/molecular mechanics, it was shown that
the hydrophilic side of holo-clavanin A was bound to the major groove of DNA by hydrogen
bonding.”” DNA cleavage was mediated by a Zn**-bound hydroxyl nucleophile, similar to the

mechanism of metallohydrolases.*”-”°

A more recent development has been the discovery of nanonet formation by AMPs, not to

be confused with NETosis (Neutrophil Extracellular Traps). Nanonets are fibrillated structures
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formed by AMPs that can trap bacteria.”! The formation of nanonets has been observed in at least
two different groups of peptides in humans and mollusks.”'””® Interestingly, nanonet formation
seems to be triggered by the presence of bacteria, as they are not observed in the absence of
bacteria. At the molecular level, nanonets show crosslinking through Cys residues, although the
details of their nature remain to be elucidated.”” Human a-defensin 6 (HD6) was the first AMP
observed to form nanonets.”! HD6 is expressed in Paneth cells of the small intestine, where several
defensins are expressed.”! Importantly, HD6 does not directly kill bacteria, but it was found to
block the invasion of Salmonella Typhimurium into intestinal epithelial cells.”! Self-association of
HD6 forms fibrillated nets on non-specific bacterial surfaces that obstruct bacterial invasion into
intestinal cells.”! Mussel defensins also form nanonet structures and are discussed in detail later in

this review.’”>"3

Organisms produce several AMPs, many of them with similar sequences that are deployed
to the same area of infection. It is proposed that these different AMPs possess synergistic
interactions; however, the issue has not yet been settled.”* ¢ Clearly, synergy among two or more
AMPs would allow a host to reduce the AMP concentrations needed to combat a pathogen.”’

Synergy is commonly characterized by the fractional inhibitory concentration (FIC), although

MIC A MIC B

+
MIC C MICC

other susceptibility assays are possible. The FIC is evaluated by where MIC C

represents the MIC of compounds A and B together. If the FIC is <0.5, the interaction is said to be
synergistic. Interactions with an FIC of 0.5 to 1.0 are additive, an FIC of 1.0 to 4.0 means that
there is indifference, and interactions that are >4.0 are antagonistic. The first example of synergism
between AMPs was published in 1995 and is still being investigated today.”® Magainin 2 and PGLa
are both found in the skin of X. /aevis and are membrane active peptides, where PGLa interacts

with LPS on the surface of Gram-negative bacteria, in addition to forming pores.””*" The
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synergistic interaction between PGLa and magainin 2 lead to a stronger permeabilization effect
when the peptides were in a 1:1 ratio.®! It was later confirmed that heterodimer formation between
PGLa and magainin 2 can occur in a lipid bilayer, and this accounts for the larger permeabilizing

8283 5SNMR was used to confirm that this heterodimer

effect when there is a 1:1 ratio of peptide.
formed in a lipid bilayer and lead to more stable transmembrane pore formation.®® This may
provide one reason why a variety of AMPs are found in the same tissues, in this case the skin,
because they can be active alone but even more potent together. This example of synergy also
shows that AMPs do not need to have different modes of action to have synergy. Synergy has been
studied in the context of a Drosophila model through the deletion of a combination of up to ten
groups of AMPs using CRISPR technology.”* Importantly, it was found that certain groups of
AMPs target Gram-positive bacteria and fungi, and many groups of AMPs were identified to have
additive or synergistic effects.’* This is supported by work showing that Drosophila can induce
expression of different antibacterial or antifungal peptides depending on which pathogen they are
infected with.34 Further, it was revealed that with even one AMP knockout, the Drosophila became
more susceptible to infection.”* More in vivo studies should be conducted to see whether these
observations are relevant to other species. Several examples of synergy between antibiotics and

AMPs 3% along with AMPs that synergize with each other, show that unique combinations can

lead to more effective killing and may be useful in the clinic to fight antibiotic resistance.

Another emerging paradigm in the field of AMPs are metal-sequestering host defense
peptides in humans.®®*°An interesting example is calprotectin, which has been implicated in
growth inhibition through Fe?", Mn?*, Cu?’, Ni**, Ca**, and Zn*" sequestration and plays a role in
nutritional immunity.®® Calprotectin is released by neutrophils, where there are also abundant

metal ions, at the site of infections and as much as 40-60% of the cytoplasmic space in neutrophils
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contains calprotectin.’’*? The heterodimeric protein consists of two subunits called SI00A8 and
S100A9 and there are two metal binding sites on calprotectin, 1) a hexa-His sequence and 2) a tri-
His-Asp site that has been seen to bind Zn** with picomolar affinity and other metal ions with
lower affinity.” Interestingly, Zn?*, which binds to both sites, has Kd1=240 pM and Kd>=10 pM,
however, this high affinity seems to rely on the presence of Ca®" because without Ca** the Kd
values were reduced to nM and high pM levels.”*** This phenomenon is similar to Mn?** and Fe?*
binding at site 1.°>°7 Importantly, this work concluded that Zn>" binding is tuned so that within
neutrophils the Zn?>* binding of calprotectin is lower than when the protein is released in the
presence of Ca*" at the site of infections.”> Moreover, Ni** was shown to bind at high affinity to
both sites, where it was more thermodynamically favorable for Ni** to bind to site 1 than Zn**.*®
A crystal structure revealed that Ni?" exhibited unique coordination at both sites. Ni** at the first
site was coordinated by all six His residues through Ne2 atoms, similar to Mn?* coordination at
this site.”® Site 2 exhibited tetrahedral binding through three His N&2 atoms and one Asp residue.”®
Ni®" sequestration showed biological relevance by inhibiting bacterial urease activity and
growth.”® Recently, Cu®" sequestrations, in addition to Zn** sequestration, were observed to be
important to Candida albicans growth in vitro and in vivo in a mouse model.”! Zn?* import was
upregulated after calprotectin sequestered Zn?*, however, C. albicans was still able to regulate and
maintain the intracellular concentration of Zn** stores.”! More surprisingly, Cu** sequestration
occurred at sub-picomolar concentrations and caused the induction of a stress response that lasted
over 72 hours.”! Fe?" sequestration by calprotectin is also able to starve P. aeruginosa of Fe*" under
aerobic and anerobic conditions.”” Calprotectin is a promiscuous metal binding protein that can

lead to growth inhibition through the sequestration of metal ions at the sites of infections.
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In this review, we will focus on a family of AMPs with a putative copper binding motif
known as Amino Terminal Copper and Nickel (ATCUN) binding motif.!* Interestingly, although
almost 5% of the reported AMPs contain an ATCUN motif, the role of copper ions in the
mechanism of action of these peptides has been largely undetermined. We are interested in this
binding motif since, despite the aforementioned variability among AMP sequences, the ATCUN
motif has remained present in every phylum from which AMPs have been isolated. What
advantage does the ATCUN motif provide? Although this is an exciting question, we believe there
is not enough information in the literature of AMPs to provide a complete answer. Herein, we will
explore possible answers and draw conclusions based on the available information. Although other
metal ions, such as Zn?*,?® can synergize with AMPs, this work is limited to copper-binding
peptides containing the ATCUN motif. This review is also a call for more studies on these exciting
classes of peptides, which we call metalloAMPs. We believe that the drug development

community can use this knowledge to develop new antimicrobial strategies based on these binding

motifs and meet the challenge of antimicrobial resistance.
1.3 Role of copper in the immune system

Transition metal ions are frequently found in metalloproteins that function either in redox-
and non-redox catalysis, storage and/or transport, transcriptional regulation, and signal
transduction.!?""1% Because of the essentiality of transition metals, pathogenic microbes have
evolved elegant (and sometimes redundant) mechanisms to acquire metals from their host.!041%3
Indeed, this tug-of-war for metal ions in the host-pathogen interface highlights the host’s effort to
limit microbial growth and the pathogen’s need for survival in a hostile environment. To prevent
infection, the host relies on two major and contrasting strategies involving distinct groups of metals

(Figure 3). First, the host limits the availability of iron, manganese and zinc in regions containing
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Infected Macrophage

Phagolysosome

Figure 3. Depiction of the two strategies by the host in which metal ions are involved. In a
common strategy against most pathogens, Fe?* and Mn?* ions are removed from the
phagosomes. Alternatively, in cases such as Mycobacteria infections, Cu* and Zn** ions are
rushed into the phagocytic environment.

bacteria by expressing high-affinity metal binding proteins.!®*"'% Termed nutritional immunity,
this withholding mechanism effectively starves pathogens of these essential micronutrients.!*
Second, the host leverages the inherent toxicity of copper and zinc, and deliberately traffics these
metals into sites of infection.!®'%® The sudden increase in concentration of these toxic metals,
which can be as high as 800 uM, causes pleiotropic effects (vide infra) that result in microbial
killing.!%6:19%-10 It i not difficult to imagine that in these environments in which AMPs and copper
ions are found in large concentrations, they interact synergistically. Multiple trafficking
mechanisms involving a variety of immune effectors ensure that copper levels in sites of infection
are enriched. In phagocytic cells like macrophages, infection triggers overexpression of copper
109,111

transporters (Ctrl and ATP7A) and chaperones (Atox1), resulting in increased copper uptake.

ATP7A, a Golgi-resident transporter, gets trafficked into phagosomes and delivers copper into the
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lumen of bacteria-containing vesicles. In fact, during Mycobacterium tuberculosis infections, the
phagosomal copper concentration was measured to be 10 — 800 uM.!!? Extracellular levels of
copper increase during infections as well. Serum copper levels progressively rise during infection,
irrespective of the agent (viral, bacterial, fungal), mainly due to the upregulation of the
cuproprotein ceruloplasmin.!'*!'* While the exact reason why this happens is still unknown, it’s
reasonable to assume that ceruloplasmin, which can bind up to six copper atoms, helps to deliver
copper into sites of infection.!!” Indeed, granulomas from M. tuberculosis-infected guinea pigs
were found to contain markedly higher copper concentrations.!!> A significant accumulation of
copper in the urine of patients infected with uropathogenic E. coli was also observed.!'®
Furthermore, the observation that increased salivary Cu?' concentrations are associated with
lowered amounts of tooth decay or caries is clinically important.''” It is apparent that boosting
copper concentration at sites of infections is advantageous due to the inherent antimicrobial

activity of this metal, as well as its ability to synergize with other molecules, including peptides.''®

120

The classical view of copper’s antimicrobial activity is based on its ability to form
deleterious hydroxyl radicals via a Fenton-like mechanism.'?! This direct production of reactive
oxygen species (ROS) not only covalently damages multiple biomolecules but also depletes
bacterial antioxidants. Recent evidence shows that low molecular weight thiols like glutathione
can bind to and inactivate the cycling of copper between its +1 and +2 states.'?? This makes copper
intoxication via direct ROS formation less likely. Nevertheless, induction of ROS detoxifying
genes occurs upon exposure of bacteria to lethal levels of copper. Recent work shows that bacterial
susceptibility to copper arises from one or any combination of the following mechanisms. First,

copper can replace cofactors in metalloproteins, leading to inactivation of enzymatic activity (in
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the case of catalytic metals) or significant structural perturbation (in the case of structural
metals).'?” Next, iron-sulfur clusters of metalloproteins collapse following exposure to copper due
to Cu!* displacement of Fe?*. This liberates free ferrous ions, which can then catalyze the Fenton
reaction.'?* The first two routes of copper toxicity can largely be explained by the metal’s position
in the Irving-Williams series: Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(Il) > Zn(II)."** From a
chemical standpoint, donor atoms from proteins preferentially bind Cu?" because it yields the
highest complex stability.'?> Copper can therefore easily replace less competitive metals in the
series. Finally, copper impairs membrane function by peroxidizing lipids in the bilayer.'?° Invading
bacteria often mount multiple modes of detoxification in response to the influx of copper ions to
sites containing pathogens. Copper-responsive transcription factors in bacteria detect minute
changes in cytosolic copper concentration and activate the expression of genes that function in
copper detoxification.'?” Membrane bound exporters in E. coli, Salmonella spp., Streptococcus
spp., and M. tuberculosis have been widely studied.'?! These efflux pumps utilize energy from
ATP hydrolysis or electrochemical gradients to pump copper from the bacterial cytosol back to
the phagosomal lumen. Bacteria also express protein- or small molecule-based copper chelators
that bind to cytosolic or periplasmic copper.'?®!?° In addition, some small molecules bind to copper
and act as enzyme mimics (superoxide dismutase) to minimize secondary toxic effects of
copper.3%13! Finally, expression of multicopper oxidases that convert the more toxic Cu'* to the
less toxic Cu®" act to prevent the Fenton reaction.'*>!3 All of these mechanisms work in concert
to ensure that concentration of “free” copper in the cytosol is maintained below picomolar
levels.!3* While some of these bacterial defenses are redundant within any single pathogen, some
detoxification modes are more dominant than others. Indeed, bacteria that cannot neutralize the

toxicity of copper are more susceptible to copper-related toxicity of macrophages.'!!13
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2. Biophysical Methods for Characterization of ATCUN-AMPs

hydrophilic residues [N aEEACIUASALL
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Figure 4. Schematic depiction of a typical interaction between an amphipathic peptide and a
double-layer membrane. The hydrophilic residues (green) of the peptide (black) interact with
the polar headgroups of the lipid bilayer, while the hydrophobic residues (pink) get buried
within the hydrophobic acyl chains (not shown).

Understanding the mechanism of action of ATCUN-AMPs can potentially allow for their
development as therapeutic agents. This can be done by using a battery of biophysical techniques.
Like enzymes, the relationship between the structure of an AMP and its function is often, if not
always, correlated. An important difference is that because of the shorter nature of AMPs, they
cannot easily maintain an ordered structure in solution because they often do not have the
mechanism of burying its nonpolar residues in a hydrophobic core, as enzymes usually do. The
ability of AMPs to form and stabilize secondary or tertiary structures requires the presence of a
cell membrane or oligomerization among two or more AMPs.!*> For amphiphilic AMPs in the
presence of a membrane, electrostatic interactions between the polar/charged residues and the
polar lipid headgroups, and hydrophobic interactions between the nonpolar residues and the

nonpolar lipid tails, stabilize the formation of an a-helix (Figure 4).!35-138
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2.1 Circular dichroism (CD)

AMPs can be classified based on their secondary structures (Figure 5). A quick way to
evaluate its secondary structure is by utilizing CD spectroscopy. Briefly, CD is the difference in
sample absorption of left-handed and right-handed circularly polarized light."** CD can be
measured across a spectrum of wavelengths, and characteristic bands are obtained for specific
secondary structures. a-helical character can be determined from negative bands at around 222 nm
and 208 nm and a positive band at around 193 nm.'*® Anti-parallel B-sheets are characterized by a
negative band at around 218 nm and a positive band at around 195 nm.'*! Low ellipticity at around
210 nm and negative bands at around 195 nm indicate disorder in the protein structure.'** It is also
possible to use CD to study the interaction of peptides with E. coli cells. Recently, Romanelli and
co-workers recorded CD spectra of magainin 2 and cecropin A in 10 mM phosphate buffer acting
with E. coli cells. Changes in the spectra corresponding to structural changes of the peptide driven
by the components of the bacterial membrane were reported, demonstrating that one can follow

the folding of AMPs in the presence of cells.'*

CD has been used to study the interactions and possible structural changes of ATCUN-
AMPs and metal ions. Interestingly, there is an example of a penta-coordinate ATCUN motif,
where Trp is in the fifth position engaged in a weak m-cation interaction.'* This binding can be

observed using CD, where a peak at 223 nm can be observed when Cu?" or Ni** are added.!'**
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Secondary structure changes such as slight increase in a-helical structures upon binding metal ions

can also be detected from the CD spectra but are not common for ATCUN-AMPs. Histatins,

Cecropin P1 Clavanin A a-defensin 4

LL-37 Magainin 2 protegrin tachyplesin

nisin A

plantaricin tritrpticin

Figure 5. Examples of AMPs classified based on their secondary structures. a-helices are shown

in purple, B-sheets are shown in yellow, while disordered AMPs are shown in cyan.
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piscidins, and CM-15 ATCUN-AMPs, as well as AMPs with added ATCUN motifs have all been
shown to not exhibit a change in secondary structure.'*"'47 In the case of histatin 3 and 5, which
can bind to multiple divalent cations, there was no change in secondary structure in the presence
of Cu?*, Ni**, and Zn** and could not induce an a-helix in 5 mM potassium phosphate buffer.!*’
In addition, clavanin A, which binds to Zn**, exhibits similar behavior, where the helicity only
increases by 5% in the presence of excess Zn>".?® The presence of absorption bands at around 500
nm and characteristic fingerprint-like split patterns of d-d bands in the CD spectrum confirmed the
geometry of Cu®" binding to the N-terminus of the ATCUN-containing hepcidin at higher pH, as

the metal ion replaces the four protons from the titratable residues in that region.'

2.2 UV-Vis titration

Metal binding and binding constants of metal ions to metalloAMPs are usually obtained
by doing spectrophotometric titrations with small molecule ligands that compete with the AMPs.
Significant changes in the absorption profile of the AMP at the UV-Vis region will be observed
upon binding of metal ions. In the direct titration of Cu®*" with the ATCUN-containing histatin 5,
an increase in absorbance at around 240 to 260 nm and presence of an absorption band at 530 nm
were observed.!*!1%0 Competitive ligand titrations can be used to determine apparent binding
constants in buffer, where the other component should have a known binding constant for Cu?".
When utilizing competitive binding titrations, it is useful to carry out reverse titrations to confirm
the apparent binding constants of peptide to Cu®" and ensuring that there would be no excess Cu"
ions in solution by using a ratio of 1:0.8 chelator:Cu®". Competitive ligand titration with

nitrilotriacetic acid allowed the determination of the apparent binding affinity, the dissociation

constant (Kg), of Cu?" to histatin 5, which is about 8 pM."*° For a better understanding of the
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different competitive models that can be used to determine the binding affinity of metal ions to
proteins, a comprehensive review by Xiao and Wedd is available.'>!

2.3 Isothermal Titration Calorimetry (ITC)

Another titration technique that is useful to study the interactions of AMPs with lipid
bilayers as well as metal ions is ITC.!**!* In ITC, the thermodynamic properties of binding can
be evaluated by quantitating the heat flow associated with a binding event.!>> From the ITC
thermograms generated, the K4 and change in enthalpy (AH) upon binding can be determined.!>

Indirectly, the change in Gibbs’ free energy (AG) is calculated from the K4 (AG = —RT In K};),

AH+AG
T

followed by the calculation of the change in entropy (AS = ). There are advantages to using

ITC compared to UV-Vis to determine Kq including the facile determination of thermodynamic
properties of binding including AG, AS, AH ,and stoichiometry constants of binding. Additionally,
when using ITC the temperature and stirring can remain constant and the use of software can make
it easier to fit to binding models and determine thermodynamic constants. The K4 of Zn** and Cu?*
to the AMP histatin 5 were determined to be 83 uM and 38.5 nM, respectively.'* The value
obtained for Cu?* using ITC shows a weaker binding affinity for Cu®" to histatin 5 compared to
the value obtained using the competitive ligand titration mentioned earlier.'*’ This is because ITC
can only measure binding affinities up to the nanomolar range when direct titration is carried out.'*®
To be able to measure picomolar binding affinities, competitive titration should be done using
ITC.15718 For example, the tripeptide GHK and tetrapeptide DAHK bind Cu?" ions with
femtomolar binding affinity, as shown by competitive titration with glycine using ITC.!** On the
other hand, the advantage of using ITC over other spectrophotometric techniques is that it can
measure binding affinities at multiple sites of the AMP. In histatin 5, three binding affinities each

were measured for Zn?" and Cu**, implying that there are three binding sites for these metal ions
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in histatin 5."* ITC can also be used to identify the affinity of AMP binding to model
membranes.'® Common model membranes used are multilamellar vesicles, small unilamellar
vesicles, and large unilamellar vesicles with varying lipid compositions. To avoid aggregation in
some AMPs, the titrant in the experiment is usually the model membrane, as they can be stable in
higher concentrations.'® The AMP is in the sample cell, where the concentration can be relatively
dilute.'®® The model membranes are continuously titrated until all AMPs are bound to the model
membranes, and a binding isotherm is generated. The cationic AMP B-17 was evaluated for its
binding affinity with zwitterionic and anionic lipids.'®! It was observed that there is very little heat
generated when B-17 is titrated with the zwitterionic phosphatidylcholine (PC), while there is a
significant amount of heat generated when titrated with anionic 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPG), or when POPG was mixed with PC.!%! This indicates the strong
binding interaction due to the electrostatics between the cationic AMP and the anionic lipids. This
was also observed when the AMP NK-2 was titrated against zwitterionic 1,2-dioleoyl-sn-glycero-
3-phosphocholine and anionic 1,2-dioleoyl-sn-glycero-3-phosphoglycerol.'®? Interestingly, pore
formation and micellation can be observed in ITC as a superposition of individual calorimetric
heat traces generated by the processes involved in pore formation and micellation.'** The method
was shown to work reversibly, that is, the same results were obtained when the peptide was titrated

to the lipid as when the lipid was titrated to the peptide.'*

2.4 Fluorescence Microscopy

Fluorescence microscopy, particularly single-cell microscopy, is a powerful technique to
study the time-resolved mechanism of action for AMPs.!®"1¢7 Peptides with commercially
available fluorescent labels, including rhodamine B and 5(6)-carboxyfluorescein, can be easily

synthesized at low cost. For ATCUN-AMPs an N-terminal fluorescent tag should not be used, as
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this can impair metal binding.'®

For example, a model peptide of human Citrl,
MDHSHHMGMSYMDS, decreased its Cu?" apparent binding constant at pH 7.4 by two orders
of magnitude when it was acetylated in the amino-terminal amine.!®® The fluorophore can be
attached to other positions of the peptide; however, one must keep in mind that Cu®" binding will
lead to quenching of the fluorescence of the tags. This property can be used to produce

chemosensors for Cu?" ions.'®!" A family of pentapeptides containing three different

fluorophores illustrate the quenching activity of Cu?" binding when the fluorophore is attached to

1: R=dansyl;n=1
2:R=dansyl;n=2
3:R=dansyl;n=3

4: R =rhodamine B; n =1 5: R = fluorescein; n =1

Figure 6. Family of ATCUN-containing pentapeptides attached to three different fluorophores:

dansyl, rhodamine B, and fluorescein.!”!!"2

the first amino acid in the ATCUN sequence (Figure 6).!”"!”> Compounds 1, 2, and 3, containing
dansyl, show a decrease in fluorescence of 85%, 75%, and 70%, respectively, when one equivalent

of Cu?* was titrated.!”! The difference is explained by the increase in distance between the
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fluorophore and the metal ion. When rhodamine B and fluorescein are used instead of dansyl, as
in compounds 1, 4, and 5, the percent quenching of fluorescence is the same, ~85%. The distance
between the fluorophore tag and the Cu?" ion can also be increased by locating the fluorophore in
the C-terminal region of the peptide. For example, a decrease in quenching efficiency from 85%
to 30% is observed between the tetramer SGHK-dansyl and the dodecamer SGHAAAAAAAAK-
Dansyl.!” For these reasons, the fluorescent tag should be placed on C-terminus of the peptide to
diminish quenching of the fluorophore when in proximity to the ATCUN motif. Although in some
cases, it could be beneficial to have the fluorophore close to the ATCUN motif. Libardo et al. took
advantage of the larger quenching efficiency of Cu®" when a fluorophore is close to the ATCUN
motif to study the mechanism of action of the icosamer pVIHRAGLQFPVGRVHRLLRK-NH;
(DAB-10). Two peptides were synthesized containing the pH-insensitive fluorophore
tetramethylrhodamine (TMR), one with the tag in position 4, DAB-10-K4(TMR), and the second
one with TMR in position 20, DAB-10-K20(TMR).!”* Whereas DAB-10-K4(TMR) showed a
decrease in emission intensity of 35% when exposed to 1 equivalence of Cu**, DAB-10-K,0(TMR)
did not diminish its fluorescence. These differences were used to demonstrate that DAB-10 binds

to Cu®" ions inside the phagosomes of RAW264.7 macrophages.

A possible drawback of using fluorescent labels is that depending on the peptide sequence,
these dyes can perturb the activity due to the bulkiness and hydrophobicity of the fluorophore and
the mechanism of the peptide.'”>"!”” Several examples of modified localization of cell penetrating
peptides has been observed after conjugation to fluorophores.!”>!7® Seven fluorophores with
different sizes and charge were conjugated to penetratin, a cell penetrating peptide, and revealed
that charged fluorophores can effect fluorescent intensity, translocation, and membrane binding

properties.!’® While cationic, hydrophobic fluorophores reduced membrane binding, there was an
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increased cytotoxicity against mammalian cells.!”® Conjugation to fluorophores can impact the
depth of penetration into the lipid bilayer, where conjugated penetratin resulted in a deeper
penetration into the core of the lipid bilayer.!”> A membrane thinning effect was also observed
with conjugated penetratin, suggesting that conjugation to fluorophores may affect the perceived

175 Moreover, a recent article compared four commonly used

mode of action of peptides.
fluorophores with slightly varied properties to investigate the effects on the biological activity of
AMPs.'7 It was concluded that more hydrophobic and positively charged fluorophores can
increase hemolysis of human red blood cells compared to negatively charged fluorophores such as
5(6)-carboxyfluorescein.!”’ There were also differences observed in the fluorescence intensity,
where 5(6)-carboxyfluorescein had the lowest fluorescent intensity of the four tested
fluorophores.!”” Overall, the advantages and disadvantages of certain fluorophores, including
increased toxicity or alteration on biological activity, should be weighed before using them.
However, a labeled peptide is not always required, as techniques such bacterial cytological
profiling allow the identification of cellular pathways within bacterial cells using unlabeled

peptides 57,164-166

2.5 Determination of Three-Dimensional Structures of AMPs

Three-dimensional structures of AMPs in different environments can be studied via NMR
spectroscopy. One of the earliest AMPs that was structurally elucidated using two-dimensional
NMR was magainin 2, dissolved in a mixture of perdeuterated trifluoroethanol (TFE) and water.!”®
In determining the structure of a protein using NMR, unique fingerprint cross-peaks at distinct
chemical shifts contain the information that allows the structure elucidation. Different methods are
available, such as Nuclear Overhauser Effect (NOE) Spectroscopy and Total Correlated

Spectroscopy, that correlate protons interacting through space and through bonds, respectively. As
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a substitute for lipid bilayer environments, TFE is commonly added to the solvent mixture to
mimic the environment by reducing the solvent polarity. It stabilizes intramolecular hydrogen
bonds in the peptide, particularly between the carbonyl oxygen of the i-th residue and the amine
hydrogen of the (i + 4)-th residue, responsible for the a-helical conformation.!”® The metal binding
of AMPs can be probed using NMR techniques. Due to the paramagnetic character of Cu?", it will
directly influence the chemical shifts and relaxation rates of resonances that are in close proximity
to it and cause severe peak broadening, which is why Ni** is commonly used as a proxy for Cu**
to investigate ATCUN-AMPs. Heteronuclear single-quantum correlation (HSQC) NMR
experiments are run in the absence of metal ions and then metal is titrated into solution and run
again. The peak shifting and broadening is compared to the HSQC data with and without metal
ions to determine which residues/regions of the peptide may be interacting with metal ions.
Typically, small amounts of metal (0.5 equivalents) is titrated to avoid peak broadening to such an

extent that the proton peaks are no longer there.

Further, NMR can be used to determine the structure of the metal binding site to ATCUN-
containing AMPs. Recently, Rai et al. used ssNMR to characterize piscidin 3 (p3) bound to
DMPC/DMPG lipid bilayer and coordinated to Cu®* ions.!” Due to the paramagnetic character of
Cu?*, it will directly influence the chemical shifts and relaxation rates of resonances that are in
close proximity to it and cause severe peak broadening, which is why Ni** was used for the ssNMR
experiment.'” The study revealed that a square-planar geometry is present in the metal-binding
site complex, where the metal ion is coordinated with the first three residues of p3.!”® The other
ligand coordinated to the Ni?*, however, was not detected. It is possible that the metal is also
coordinating to the lipid headgroup of the bilayer, facilitating the insertion of the N-terminal region

of the peptide into the bilayer.!” Two-dimensional NMR has also been used to probe the ATCUN
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binding of ixosin. Again, Ni** was used as a proxy for Cu" to avoid peak broadening. Upon metal
titration there was peak broadening at the N-terminus consistent with Ni** binding to the ATCUN
motif including broadening of proton peaks on the imidazole ring of His3 and proton peaks for
Glyl and Lys4.!"® A similar study was conducted with hepcidin 5 using an N-terminal fragment
of the peptide and the entire peptide sequence.'®® Similar results were achieved, showing
significant broadening after titration with Ni*>" for the first three residues, indicating metal
binding.'®® There was also less significant peak shifting for residues 4, 5, and 6 around the metal

center.'8°

X-ray crystallography is another technique that can be used to obtain a three-dimensional
structure of AMPs. As compared to structures determined using NMR, the structures determined
from X-ray crystallography are usually higher in resolution (around 2.0 to 2.5 A) due to the static
nature of the crystals. However, sample preparation in X-ray -crystallography requires
crystallization, which is more challenging than solubilizing AMPs in solution NMR. These two
methods can be used together to provide a clearer picture of the mechanism of action for an AMP.
In dermcidin, X-ray crystallography studies revealed the hexameric bundle formed by a-helical
dermcidins (Figure 7).!8! This bundle is stabilized by salt bridges and Zn>" ions that were seen to
intercalate between two of the helices. It has a high charge density inside the channel due to 96
ionizable residues oriented towards the interior of the channel.!8! This makes it easier for the
hexamer to be dissolved in water. Outside the channel, there is a region which is exclusively

hydrophobic allowing it to be soluble also when membrane-bound. '8!

While biophysical experiments are significant in determining the structure and providing
some mechanistic insights of AMPs, each technique has their own limitations. Thus, it is important

to do as many biophysical studies as possible to have a more plausible mechanism of action for
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AMPs. CD spectroscopy can only provide an ensemble average of the secondary structure present
in the given sample. It cannot determine which specific residues or regions of the peptide contain
the secondary structure. This can be solved by determining the structure of the peptides using more
sophisticated techniques such as NMR spectroscopy or X-ray crystallography, as described earlier.
X-ray crystallography can provide high resolution structures, but it cannot be used to study the
dynamics of the peptide at a high resolution. NMR spectroscopy allows the dynamics of the AMP
to be studied as it interacts with different membrane environments, but it cannot provide high-

resolution dynamics.

2.6 Molecular Dynamics (MD) Simulations

Molecular dynamics (MD) simulations are a powerful tool to visualize how the AMPs
interact with lipid bilayers, or with themselves (in cases of multiple peptide interactions), in an
atomistic scale on timescales ranging from picoseconds to hundreds of microseconds. To briefly
describe an MD simulation, each atom or a group of atoms is modeled as a bead, while each
covalent bond between the atoms or groups of atoms is modeled as a spring. The potential energy

of each atom is calculated from a chosen set of force field parameters. From these energies, the
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Figure 7. (A) Hexameric bundle (trimer of dimers) of a-helical dermicidins. Each dimer is
depicted by one green helix and one purple helix. (B) One of the Zn** (gray spheres) complex
that stabilizes the dimer are formed by coordination to Glu5, Asp42, and His38. (C) One of the
salt bridges that stabilize the hexamer are formed by between Glu27 and Lys23.

velocities of each atom are calculated based on the theory of classical mechanics. The system is
advanced for one timestep, usually about 1 to 2 femtoseconds for all-atom simulations, and each
atom moves according to its velocity. New potential energies and velocities are calculated, and the
process is repeated for a million to a billion times to generate nanosecond to microsecond
trajectories, consisting of consecutive frames describing the coordinates, velocities, and forces of

each atom in the system.
2.6.1 Equilibrium simulations

The simplest and most common MD simulation is equilibrium simulation, wherein no

additional bias energies are introduced in the system, and the simulation is run for a long time until
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the desired properties of the system are equilibrated. The properties of AMP-lipid bilayer systems
that can be studied are: (1) the order of the lipid acyl chains in each bilayer leaflet, (2) membrane
curvature, (3) membrane thickness, and (4) water orientation and penetration into the bilayer.
Commonly, amphipathic AMPs that are surface-bound to the membrane are initiated from a
configuration that corresponds to the “wedge” model (Figure 8).!3%!83 Melittin is one of the most
widely-studied AMPs using MD simulations. It is a 26-amino acid AMP isolated from the venom
of the honeybee. 318 When it was surface-bound to a DMPC bilayer, the lipid perturbation by
melittin lead to an approximately 30 percent reduction of membrane thickness along the
hydrophobic core.!®® The order of the acyl chains in the leaflet where melittin is bound was
significantly reduced.!®® This indicates that the lipids in this leaflet can easily adopt conformations
that will accommodate the insertion of melittin and will avoid creating a large cavity beneath the

peptide.'® In an MD simulation of melittin where it was initially oriented transmembrane to the

wedge

Figure 8. Wedge-bound model of a melittin that is surface-bound to a lipid bilayer. The planar

region of the bilayer gets distorted as melittin interacts with the lipid headgroups.
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bilayer and the N-terminus was in the leaflet closer to the intracellular side, the intracellular side
of the leaflet was more disordered, opposite the observation from the surface-bound simulation.
The asymmetry in the disorder between the two leaflets when the melittin is oriented
transmembrane to the bilayer suggests that the favored orientation of the melittin might not be a

full transmembrane orientation.'®’

The effect of AMP insertion into the bilayer on the water molecules surrounding it and the
water molecules on the solvent-bilayer interface is another property that can be studied using MD

simulations. In melittin, Lys7 is the residue responsible for water penetration from the extracellular

Figure 9. Melittin orientation when it is inserted into the bilayer. Water molecules from the
extracellular side can penetrate up to the Lys7 residue, while those from the intracellular side can

penetrate up to the positively charged N-terminus.
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side of the membrane, while the protonated N-terminus is responsible for water penetration from
the intracellular side (Figure 9).!8¢!8 Combining the surface-bound and transmembrane MD
simulations in melittin allows the description of a plausible mechanism in which melittin binds
with an unprotonated N-terminus. Once bound, it gets protonated, allowing water to penetrate the
bilayer. As water molecules cross the bilayer, it helps the charged N-terminus in crossing the
hydrophobic core of the bilayer, putting the peptide in an inserted orientation where the N-terminus
is closer to the intracellular side of the bilayer. The presence of multiple transmembrane melittins

in the bilayer induces pore formation, and therefore the lytic activity of the melittin.
2.6.2 Non-equilibrium simulations

Equilibrium simulations do not allow the system to cross high energy barriers and explore
metastable states that might lead to discovering other conformations in a local minimum energy
well. Transitions between states occur on a timescale greater than microseconds; thus, these
transitions are considered as rare events in equilibrium simulations. In this light, bias interactions
may be introduced into the system to allow such rare events to be explored on a shorter timescale.
A more recent study on melittin introduced a bias force that created membrane defects by pulling
randomly selected groups of lipid headgroups at a rate of 0.001 nm/ps towards the bilayer center. '’
When the bias was removed without a peptide inserting into the membrane defect, the defect is
short-lived and the membrane goes back to its normal state.!®® However, whenever a membrane
defect is formed closer to the N-terminus of the peptide, the N-terminus inserts into the defect and
does not allow the membrane to heal.!®® This was followed by the N-terminus of the other peptides
also inserting into the stable membrane defect, which eventually became a small pore that

remained stable throughout the simulation.'®

2.6.3 Molecular Dynamics of ATCUN-containing AMPs
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Among the MD simulation studies of ATCUN- AMPs reported in the literature, just a few
of them take into account the metal ion. The main challenge in the field is the selection of an
appropriate methodology that will accurately model the binding of ATCUN motif to the metal ion.
Currently, quantum mechanics/molecular mechanics (QM/MM) simulations are being employed
in proteins that contain a metal ion cofactor to better understand the mechanistic role of the latter
in the protein function.'”*'? In these cases, i.e. QM/MM simulations of metal-bound proteins, the
structure is known experimentally for such metal-protein systems, which allows calibration of the
method. Unfortunately, solved structures of their metal-bound state are not known common for

ATCUN-AMPs.

In a QM/MM study of two piscidins (pl and p3, discussed in section 3.3) interactions with
DNA, Cu?* ion was not included in the model.!"” Due to the lack of solved DNA-bound piscidins,
the systems were prepared by refining the DNA duplex structure with MD simulations, and by
searching for the bound structures with Haddock docking. The advantage of using QM/MM is that
it better captures the electronic properties of the hydrogen bonding interactions at the binding site.
This cannot be accurately depicted using a purely classical mechanics simulation due to the fixed
charge implementation of most force fields. On the other hand, modelling the system completely
using quantum mechanics has a very high computational cost and can potentially compromise the
sampling of the system. It was shown in the study that p3 requires lower binding energy to DNA
than p1 does, and this is attributed to the more extensive network of DNA-p3 interactions, which

was also observed from the same study.

The interactions of an ATCUN-containing truncated version of buforin II (sA-buforin,
RAGLQFPVGRVHRLLRK-NH) with DNA were studied using MD simulations, in tandem with

molecular docking using the software VINA.!?* This approach required less computational power
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than QM/MM simulations as it does not do any quantum chemical calculations. In this method,
Adaptive Poisson-Boltzmann Solver (APBS) software was employed to calculate the binding
energies of the AMP-DNA complexes every 2 ns from the MD simulations.!**!**> There were four
different variants of sA-buforin included in the study, with two of them containing a different
sequence of ATCUN motif: L-sh-buforin, D-sh-buforin (h-RAGLQFPVGRVHRLLRK-NH>),
Cu'-L-VIH-sh-buforin (VIHRAGLQFPVGRVHRLLRK-NH), and Cu'-L-RTH-sk-buforin
(RTHRAGLQFPVGRVHRLLRK-NH;). The difference in the charges of ATCUN motif
sequences appended to sh-buforin led to difference in their respective binding positions of the Cu''-
ATCUN moiety within the DNA sequence. In the VIH-containing sA-buforin, the metallated
ATCUN moiety is oriented equatorially to the negatively charged phosphate backbone of DNA,
while in the more positive RTH-contaning s/i-buforin, the same fragment is oriented axially. It was
observed that most of the hydrogen bonding interactions that stabilize the binding of these peptides
with DNA originate from the basic residues present in the parent sequence, i.e. the residues other
than the ATCUN motif, highlighting the importance of the non-ATCUN sequence to target an
specific biopolymer, a theme that we will observe repeating itself throughout this review. The
presence of Arg and Thr in Cu'-L-RTH-sh-buforin extends this hydrogen bonding network,
resulting to an increased binding affinity of the peptide to the negatively charged DNA backbone.
This supports the experimentally observed enhancement of antimicrobial activity when an
ATCUN motif is added to sh-buforin, as the proposed mechanism of action for this family of

peptides is DNA cleavage.

3. The Amino Terminal Copper and Nickel (ATCUN) Binding Motif and its Role in

Immunity
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Figure 10. (A) Amino Terminal Copper and Nickel (ATCUN) binding motif. (B) Schematic
representation of a Cu?*-ATCUN complex. The nitrogen atoms bound to Cu?" form a distorted
square planar geometry. (C) Sequence of steps hypothesized by Bal et al. leading to the formation
of the Cu**-ATCUN complex via bis-aquo intermediates.!*® (D) Mechanism proposed by Cowan
et al. for the formation of reactive oxygen species. Two-electron reduction of O produces diffusible
H>0O; that subsequently produces a copper-bound hydroxyl radical, the formal highly oxidizing
reactive species (ROS)."” (E) ROS from the Cu**-ATCUN complex can damage nucleic acids,
proteins and lipids.
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100.19 j5 composed of the sequence HoN-XXH found in the N-terminus, where the XX

biology,
component of the motif can be any amino acid other than Pro.'® Cu?** and Ni** can bind to the
motif in a distorted square planar geometry through the backbone of the two deprotonated Namide
atoms and the imidazole ring of the His (Figure 10).!%01°7198 The ATCUN motif is ubiquitous in
nature as it is part of human serum albumin (HSA), histatin, and protamine P2a, to name but a few
examples.'?’ Over 250 ATCUN-containing AMPs or putative AMPs can be found in species from
12 different phyla, with the most being identified in the phylum Chordata (Table 1). However, the
biophysical characteristics of the ATCUN motif in large proteins such as HSA cannot be directly
correlated to that of its truncated forms or shorter analogs with high sequence homology to the
parent protein. For example, the binding affinity of the ATCUN-containing tetrapeptides Asp-Ala-
His-NH> and Asp-Ala-His-Lys-NH: found in the native HSA sequence have higher binding
affinities than HSA itself.!”” It is important to realize how the presence of other residues in large
proteins can affect the accessibility of the ATCUN motif, or any metal-binding motif, especially
upon protein folding. The ATCUN motif can coordinate Cu** and Ni** with high affinity. The
strongest Cu?" binding reported for an ATCUN binding motif is for human hepcidin or Hep-25,
with a logKq of 14.4 and a sequence of DTH.!*® Other ATCUN peptides have been reported to
have pM to pM binding affinity.!#*13%2% The affinity of binding can be influenced by the basicity
of the side chains of the residues preceding His3 and steric hindrances.?”!**> When the amide
nitrogen is more acidic, the residue is more easily deprotonated, potentially due to the electron
withdrawing ability of the acidic residue.?®! Increased hydrophobicity of the side chains in the first,
second, and fourth positions can protect the holo-peptide from hydrolysis reactions and stabilize
the complex by forming a hydrophobic fence.?”! 2% VIH is one of the strongest metal binders due

to this hydrophobic fence formation.?% Basic residues at the N-terminus can also lead to increased
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stability and basicity of the other N atoms that form the complex.?** Aromatic residues can
contribute to the thermodynamic stability of the holo-peptide via d—r interactions.?*> Complexes
of Cu®* can produce ROS and the Cu**-ATCUN complexes are no different.!”>!97:206-213 Thege
ROS species can damage any molecules in close proximity, including the ROS generator itself. In
the case of ATCUN-AMPs, the ROS form will target nucleic acids, proteins, and lipids (Figure
10E). The ATCUN sequence acts as the cargo whereas the rest of the sequence has the important

function of localizing the cargo close to the target molecule.?!>?!4

Table 1. Summary of ATCUN-AMPs, including putative sequences

Peptide Sequence Species
Arthropoda
Tenecin-3 215 DHHDGHLGGHQTGHQGGQQGGHLGG  Tenebrio molitor

HQGGQPGGHLGGHQGGIGGTGGQQHG

QHGPGTGAGHQGGYKTHGH

LSer-PCecL.2 2'¢ HHHHRFGKIGHELHKGVKKVEKVTHD  Lucilia sericata

VNKVTSGVKKVASSIEKAKNV

LSer-PCecL.3 2!° HHHFGRIGHELHKGVKKVEKVTSDVN  Lucilia sericata

KVTNGVKQVANGIAKAKTVIEAGSIAG

AVAAAAA

LSer-PCecL5 2'6 HHHLFGHVGHEVERSLHKVGHKLEHA  Lucilia sericata
CHEVHKTAKKVQK

Ixosin ''8 GLHKVMREVLGYERNSYKKFFLR Ixodes sinensis
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Metchnikowin 2! HRHQGPIFDTRPSPFNPNQPRPGPIY Drosophila

melanoguster

Hlcyst-2 2! RLHDPSSNPKYLELAHFAISQQTHTVLK  Haemaphysalis
LVKVETQVVAGINNYRPTNCPVNEKYS longicornis
IENCKPTTNHATVYERPWENYRELTSFR

CP

Periplanetasin-4 2! LRHKVYGYCVLGP Periplaneta

americana

ISGCock_contig02_37 KLHEFKLGYPLATNYACAIARDLILHKI Periplaneta

34 220 YIIHFLHRLRKKLSHY americana

ISGCock_contig01_37 PPHMQSPLCAPCKIQGRSIVFRTSIVLVN  Periplaneta

7 220 LN americana

ISGCock_contiglé_20 SIHNHLTAASITHVKNRGKYIYMHLKFR Periplaneta

60 220 KTNVLI americana

ISGCock_contigl3 43 YAHLSNIPIFQVCVCSKVYYIHKHFTNY  Periplaneta

05220 LRVSKQNC americana

Midgut defensin 2! ACHAHCQSVGRRGGYCGNFRMTCYCY Haemaphysalis

longicornis

Def-Acaa(Def-1) VNHALCAAHCIARRYRGGYCNSKAVC  Anopheles gambiae
VCR
Def-Daa (Def-1) WNHTLCAAHCIARRYRGGYCNSKAVC  Anopheles gambiae

VCR
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Carpenter

Defensin 2

Ant

VNHSACAAHCILRGKTGGRCNSNAVCV  Camponotus

CR

floridanus

Diptericin 2%

DLHIPPPDNKINWPQLSGGGGGSPKTGY

DININAQQK

Sarcophaga

peregrin

AclasinN 2%

LCHNSISCALGGDNVCNNVCVRQGND

NGGRCLPRDGCPGYDICACYPRS

Nasonia vitripennis

AfusinN 224

FCHNSISCMMGGDSTCNNVCVRQGNP

NGGRCLPRDGCPGYDICACYPNN

Nasonia vitripennis

Nefisin-2N 2%

LCHNSISCMMGGDSTCNNVCVRQGNPS

GGRCLPRDGCPGYDICACYPNS

Nasonia vitripennis

Nefisin-1N 2%

FCHNSISCALGGDSTCNNVCVRQGNPH

GGRCLPRDGCPGYDICACYPNN

Nasonia vitripennis

AorsinN 2%

FCHDSISCMVGGDNVCNNVCVRQGNP

NGGRCLPRDGCPGNDICACYPQS

Nasonia vitripennis

Aflasin-1N 224

FCHDSISCMVGGDNVCNNVCVRQGNP

NGGRCLPRDGCPGNDICACYPQS

Nasonia vitripennis

Psabaecin®

DTHTLLTHRIRLPNGPGYGPFNPHQPWP

IPWPNNG

Pseudomyrmex

gracilis

Atabaecin-2*

DIHTLSTHKIRLPNGPGYGPFNPHQPWPI

PWPNNG

Atta colombica

Cyabaecin*

DTHTFSTHKIRLPNGPGY GPFNPHQPWP

IPWPN

Cyphomyrmex

costarus
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DTHALPKHRFRLPSGPGYGPFNPQQPW  Trachymyrmex
Trabaecin*

PVPWPNNG cornetzi

DTHTLSTHRIRLPSGPGYGPFNPHQPWL  Acromyrmex
Acabaecin®

ISWPNQ echinatior
Tachylectin-5B 225 DVHHHAACSTVCSLKGILDSVSDLTDL  Tachypleus

AKERLATLQNPICSKDKAFYMETYTNV
TQNKAEKNGLPINCATVYQQGNRTSGI
YMIWPLFLNHPISVFCDMETAGGGWTV
IQRRGDFGQPIQNFYQTWESYKNGFGN
LTKEFWLGNDIIFVLTNQDSVVLRVDLE
DFEGGRRYAEAVEFLVRSEIELYKMSFK
TYKGDAGDSLSQHNNMPFTTKDRDND
KWEKNCAEAYKGGWWYNACHHSNLN

GMYLRGPHEESAV

tridentatus

Sickin2.4 2%¢

ENHDASTAACAQTRQTCKRTSDCCDGL

VCVKHAWICVPDEEPPY

Solenopsis invicta

Sickin2.3 2%¢

GNHEASTSACVHTSLPCKQTSDCCDGL

Solenopsis invicta

MCEPHARICIPNKKNSHFG

Atabecin2 2%¢ DTHTFSTHKIRLPNGPGYGPFNPHQSWP  Atta cephalotes
IPWPNNG

Aeabaecin2 ?%¢ DIHTLSTHKIRLPNGPGYGPFNPHQPWPI  Acromyrmex

PWPNNG

echinatior
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Pobabaecin2 **°

DTHALPKHRLRLPGGGPGYGPFNPRLP  Pogonomyrmex

WPIPLPNRDH barbatus

Siabaecin2 *%°

DTHALPEHRPRLPEGPGYVLENPRQPW  Solenopsis invicta

PVPWPNHGR

Wasabaecin*®

DTHTLSTHRIRLPNGPGYGPFNPHQSWP  Wasmannia

IPLPNNG auropunctata

Attacin-E 2%’

DAHGALTLNSDGTSGAVVKVPFAGND  Hyalophora
KNIVSAIGSVDLTDRQKLGAATAGVAL  cecropia
DNINGHGLSLTDTHIPGFGDKMTAAGK
VNVFHNDNHDITAKAFATRNMPDIANV
PNFNTVGGGIDYMFKDKIGASASAAHT
DFINRNDYSLDGKLNLFKTPDTSIDFNA

GFKKFDTPFMKSSWEPNFGFSLSKYF

Attacin-F 2%’

DAHGALTLNSDGTSGAVVKVPFAGND  Hyalophora
KNIVSAIGSVDLTDRQKLGAATAGVAL  cecropia
DNINGHGLSLTDTHIPGFGDKMTAAGK
VNVFHNDNHDITAKAFATRNMPDIANV
PNFNTVGGGIDYMFKDKIGASASAAHT
DFINRNDYSLDGKLNLFKTPDTSIDFNA

GFKKFDTPFMKSSWEPNFGFSL

Chordata

Piscidin-1 %28

FFHHIFRGIVHVGKTIHRLVTG Morone saxatilis x

M. chrysops
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Piscidin-2 **8

FFHHIFRGIVHVGKTIHKLVTG

Morone saxatilis x

M. chrysops
Piscidin-3 %8 FIHHIFRGIVHAGRSIGRFLTG Morone saxatilis x

M. chrysops
Sablefish Piscidin °*  FIHHIFNGLVKVGKSIHGLIRRRHG Anoplopoma fimbria
Yellowtail  Kingfish FFHHILSGIFHVGKMIHGAIQRRRH Seriola lalandi

Piscidin 2%

Sea Bass Piscidin >  FIHHIFRGIINAGKSIGRFITGGKA Dicentrarchus
labrax

Striped Beakfish FFHHIFNGLVGVGKTIHRLITGGRN Oplegnathus

Piscidin **° fasciatus

Japanese Amberjack FFHHILSGIFHVGKMIHGAIHRRRH Seriola

Piscidin **° quinqueradiata

Mandarin Fish

Moronecidin >*°

IFHHIFKGIVHVGKTIHRLVTG

Siniperca chuatsi

Almaco Jack FIHHIIKGIFHIGKMIHSAINRRRHG Seriola rivoliana
Piscidin**

Greater Amberjack FIHHIIKGIFHIGKMIHSAINRRRHG Seriola dumerili
Piscidin**

Gaduscidin-1 (pis-1) FIHHIIGWISHGVRAIHRAIH Gadus morhua
231,232

Gaduscidin-2  (pis-2) FLHHIVGLIHHGLSLFGDRAD Gadus morhua

231,232
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Pis-2p [57]

FLHHIVGLIHHGKLDMYRSNN

Gadus morhua

Pteroicidin-o, 23

FIHHIIGGLFHVGKSIHDLIR

Pterois volitans

Myxinidin >3 GIHDILKYGKPS Myxine glutinosa

Dicentracin 2 FFHHIFRGIVHVGKSIHKLVTG Dicentrarchus
labrax

Oreoch-1 ¢ FIHHIIGGLFSVGKHIHGLIHGH Oreochromis
niloticus

Oreoch-2 23 FIHHIIGGLFSAGKAIHRLIRRRRR Oreochromis
niloticus

TP3 %7 FIHHIIGGLFSVGKHIHSLIHGH Oreochromis
niloticus

TP4 %7 FIHHIIGGLFSAGKAIHRLIRRRRR Oreochromis
niloticus

AJHba >3 FAHWPDLGPGSPSVKKHGKVIM Anguilla japonica

Clavanin C ¥ VFHLLGKIIHHVGNFVYGFSHVF Styela clava

Plicatamide (PL-101) FFHLHFHY (Y is dcADOPA) Styela plicata

240

Rainbow trout p- SLHLCFISGGGCRNLRLCLAPGGTNIGK  Oncorhynchus

defensin 3 2*! MGCTWPNVCCK mykiss

SA-Hepcidin **

QSHLSMCRYCCNCCRNNKGCGFCCKF

Scatophagus argus

Mud-loach Hamp-1 %

QSHLSMCRYCCKCCRNKGCGFCCKF

Misgurnus mizolepis

Blunt Snout Bream

LEAP-1**

QSHLSLCRYCCNCCRNKGCGYCCKF

Megalobrama

amblycephala
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cm-Hep 2

QSHISLCRYCCKCCKTKGCGFCCSF

Channa maculata

Minnow Hepcidin 2%

QSHISLCRYCCKCCRNKGCGYCCKF

Gobiocypris rarus

Om-hep1 ?

QSHLSMCSVCCNCCKNYKGCGFCCRF

Oryzias melastigmus

Cod Hepcidin 28

QSHLALCRWCCNCCRNQKGCGICCKF

Gadus morhua

Human LEAP-1/Hep-

25 249

DTHFPICIFCCGCCHRSKCGMCCKT

Homo sapiens

Hepcidin TH2-3 >

QSHLSLCRWCCNCCRSNKGC

Oreochromis

mossambicus

Sheep Hepcidin >°!

DTHFPICIFCCGCCRKGTCGICCKT

Ovis aries

Salmon Hepcidin >*

QIHLSLCGLCCNCCHNIGCGFCCKF

Salmo salar

Bovine Hepcidin > DTHFPICIFCCGCCRKGTCGMCCRT Bos taurus

Rabbit Hepcidin > DTHFPICIGCCSCCRNSKCGICCKT Oryctolagus
cuniculus

Dog Hepcidin 2 DTHFPICIFCCGCCKTPKCGLCCKT Canis lupus
familiaris

Pig Hepcidin >*° DTHFPICIFCCGCCRKAICGMCCKT Sus scrofa

Chimpanzee Hepcidin

255

DTHFPICIFCCGCCHRSKCGMCCKT

Pan troglodytes

HAMP-1 Seabass 2°

QSHLSLCRWCCNCCRGNKGCGFCCKF

Dicentrarchus

labrax
Gibbon Hepcidin 7 DTHFPICIFCCGCCHRSKCGMCCKT Hylobates concolor
Japanese = Macaque DTHFPICIFCCGCCHRSKCGMCCRT Macaca fuscata

Hepcidin >’
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Grivet Hepcidin >’ DTHFPICIFCCGCCHRSKCGMCCRT Cercopithecus
aethiops
Bornean Orangutan DTHFPICIFCCGCCHRSKCGMCCKT Pongo pygmaeus

Hepcidin >’

Dusty Leaf Monkey

Hepcidin >’

DTHFPICIFCCGCCHRSKCGMCCRT

Presbytis obscurus

Gorilla Hepcidin 2%’ DTHFPICIFCCGCCHRSKCGMCCKT Gorilla

Buffalo Hepcidin »’ DTHFPICIFCCGCCHRSKCGMCCKT Bubalus bubalis

Bat Hepcidin 22 DTHFPICIFCCGCCYPSKCGICCKT Myotis lucifugus

Mole Rat Hepcidin > DTHFPICVFCCGCCKNARCGICCKT Heterocephalus
glaber

Orangutan Hepcidin 1 DTHFPICIFCCGCCRQSNCGMCCKT Pongo spp.

252

Orangutan Hepcidin 2 DTHFPIYIFCCGCCHQSNCGMCCKT Pongo spp.

252

Fox Hepcidin >

DTHFPICIFCCGCCYKSKCGIGGKT

Pteropus alecto

Marmoset Hepcidin

252

DTHFPICIFCCGCCRQSNCGMCCKT

Callithrix jacchus

Baboon Hepcidin >

DTHFPICIFCCGCCHRSKCGMCCRT

Papio papio

Horse Hepicidin >°!

DTHFPICTLCCGCCNKQKCGWCCKT

Equus caballus

Panda Hepcidin >

DTHFPICLFCCGNKSKCGICCKT

Ailuropoda

melanoleuca
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Camel Hepcidin >°

DTHFPICVFCCGCCHKSKCGMCCKT

Camelus

dromedarius

Yak Hepcidin ** DTHFPICIFCCGCCRKGTCCMCCRT Bos grunniens
Cat Hepcidin > DTHFPICIFCCGCCKKARCGMCCKT Felis catus
Donkey Hepcidin 2% DTHFPICTLCCGCCNKQKCGWCCKT Equus asinus
Painted Turtle NSHFPICTYCCKCCRNQGCGFCCRT Chrysemys picta

Hepcidin >

Three-spined

Stickleback Hamp1 2

QSHLSMCRWCCKCCRSYKGCGYCCKF

Gasterosteus

aculeatus

Sailfin Molly Hampl

260

QSHLSLCRYCCNCCKNKGCGFCCRF

Poecilia latipinna

Burton’s
Mouthbrooder

Hamp1 2%

QSHLSLCRWCCNCCRSNKGCGFCCKF

Haplochromis

burtoni

Western Clawed Frog

Hepcidin >*

QSHLSICVHCCNCCKYKGCGKCCLT

Xenopus tropicalis

Flounder Hepcidin *°!

ISHISLCRWCCNCCKANKCGFCCKF

Pseudopleuronectes

americanus

Notothenioid

Hepcidin 2%

QSHLSLCRWCCNCCKGNKGCCFCCRF

Antarctic

notothenioid

Lizard Hepcidin 26

NSHISICTYCCNCCKNKGCSFCCRT

Anolis carolinensis

Alligator Hepcidin 2%

NSHFPICSYCCNCCHNKGCGFCCRT

Alligator

Mississippiensis
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SmHep1P ¢ QSHISLCRWCCNCCKANKGCGFCCKF  Scophthalmus
maximus

Longtooth  Grouper QSHLSMCRWCCNCCKGNKGCGPCCKF  Epinephelus moara

Hepc5 2%

Smallmouth Bass QSHLSLCRWCCNCCKGNKGCGFCCRF  Micropterus

Hepcidin 2% dolomieu

Pacific Mutton QSHLSLCRWCCNCCRGNKGCGFCCKF  Alphestes

Hamlet Hepcidin ** immaculatus

Redbanded Seabream

Hepcidin >

QSHISMCYWCCNCCRANKGCGYCCKF

Pagrus auriga

Javanese Ricefish QSHLSMCSVCCNCCKNYKGCGFCCRF  Oryzias javanicus

Hepcidin **

Rainbow Trout QSHLSLCRWCCNCCHNKGCGFCCKF Oncorhynchus

Hepcidin ** mykiss

Turbot Hepcidin >** QSHISLCRWCCNCCKANKGCGFCCKF Scophthalmus
maximus

Nile Tilapia Hepcidin

244

QSHLSLCRWCCNCCRSNKGCGFCCRF

Oreochromis

niloticus

LEAP-2 (4Cys) 2%

MWHLKLCAVLMIFLLLLGQIDGSPIPEV
SSAKRRPRRMTPFWRGVSLRPIGASCR

DDSECITRLCRKRRCSLSVAQE

Homo sapiens

Smallmouth Bass

Hepcidin **

QSHLSMCRWCCNCCKGNKGCGFCCRF

Micropterus

dolomieu




Largemouth Bass

Hepcidin >

QSHLSLCRWCCNCCRGNKGCGFCCRF

Micropterus

salmoides

Large Yellow Croaker

Hepcidin >

QSHLSLCRWCCNCCKSNKGCGFCCRF

Larimichthys crocea

Weather Loach

Hepcidin >

QSHLSMCRYCCKCCRNKGCGFCCKF

Misgurnus mizolepis

Zebrafish Hepcidin 2**

QSHLSLCRFCCKCCRNKGCGYCCKF

Danio rerio

Olive Barb Hepcidin

244

QSHLSLCRYCCNCCRNKGCGYCCKF

Puntius sarana

Common Carp

Hepcidin **

QSHLSLCRYCCNCCRNKGCGYCCKF

Cyprinus carpio

Grass Carp Hepcidin QSHLSLCRYCCNCCRNKGCGYCCKF Ctenopharyngodon
244 idella

Wuchang Bream QSHLSLCRYCCNCCRNKGCGYCCKF Megalobrama
Hepcidin > amblycephala

Chinese Rare Minnow

Hepcidin 2%

QSHISLCRYCCKCCRNKGCGYCCKF

Gobiocypris rarus

Ragged Bigscale

Hepcidin 2%

QSHLSMCRYCCKCCRNKGCCFCCKF

Scopelogadus

mizolepis

Richardson's Willow

Hepcidin 2%

QSHLSLCRYCCNCCRNKGCGYCCKF

Salix richardsonii

Silver Carp Hepcidin

266

QSHLSLCRYCCNCCRNKGCGYCCKF

Hypophthalmichthys

molitrix
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Buff-throated QSHISLCRWCCNCCKANKGCGFCCKF  Saltator maximus
Saltator Hepcidin 6

Hamp-1  Yellowtail QSHLSMCRWCCNCCTANKGCGFCCRF  Seriola lalandi
Kingfish **°

Hamp-1 Amazon QSHLSLCRYCCNCCKNKGCGFCCRF Poecilia formosa
Molly 2%

Channel Catfish QSHLSLCRYCCNCCKNKGCGFCCRF Ictalurus punctatus

Hepcidin **’

Atlantic Salmon

Hepcidin 2%

QSHLSLCRWCCNCCHNKGCGFCCKF

Salmo salar

Longtooth  Grouper

Hepcidin 2%

QSHLSMCRWCCNCCKGNKGCGLCCKF

Epinephelus moara

Japanese Rice Fish

Hepcidin 2%

QSHISMCTMCCNCCKNYKGCGFCCRF

Oryzias latipes

Brown Trout QSHLSLCRWCCNCCHNKGCGFCCKF Salmo trutta
Hepcidin 2%

Siberian Tiamen QSHLSLCRWCCNCCHNKGCGFCCKF Hucho taimen
Hepcidin 2%

Coho Salmon QSHLSLCRWCCNCCHNKGCGFCCKF Oncorhynchus
Hepcidin 2% kisutch

Hamp-1 MSHLSVCVYCCDCCHKKTCGICCKF Chiloscyllium
Bambooshark >%° plagiosum
Hamp-1 Fugu % QSHLSLCTLCCNCCKGNKGCGFCCRF  Takifugu rubripes
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Hamp-1 Rainbow

Trout *¥

QSHLSLCRWCCNCCHNKGCGFCCKF

Oncorhynchus

mykiss

Brown-headed Spider

Monkey Hepcidin 2%

DTHFPICIFCCGCCRQPNCGMCCKT

Ateles fusciceps

Sumatran Orangutan

Hepcidin 2%

DTHFPIYIFCCGCCHRSKCGMCCKT

Pongo abelii

Human LEAP-2 270

MWHLKLCAVLMIFLLLLGQIDG

Homo sapiens

Rhesus Macaque

MWHLKLCAVLMIFLLLLGQTDG

Macaca mulatta

LEAP-2 27

Bovine LEAP-2 270 MWHLKLFAVLMICLLLLAQVDG Bos taurus

Pig LEAP-2 2"° MWHLKLFAVLVICLLLAVQVHG Sus scrofa

Sperm Whale DTHFPICVFCCKCCRKGMCGLCCRT Physeter catodon
Hepcidin 2>

Saddleback QSHLSLCRWCCNCCKGNKGCGFCCRF  Pogonophryne scotti
Plunderfish Hepcidin

253

Spiny-head Croaker QSHISLCRYCCNCCKNKGCGFCCRF Collichthys lucidus

Hepcidin >>

ATCUN-C16 %!

DSHAGYKRKFHEKHHSHRGY

Histatin-5 analog

Ubiquicidin (UBI 1-

59) 272

KVHGSLARAGKVRGQTPKVAKQEKKK
KKTGRAKRRMQYNRRFVNVVPTFGKK

KGPNANS

Homo sapiens
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Gorilla Histatin 1  DSHEKRHHGYRRKFHEKHHSHIEFPFY  Gorilla gorilla
GDYGTNYLYDN gorilla

Gorilla Histatin 32  DSHEKRHHGYKRKSHEKHHSHRGYRS  Gorilla gorilla
NYLYDN gorilla

Silver-leaf Monkey DSHEEKHHGRHGHHEYGRKFQEKHYS  Trachypithecus

Histatin 3 273 HRGYRSNYLYGN cristatus

Crab-eating Macaque

Histatin 1 273

DSHKGKHHGHRRKFHEKHHSH

Macaca fascicularis

Crab-eating Macaque

Histatin 3 27°

DSHEERRQGRHGHHEYGRKFHEKHHS

HRGYRSNYLYGN

Macaca fascicularis

Crab-eating Macaque

Histatin 5 27°

DSHEERRQGRHGHHEYGRKFHEKHHS

HRGY

Macaca fascicularis

Crab-eating Macaque

Histatin 27

DSHEERHHGRHGHHKYGRKFHEKHHS

HRGYRSNYLYDN

Macaca fascicularis

Rhesus Macaque DSHKGKHHGHRRKFHEKHHSH Macaca mulatta
Histatin 7

Silver-leaf Monkey DSHKGKHHGHRRKFHEKHHSHEFPSYG Trachypithecus
Histatin 7 GYRSNYLYYN cristata
Sumatran Orangatan DSHEKRHHEHRRKFHEKHHSHRGYRSN Pongo abelii
Histatin 5 27 YLDEN

Human MUC7 20- LAHQKPFIRKSYKCLHKRCR Homo sapiens

Mer 27°
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Human Histatin 1?° DSHEKRHHGYRRKFHEKHHSHREFPFY  Homo sapiens

GDYGSNYLYDN

Human Histatin 32° DSHAKRHHGYKRKFHEKHHSHRGYRS  Homo sapiens

NYLYDN

Human Histatin 42”7 KFHEKHHSHRGYRSNYLYDN Homo sapiens

Human Histatin 52’  DSHAKRHHGYKRKFHEKHHSHRGY Homo sapiens

Human Histatin 6 2”7 DSHAKRHHGYKRKFHEKHHSHRGYR  Homo sapiens

Human Histatin 8 7”7 KFHEKHHSHRGY Homo sapiens
Human Histatin 10”7 KFHEKHHSHRGYR Homo sapiens
Human Histatin 112”7 KRHHGYKR Homo sapiens
Human Histatin 122”7 KRHHGYK Homo sapiens
Grivet Histatin 1 27 DSHEEKHHGHRRKHHGKHHSH Chlorocebus
aethiops

Grivet Histatin 3 %7 DSHEERHHGRHGHHGYGRKFHEKHHS  Chlorocebus

HRGYRSNYLYGN aethiops

Gibbon Histatin 1> DSHEKRHHEHRRKFHEKHHSHREYPFY  Nomascus

GYYR leucogenys
Scorpion  Ctry2459- FLHFLHHLP Chaerilus  tryznai
H3 27 and Chaerilus
tricostatus
15kDa protein 27 IPHRRLRYEEVVAQALQFYNEGQQGQP  Oryctolagus

LFRLLEATPPPSLNSKSRIPLNFRIKETVC  cuniculus

IFTLDRQPGNCAFREGGEERICRGAFVR
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RRRVRALTLRCDRDQRRQPEFPRVTRP

AGPTA

Rainbow Trout 40S

ribosomal protein S30

280

KVHGSLARAGK

Oncorhynchus

mykiss

Human 40S ribosomal

protein S30 %

KVHGSLARAGKVRGQTPKVAKQEKKK
KKTGRAKRRMQYNRRFVNVVPTFGKK

KGPNANS

Homo sapiens

Medaka 408

ribosomal protein S30

280

KVHGSLARAGKVRGQTPNVDKHEEKE
EEDGRAKRRIQYNRRFVNVVPTFGKKK

GANANS

Oryzias latipes

Shrimp 40S ribosomal

KVHGSLSRAGKVKGHTPKVXKKEKRK

Litopenaeus

protein S30 2% SKTGRAKRRIXYNRRFVNVXASFGKKR  sefiferus
GPNSNS

Chimpanzee Beta- EMHKKCYKNGICRLECYESEMLVAYC  Pan troglodytes

defensin 134 %! MFQLECCVKGNPAP

DEFB109P EGHCLNLSGVCRRDVCKVVEDQIGACR Pan troglodytes
RRMKCCRAW

CAMP-t2 Beta- PIHRRIPPRWPRLKRRW Gallus gallus

defensin 2%

Chimpanzee Beta- AIHRALISKRMEGHCEAECLTFEVKTGG Pan troglodytes

defensin 107A**

CRAELAPFCCKNRKKH
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Human Beta-defensin

107**

AIHRALISKRMEGHCEAECLTFEVKIGG

CRAELAPFCCKNRKKH

Homo sapiens

Beta-defensin 107A**

AIHRALICKRMEGHCEAECLTFEVKIGG

CRAELAPFCCKNRKKH

Pongo pygmaeus

White-handed Gibbon

Beta-defensin 107A**

AIHRALICKRMEGHCEAECLTFEVKIGG

CRAELAPFCCKNRKKH

Hylobates lar

Dog Beta-defensin

119**

KHHILRCMGNTGICRPSCRKTEQPYLYC
LNYQSCCLQSYMRISISGREEKDDWSQ

QNRWPKIS

Canis lupus

familiaris

Human Beta-defensin

119**

KRHILRCMGNSGICRASCKKNEQPYLY
CRNCQSCCLQSYMRISISGKEENTDWSY

EKQWPRLP

Homo sapiens

Rhesus macaque Beta-

defensin 119**

KRHILRCMGNSGICRASCKKNEQPYLY
CRNYQACCLQSYMRISISGKEENTDWS

YEKQWPRLP

Macaca mulatta

Crab-eating Macaque

Beta-defensin 119%*

KRHNLRCMGNSGICRASCKKNEQPYLY
CRNYQACCLQSYMRISISGKEENTDWS

YEKQWPRLP

Macaca fascicularis

Chimpanzee Beta-

defensin 119**

KRHILRRMGNSGICRASCKKNEQPYLY
CRNYQSCCLQSYMRISISGKEENTDWS

YEKQWPRLP

Pan troglodytes
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Low-land gorilla Beta-

defensin 119**

KRHILRCMGNSGICRASCKKNEQPYLY
CRNYQSCCLQSYMRISISGKEEDTDWS

YEKQWPRLP

Gorilla gorilla

gorilla

White-handed Gibbon

Beta-defensin 119%**

KHHILRCMGNSGICRASCKKNEQPYLY
CRNYQHCCLQSYMRISISGEEENTDWS

YEKQWPRLP

Hylobates lar

Bovine Beta-defensin

119**

RRHMLRCMGDLGICRPACRQSEEPYLY
CRNYQPCCLPFY VRIDISGKEGKNDWS

RENRWPKVS

Bos taurus

Rhesus Macaque a-

defensin 11 2%

ICHCRIGGCSRTESYSRICILRGQVARLC

CRRAS

Macaca mulatta

Chimpanzee a-

defensin 13 2%

ICHCRVLYCLFGEHLGGTCFIHGERYPIC

CY

Pan troglodytes

Rhesus Macaque a-

defensin 18 2%

ICHCRVLYCLFGEHPGGTCFIHGEHYPIC

CY

Macaca mulatta

Human o-defensin 2%

TCHCRRSCYSTEYSYGTCTVMGINHRF

Homo sapiens

CCL
Chimpanzee o- TCHCRRSCYSTEYSYGTCTVMGINHRF  Pan troglodytes
defensin 1 2% CCL
Bornean Orangatan TCHCRRSCYSTEYSYGTCTVMGINHRF  Pongo pygmaeus

a-defensin 2%

CCL

Human Furin 2%

YYHFWHRGVTKRSLSPHRPRHSRLQR

Homo sapiens
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PG-KI #¢ EPHPDEFVGLM Pseudophryne
giintheri
PG-KIII %8¢ EPHPNEFVGLM Pseudophryne
giintheri
Electrin 3 27 FVHPM Litoria electrica
Schmackerin-F1 2% VDHLWQVWLPR Odorrana
schmackeri
Limnonectin-1Fb?* SFHVFPPWMCKSLKKC Limnonectes
fujianensis
Nigroain-D1 >° CVHWQTNPARTSCIGP Rana nigrovittata
Nigroain-D2 >° CVHWQTNPARTSRIGP Rana nigrovittata
Nigroain-D3 CVHWQTNTARTSCIGP Rana nigrovittata
Nigroacin-D-RK1 *!  CMHWQTGPARTSCIGP Limnonectes kuhlii
Pleurain-R1 %2 CVHWMTNTARTACIAP Rana pleuraden
Temporin-GHb > FIHHIIGALGHLF Hylarana guentheri
Gallinacin-7 ** RYHMQCGYRGTFCTGKCPYGNAYLGL  Gallus gallus
CRPKYSCCRWL
Caseicin A 2 IKHQGLPQE Bos taurus
Chicken AvBD4 »¢ RYHMQCGYRGTFCTPGKCPYGNAYLG  Gallus gallus

LCRPKYSCCRWL

Histidine-rich

glycoprotein, GHH20

297

GHHPHGHHPHGHHPHGHHPH

Homo sapiens
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AHH24 **

AHHAHAAHHAHAAHHAHAAHHAHA

Homo sapiens

Human kininogen-

HKHGHGHGKHKNKGKKNGKH

Homo sapiens

derived peptide,

HKH20 **°

Cystatin-1 3% DTHISEKIIDCNDIG Capra hircus
Cystatin-2 3% DTHISEYIIDCNDIG Capra hircus

YR26, Human furin- YYHFWHRGVTKRSLSPHRPRHSRLQR  Homo sapiens
prodomain *%

RV23, Human furin- RKHGFLNLQGIFGDYYHFWHRGV Homo sapiens
prodomain *%

SR30, Human furin- SPHRPRHSRLQREPQVQWLEQQVAKRR Homo sapiens
prodomain *% TKR

YR23, Human furin- YYHFWHRGVTKRSLSPHRPRHSR Homo sapiens
prodomain *%

YR20, Human furin- YYHFWHRGVTKRSLSPHRPR Homo sapiens
prodomain *%

YR17, Human furin- YYHFWHRGVTKRSLSPH Homo sapiens
prodomain *%

YR14, Human furin- YYHFWHRGVTKRSL Homo sapiens
prodomain 2%

YR12, Human furin- YYHFWHRGVTKS Homo sapiens

prodomain %
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Mollusca

Myticin A 3! HSHACTSYWCGKFCGTASCTHYLCRVL  Mytilus
HPGKMCACVHCSR galloprovincialis
Myticin B 3! HPHVCTSYYCSKFCGTAGCTRYGCRNL  Mytilus

HRGKLCFCLHCSR

galloprovincialis

Myticusin-1 3%

TDHQMAQSACIGVSQDNAYASAIPRDC
HGGKTCEGICADATATMDRYSDTGGPL
SIARCVNAFHFYKRRGEENVSYKPFVV

SWKYGVAGCFYTHCGPNFCCCIS

Mytilus coruscus

Myticin 1**

HSHACASYYCSKFCGTASCTHYLCRVL
HPGKLCVCVNCSRVKNPFRATQDAKSI

NELDYTPLMKSMENLDNGMDML

Mpytilus coruscus

Myticin 2**

HSHACTSYYCAKFCGTAKCTHYLCRVL
HPGKLCVCVNCSKVKNPFRATQDAKSI

NELDYTPLMKSMENLDNGMDML

Mpytilus coruscus

Myticin 3**

HSHACTSYYCAKFCGAAKCTHYLCRVL
HPGKLCVCVNCSKVKNPFRATQDAKSI

NELDYTPLMKSMENLDNGMDML

Mytilus coruscus

Myticin 4**

HSHACTSYYCAKFCGTASCTHYLCRVL
HPGKLCVCVNCSKVKNPFRATQDAKSI

NELDYTPLMKSMENLDNGMDML

Mytilus coruscus
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Myticin 6%*

HSHACASYYCSKFCGTASCTHYLCRVL
HPGKLCACVNCSRVKNPFRATQDAKSI

NELDYTPLMKSMENLDNGMDML

Mpytilus coruscus

Myticin 7#*

HSHACTSYYCSKLCGTASCTHYLCRVL
HPGKLCVCANCSRVKNPFRATQDAKSV

NELDYTPIMKSMENVDNGMDML

Mpytilus coruscus

Myticin 8%*

HSHACTSYYCSKFCGTASCTHYLCRVL
HPGKLCVCANCSRVKNPFRATQDAKSV

NELDYTPIMKSMENVDNGMDML

Mpytilus coruscus

Myticusin-beta-1 3%

SDHQMAQSACMGLAQDAAYASAIPRT
CSGGKTCESICADATSTMNKY STAGGP
LSTARCVDAFHIYSRRGQENVPYQPYV

VSWKYGVKGCFQTSCGPNFCCCIV

Mytilus coruscus

Myticusin-beta-2 3*°

SDHQMAQSACMGLAQDAAYASAIPRT
CSGGKTCESICADATSTMNKY STGGGP
LSTARCVDAFHIYSRRGQENVPYQPYV

VSWKYGVKGCFQTNCGPNFCCCIV

Mpytilus coruscus

Myticusin-beta-3 30

SDHQMAQSACMGLAQDAAYASAIPRT
CSGGKTCESICADATSTMNKY STGGGP
LSTARCVDAFHIYSRRGQENVPYQPYV

VSWKYGVKGCFQTSCGPNFCCCIV

Mpytilus coruscus

Firmicutes
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Enterocin A ** TTHSGKYYGNGVYCTKNKCTVDWAK  Enterococcus

ATTCIAGMSIGGFLGGAIPGKC faecium CTC492
Garvieacin Q 3% EYHLMNGANGYLTRVNGKTVYRVTKD Lactococcus
PVSAVFGVISNCWGSAGAGFGPQH garvieae
Plantaricin 163 3% VFHAYSARGNYYGNCPANWPSCRNNY  Lactobacillus
KSAGGK plantarum
Planticarin F 3" VFHAYSARGVRNNYKSAVGPADWVIS  Lactobacillus
AVRGIHG plantarum

Bacteriocin acidocin KTHYPTNAWKSLWKGFWESLRYTDGF Lactobacillus

8912 %8 acidophilus

Other Phyla

Theromyzin % DHHHDHGHDDHEHEELTLEKIKEKIKD  Annelida
YADKTPVDQLTERVQAGRDYLLGKGA  (Theromyzon

RPSHLPARVDRHLSKLTAAEKQELADY tessulatum)

LLTFLH
cPcAMP1/26 °!° PPHKKKLAVYPVFLFYLFLSWFSLIV Ciliophora
(Paramecium
caudatum)
Serracin-P 43 kDa DYHHGVRVL Proteobacteria
subunit *!! (Serratia

plymithicum)
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Shepherin II *'2 GYHGGHGGHGGGYNGGGGHGGHGGG Tracheophyta
YNGGGHHGGGGHG (Capsella bursa-

pastoris)

SPP-12 313 FCHLCEDLIKDGKEAGDVALDVWLDEE Nematoda
IGSRCKDFGVLASECFKELKVAEHDIAI  (Caenorhabditis
DQEIPEDKTCKEAKLC elegans)

Holothuroidin 2 *'* ASHLGHHALDHLLK Echinodermata

(Holothuria
tubulosa)

EeCentrocin 2 " WGHKLRSSWNKVKHAVKKGAGYASG  Echinodermata

ACRVLGH

(Echinus esculentus)

P4 316

VLHTGYRKFLHRSKRFFHLR

Rumen of bacteria

Mannose-specific

lectin 3!7

DNHLLPGERLNPGNFLKQDRYMLIMQE
DCNLVLYNLNKPEWATKTANQGSRCF
VTLQSDGNFVIYDEHEQEGRNEAIWAS
KTDGENGNY VIILQKDGNLVLYSKPIFA
TGTNRFGSTAVVVAKRNRKAHFGVEQ

NIEVTTNL

Asparagales
(Dendrobium

findleyanum)

*Indicates that the sequences were found on ClustalO v1.2.4

**Indicates that the sequences were found on UniProt

Although both Cu?" and Ni?** ions are found in host and microbial environments, Cu** is

probably the most likely element to interact with ATCUN-containing AMPs (ATCUN-AMPs),

given the role of this metal ion in immunity. Cu®" has been observed at high concentrations in the
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phagocytic milieu as a response to infections by the human pathogens Mycobacterium tuberculosis
and Mycobacterium avium, or by avirulent Mycobacterium smegmatis.''?> Cu*" ions within
phagolysosomes of peritoneal macrophages were found at high micromolar concentrations.''
Additional indirect evidence for the presence of Cu ions in the intracellular stand-off against
microbes include the observation that in IFN-y and LPS-activated macrophages, the levels of the
Ctrl Cu importer are elevated.!!! In addition, the Cu pump ATP7A is overexpressed and localized
to the phagolysosome, suggesting transport of Cu into this vesicle.!!! Other indirect evidence
includes the observation that Salmonella Typhimurium-infected macrophage exposure to the
intracellular Cu chelator tetrathiomolybdate resulted in increased survival of the microbe.’!®
Besides the phagocytic environment, there are other sites of microbial infection in which Cu®" ions
are found at concentrations that can impact the activity of antimicrobial agents. Cu?* ions have
been found at higher levels during urinary tract infection by the pathogens Proteus mirabilis and
Klebsiella pneumoniae.'® Interestingly, in vivo studies have shown that Cu-deficient mice are
more susceptible to uropathogenic E. coli infection, indicating that Cu®* ions are an important
antimicrobial effector in urine.!”® Other bodily fluids such as saliva and sweat have been shown to
be essential host defense effectors against bacteria. For example, Cu®" concentrations ranging from

4.6+ 0.4 uM to 20 + 10 uM have been found in sweat, and human saliva contains Cu** ranging

from 1.6 pM to 7.5 uM.319:3%0

Clearly, Cu** ions are an important antimicrobial effector, and interactions with AMPs are
plausible during infections. Peptides can acquire Cu?" from places other than oxidative
compartments, as mentioned above, including from the microbes themselves. There is a labile pool
of Cu®" in the periplasm of E. coli where peptides can chelate metals.!??> Moreover, a peptide can

be post-translationally modified with Cu?" if they are carboxy-amidated as a post-translational
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modification by peptidoglycine a-amidating monooxygenase, which occurs in the Golgi apparatus

where metal ions can also be acquired.>?!

The Cu**-ATCUN complex can catalytically produce ROS. It has been hypothesized that
this ROS production happens through the redox cycling of the uncommon Cu?*/Cu** redox pair,'*’
although the exact mechanism by which ROS are produced from this catalytic cycling remains to

be elucidated.???

Despite this lack of mechanistic details, one can imagine how ROS production
can potentiate the activity of AMPs. A holo-AMP (i.e. the Cu**-bound AMP) can be localized on
the membrane or find an internal target (e.g. DNA or the chaperone DnaK), as many AMPs have
been shown to do, and when close, in situ generate and deliver its deadly ROS cargo. Several
artificial catalytic metallodrugs containing the ATCUN motif have been reported in the

literature 197,212,323-325

In the following sections, we will focus on selected ATCUN-AMP members for which
evidence exists concerning the involvement of the ATCUN motif in their mechanism of action.
Other examples are included to help us and the readers identify broad trends in the chemistry and
biology of these keystone molecular species. We have also compiled an exhaustive table of known

ATCUN-AMPs, therefore allowing other researchers to delve into these peptides.
3.1 BLAST sequence homology network

A sequence similarity network showing the BLAST homology between ATCUN-AMP
sequences was used to develop a classification scheme for ATCUN-AMPs (Figure 11).32° A total
of 260 AMP sequences were compared to each other using BLASTp (v.2.6.0) with default
parameters.>?” We iteratively filtered this dataset to exclude false-positive links with the script

available at https://github.com/klassen-lab/BLLAST parser for cytoscape, using clustalOmega
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(v1.2.4; default parameters used) multiple sequence alignments of representative network clusters
to confirm homology relationships.>?® Our optimized parameters included sequences that shared
more than 40% identity, higher than 10% alignment of the shorter sequence to the longer one, and

an e-value (which describes the statistical likelihood of a false-positive match) less than 0.0264.
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Figure 11. Sequence similarity network of 216 ATCUN-containing AMPs. Nodes (circles)
represent individual AMP sequences, and are colored by their phylum of origin. Edges (lines
connecting the nodes) represent homology relationships between AMPs.

The resulting BLAST homology network contains 21 clusters that together included 216
ATCUN-AMPs, with the remaining 44 AMPs representing singleton clusters that lacked
relationships with the other sequences in the dataset. Of the 21 clusters containing at least 2

sequences, five clusters contained more than 10 sequences. Each cluster contained only sequences

that were encoded by members of a single phylum, and the phylogenetic distributions of clustered
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ATCUN-AMPs approximated that in the input dataset. Of the 21 clusters, 13 included sequences
from Chordates, six included sequences from Arthropods, and two included sequences from
Mollusks. The remaining 44 singleton sequences are ATCUN-AMPs from Firmicutes,

Arthropods, Chordates, and other phyla with limited representation in our dataset.

Most of our clusters defined based on sequence homology included ATCUN-AMPs with
similar annotations. The largest cluster (Cluster 1) included 86 sequences that were mostly
annotated as hepcidin AMPs. Cluster 2 included has 21 sequences that are primarily annotated as
piscidins, and Cluster 3 included 20 sequences that were all annotated as histatins, except for one
that was annotated as ATCUN-C16. Clusters 4 and 5 both included 10 sequences that were all
annotated as B-defensins and abaecins, respectively. Cluster 6 contained nine myticins, and Cluster
7 contained nine furins. The remaining 14 clusters have six or fewer sequences, which limits the
generalizability of their annotations. As more naturally occurring AMPs are discovered and
studied, there may be additions to the clusters that will expand the information available for these

families of AMPs.
3.2 Ixosin and other insect AMPs

The peptide ixosin (GLHKVMREVLGYERNSYKKFFLR-NH;) has been isolated from
the saliva of the tick Ixodes sinensis and identified as a saliva immunogenic peptide in Amblyomma
americanum.>*® "TH-SN HSQC, 'H-'3C HSQC, and ESI-MS was used to show that ixosin binds
to one equivalent of Cu?* ions via the ATCUN motif and is capable of producing ROS and
oxidizing membrane lipids.''® Removing the ATCUN motif by deleting the first three amino acids
had a detrimental effect on its antimicrobial and antifungal activity. In susceptibility assays, the
addition of the copper chelators triethylenetetramine and penicillamine to E. coli cells treated with

ixosin partially rescued the growth of bacteria, demonstrating that this AMP has at least two
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mechanisms of action, one that involves Cu?" binding and a metal-free mechanism. Depletion of
O: in susceptibility assays also led to increased survival of cells. This result was interpreted as a
consequence of lower levels of ROS being produced by the ixosin-Cu?>" complex. However,
mutating His3 to Ala only affected its antifungal activity. Organisms often encode more than one
AMP, and in the case of [  sinensis a second AMP, ixosin B
(QLKVDLWGTRSGIQPEQHSSGKSDVRRWRSRY-NH>»), that does not possess an ATCUN
motif), has also been isolated from its salivary glands. Synergy studies between ixosin and ixosin
B have provided insights into one of the many roles of ATCUN-AMPs. Synergy between ixosin
and ixosin B was shown to occur only with an E. coli strain containing elevated levels of
unsaturated fatty acids in its membrane. The synergy was abolished when the ATCUN motif was
removed (by either deleting the first three residues or through an H3 A mutation) or prevented from
binding Cu** ions.!"® These results indicate that the ATCUN motif is imperative in eliciting a
synergistic interaction between ixosin and ixosin B. When E. coli were treated with ixosin B alone,
the peptide was found to localize in the cytosol. Interestingly, when the bacteria were co-treated
with ixosin and ixosin B, the latter was found localized to the E. coli membrane. Ixosin B
localization was restored when a mutant of ixosin with abolished Cu-binding activity (and in effect,
ROS formation) was used.''® These studies agree with recent reports in literature suggesting that
oxidized phospholipids in bacteria are potential targets for antibiotic intervention.>**33! These
findings are relevant to the development of treatments of Borrelia burgdorferi, the causative agent
of Lyme disease transmitted by ticks, as this pathogen possesses membranes enriched with
polyunsaturated fatty acids that are particularly sensitive to attack by ROS.*? Intriguingly, the
saliva of 4. americanum has been shown to contain ixosin and has borrelicidal activity but this

tick is not a vector for the disease.>*> These studies on ixosin and its ability to assist other AMPs
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by damaging bacterial membranes are also relevant in the context of phagocytic killing of bacteria,
since (1) phagosomal ROS can oxidize certain bacterial lipids and turn them into better targets for
AMPs, and (2) AMPs can disrupt the bacterial membrane to allow ROS to access the bacterial
cytosol. High-resolution, spatiotemporal monitoring of the progress of phagocytic killing is

desirable to address this ambiguity.>3%33!

It is not surprising that ixosin acts as an antimicrobial effector to assist other AMPs since
other AMP pairs have shown synergy, although its mechanism is indeed unique. A long-standing
idea to explain the diversity among AMPs is that they work as a chemical cocktail in which the
different components provide assistance to each other. This hypothesis has been supported by a
number of reports, particularly from insect AMPs. A competing hypothesis is that the AMP
diversity has emerged as a response to the variety of pathogens that invade a host and that AMPs
specifically target subsets of these invaders.**% The latter thesis has been supported by
evolutionary studies that show AMPs experience positive selection in selected organisms. In an
aforementioned study, the deletion of 14 AMP genes in fruit flies demonstrated AMP specificities
for controlling different types of infections.” Yet, a third hypothesis can be proposed in which
both hypotheses are correct. For example, in Drosophila melanogaster, where high specificity in
the activity of AMPs has been observed, the AMP metchnikowin, an ATCUN-containing AMP,
was overexpressed when the organism was challenged with fungi, Gram-negative and -positive
bacteria.®* Diptericin, cecropin A, attacin, drosomycin, and drosocin only responded to one or two
challenges but never to three of them. These results seem to indicate that metchnikowin can assist

in the stand-off between the other AMPs and the invading pathogens.

Several other insect ATCUN-AMPs have been reported (Table 2) but besides ixosin, none

of the studies have delved into the role of Cu?" binding. We would like to introduce one more
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family of insect ATCUN-AMPs, since their study could help dissect strategies that underlie the
expression and conservation of ATCUN-containing AMPs. Abaecins are an important class of
insect AMPs and are a representative example of gene duplication. In the ancestor of
Hymenoptaera, an abaecin gene was duplicated, forming the type 1 and type 2 abaecins. Type 1 is
vertically inherited by bees, wasps, and five ant species. Type 2 has been lost in bees, wasps, and
three ant species. Type 1 abaecins do not have significant antimicrobial activity against Gram-
negative bacterial pathogens. Abaecin
(FVPYNPPRPGQSKPFPSFPGHGPFNPKIQWPYPLPNPGH) alone did not exhibit any activity

against E. coli, even at concentrations higher than its physiological concentration in

Table 2. Ant ATCUN-AMPs that contain a predicted DnaK binding motif.

Peptide Sequence Organism
Atabaecin??®  DTHTFSTHKIRLPNGPGYGPFNPHQSWPIPWPNNG  Atta cephalotes
Aeabaecin??®  DIHTLSTHKIRLPNGPGYGPFNPHQPWPIPWPNNG  Acromyrmex

echinatior
Pobabaecin® 22 DTHALPKHRLRLPGGGPGYGPFNPRLPWPIPLPNRDH Pogonomyrmex
barbatus
Siabaecin®®  DTHALPEHRPRLPEGPGYVLENPRQPWPVPWPNHGR Solenopsis invicta
T
Trabaecin® ~ DTHALPKHRFRLPSGPGYGPFNPQQPWPVPWPNNG ”’Ch;v’?“y”mex
cornetzi
A
Acabaecin®  DTHTLSTHRIRLPSGPGYGPFNPHQPWLISWPNQ cromyrmex
echinatior
Atabaecin-2¢ DIHTLSTHKIRLPNGPGYGPFNPHQPWPIPWPNNG Atta colombica
Cyph
Cyabaecin®  DTHTFSTHKIRLPNGPGYGPFNPHQPWPIPWPN spomymes
costatus
P.
Psabaecin®*  DTHTLLTHRIRLPNGPGYGPFNPHQPWPIPWPNNG Se”_‘j‘_’my rmex
gracilis
W .
Wasabaecin® DTHTLSTHRIRLPNGPGYGPFNPHQSWPIPLPNNG - anid
auropunctata

¢ Retrieved using BLAST searches of GenBank.

b Highlighted in bold are the His residues. Underlined is the predicted DnaK binding motif.

¢ Predicted heptapeptides for DnaK binding are overlapping. THRIRLP and RIRLPNG for
Psabaecin and Wasabaecin. KHRLRLP and HRLRLPG for Pobabaecin.
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insects.’*® However, when it was co-incubated with hymenoptaecins, abaecins achieved cell
growth inhibition and killing, suggesting synergism between the two AMPs.>*¢ The two peptides
have complementary mechanisms of action, hymenoptaecins being pore-formers and abaecins
being DnaK binders, which may have caused their synergistic antimicrobial activity. In particular,
hymenoptaecins form the pores that allow abaecins to easily enter the cell and effectively inhibit
protein folding by binding to DnaK.3*¢ Interestingly, other pore-forming AMPs found in different
insect species, namely stomoxyn and cecropin A, exhibit potentiation of antimicrobial activity
when present together with abaecins.**” Of particular interest to the current review are the type 2
abaecins from fungus-growing ants, as they have a conserved ATCUN motif in their mature
peptide sequences and act in a complex ecosystem that includes fungal gardens. By doing a
BLAST search against the NCBI database, we were able to identify conserved sequences of type
2 abaecins from different ant species (Table 2). Six of these ant species are fungus-growing (two
Acromyrmex,® Cyphomyrmex,**® Trachymyrmex, and two Atta**’).3*!34> Using the molecular

chaperone binding site prediction Limbo (http://limbo.switchlab.org/), all the type 2 abaecin

peptides are predicted to be DnaK binders, with heptapeptides dominated by Arg, Lys, and Pro
residues as the predicted motif for DnaK binding (Table 2). Notably, the peptide siabaecin was
predicted to have a DnaK binding motif that does not have any Arg nor Lys residues, but it has
Pro residues, which could decrease the flexibility of the peptide and reduce entropy loss upon
binding to DnaK.*® Furthermore, the peptides psabaecin, wasabaecin, and poabaecin have more
than one heptapeptide predicted to be DnaK binding. Two heptapeptides in psabaecin and
wasabaecin are overlapping, namely THRIRLP and RIRLPNG, while two of three heptapeptides
in poabaecin are also overlapping, namely KHRLRLP and HRLRLPG. We hypothesize that type

2 abaecin peptides also act by binding DnaK, and that their activity is potentiated by binding Cu**
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to the ATCUN motif. Given their environment, the ant type 2 abaecins probably mediate symbiotic

interactions with fungus-growing ants and may explain its presence in several ant species.
3.3 Piscidins: archetypal metalloAMPs

Piscidins are a class of a-helical, His-rich AMPs from teleost fish that were originally
isolated from mast cells and granules of hybrid striped bass (Morone saxatilis x M. chrysops).>*3-%
Since the elucidation of the first piscidins, multiple others have been identified from teleost fish,
more specifically from the Perciformes order.’**** Pleurocidins, moronecidins, gaduscidins,
myxinidin, epinecidin, chrysophsins, and dicentracin have all been designated as piscidins. The
different piscidins range from 12 to 44 residues, with the majority having 22 residues (Figure 12).
Piscidins can exist in an amidated or non-amidated form, where amidation can mediate proteolytic
effects, however, this feature does not seem to change the secondary structure or orientation in the
bilayer.**® Piscidins have low C-terminal sequence homology but a highly conserved N-terminus
with His, Phe, and Ile residues, as well as a highly conserved propeptide region. Piscidin peptides
are all a-helical to some extent and are characterized by a four exon/three intron gene sequence,
with few exceptions. A sequence alignment with several piscidins reveals that His3, His4, His11,
and His17 are all conserved residues, along with Gly8 and Glyl3 (Figure 12). It has been

hypothesized that the large number of His residues in the sequence leads to the higher antimicrobial
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activity at low pH due to an increase in the charge of the peptide upon protonation of the His
residues (pKa = 6.0). The increase in activity as the pH is lowered, however, is not always the
case.**” Coincidently, piscidins have often been found in acidophilic granules and phagocytic cells,
suggesting that the pH-dependent activity is biologically important.>**3443%8 The isolation of
piscidin-1, -2, and -3 (pl, p2, and p3, respectively) was the first report of AMPs in

344

immunologically relevant cells.”* p1, p2, and p3 are transported to the phagosomes upon ingestion

of bacteria, hinting at an intracellular role, in addition to extracellular modes of action.>*

The first piscidins (p1, p2, p3) have a highly conserved N-terminal region with His, Phe,
and Ile residues, where p2 is identical to p1 with the exception of an Arg to Lys mutation (Figure

12).3% All three piscidins are 22 residues long and have an ATCUN motif (FFH in p1 and p2, and

Figure 12. Piscidin AMP alignment, showing conserved N-terminus region.

20

|
SMGKHEHGEN

oreoch-1 [EMHANBNGGEE -HGH - - 23
TP3 | SUGKHMHSEN -HGH- - 23
Pteroicidin-o HVUGKSHHBER -B---- 21
Oreoch-2 SAGKANHREN -RRERER 25
TP4 SAGKANHREN -RRRRR 25
Sablefish Piscidin KNMGKEsSHHGEN -RRRHG 25
Aimaco Jack Piscidin  [§ll HEcEvEHEsS ANl NRRRHG 26
Greater Amberjack Piscidin HNGEVMBHS AN NRRRHG 26
Piscidin-3 HAGRSHGREER -TG--- 22
Sea Bass Piscidin NAGKSHGREN -TGGKA 25
Gaduscidin-1 HGNRANHRAN H- - - - - 21
Gaduscidin-2 HHG-B- - -sB EGBRAB 21
Gaduscidin-3 (pis-2B) HHGEE- - -Bv MRSN-N 21
Piscidin-1 HYUGETHHREN -T7G--- 22
Piscidin-2 HMGKTHHEEN -TG--- 22
sb-moronecidin HVUGKTHHREBN -TG--T 23
wb-moronecidin HVUGKTHHEEBN -TG--T 23
Dicentracin E HMGKSHHEEN -TG--- 22
Striped Beakfish Piscidin [EEHHBEENGEN GNGEKTHHREN - TGGREN 25
Japanese Amberjack Piscidin [EEHABBSGHEE HNMGEVBHGAN HEERRH- 25
Yellowtail Kingfish Piscidin ] HUGKEVEHGAN QRRRH- 25
Mandarin Fish Moronecidin HYUGKTHHREN -TG--- 22
Myxinidin -McEP - - - - - - - - S 12

Consensus FIHHIFRGIX HVGKTIHRLI -XG---

100% — i
conseraten |1 |l inellin ERTEMom e
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FIH in p3). Hydrophobic and bulky residues, such as Phe, Ile, and His, around His3 are expected
to enhance the stability of the Cu?>" complex in piscidins.!” These bulky residues, coupled with
the loss of a positive charge upon metal binding, have been suggested to have a role in insertion
of the N-terminus into the bilayer.!” Using ssNMR, the Cotten group showed that His4 is not
significantly perturbed upon Ni>* binding.!” The structure of the first six residues of p3 bound to
Ni%*, used as a proxy for the paramagnetic Cu?* ion, was determined using DFT calculations and
ssNMR data. It shows that Ni?>* binds in a square planar manner, and that the side chains of Ile2

and His4 surround the metal center.!”’

Piscidins have been found to be only moderately hemolytic, while retaining activity in high
salt conditions and at low pH.**° Furthermore, piscidins have therapeutic potential due to their

activity against fish pathogens and parasites,?*?**** human related pathogens,****>* fungi,3*3!

332 When pl and p3 were tested against Trichosporon beigelii and C. albicans, they

and viruses
had better activity than amphotericin B, an antifungal antibiotic, showing their broad reach as
therapeutic agents.>* It was found that p1 acted against fungi by disrupting the membrane.** p1 is
more active than p3 against Gram-negative bacteria, but have similar activity with Gram-positive
species.* This difference could be due to p1 having four times more membranolytic activity than
p3, possibly because of the increased hydrophobicity of p1 causing more perturbations/defects in

the bilayer.>*°

pl and p3 also tilt into the membrane and this may facilitate their transfer into the
cell.>* Interestingly, many of the piscidin peptides have Arg or Lys residues at the middle and C-
terminus of the peptide that could indicate that these peptides have different roles. For example, it
is known that Arg rich peptides enter cells more easily and can have strong DNA binding

interactions, which coincides with these peptides’ flexibility to bind to multiple targets.

Intracellular mechanisms have also been probed. Using confocal microscopy, pl and p3 can
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accumulate at the septum of bacteria and co-localize with the nucleoid region, suggesting that
DNA may be bound by these peptides.>*° This increased DNA interaction is potentially due to
having three rather than two Arg residues and a Gly17 rather than His17 that yields a more flexible
C-terminus.>° Interestingly, ssNMR experiments show that the ATCUN motif of p1 and p3 adopt
conformations simultaneously poised for DNA and metal-ion binding.!'” MD simulations have
also been used to study piscidin and DNA interactions. The MD simulation system included a short
duplex of DNA and piscidin (either p1 and p3), solvated with TIP3P water molecules.!" It was
calculated that the binding energy of p3 to DNA is more negative than the binding energy of p1 to
DNA, implying stronger binding for p3 with DNA.!'!° This can be due to the greater number of H-
bonding interactions observed between p3 and DNA. Furthermore, the hydrophilic residues of both
pl and p3 prefer to interact to the DNA phosphate backbone than to the water solvent, exposing
the hydrophobic residues to the water solvent.!' Due to this, the aggregation of piscidin-DNA
complexes is favorable, evident from the more negative binding energy for the aggregated

piscidin-DNA complex than for the monomeric piscidin-DNA complex.

One known mechanism of piscidins is to kill their bacterial target by disrupting the cell
membrane. This has been shown experimentally and through MD simulations using microsecond-
long simulations of multiple p1 peptides interacting with a heterogeneous bilayer of POPC and
POPG.#:45:330353.354 Here, the pores were placed in the starting structure of the simulation and,
eventually, the peptides tilted to a surface-bound orientation, indicating that tetramers or hexamers
were not able to stabilize the pore.*** The surface-bound state of p1 was stabilized by orienting its
hydrophobic residues towards the hydrophobic core of the bilayer, specifically the Phe residues,
thereby, maximizing the hydrophobic moment of the o-helix.*>* In the same study, 16 peptides

were bound to the surface of the POPC:POPG bilayer and membrane defects were seen to be
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formed transiently.>>®> Once a peptide was inserted into the membrane defect, it resulted in
stabilization of the defect and the peptide being on a tilted conformation.***> This occurred for
about 10 to 20 ns before the peptide goes back into the surface-bound state and the C-terminus
preferred to insert into the membrane defects over insertion of the N-terminus.***>* While the
lifetime of membrane defects may be shorter than the lifetime of a typical membrane pore, the
preference of the p1 to insert into such defects, rather than spontaneously forming a pore, allows
water permeation and can potentially initiate the membrane disruption mechanism of
piscidins.**>>3 Another type of defect with a longer lifetime (~100 ns) was found to be inserted
with two C-terminal regions of p1 and one N-terminal region of p1.** These defects were described

to be funnel-like, facilitating water leakage through the bilayer.**3>

The role of Cu®" in the activity of p1 and p3 is not limited to its bactericidal activity. p1
and p3 induce chemotaxis by utilizing formyl peptide receptors 1 and 2 (FPR1 and FPR2).>% FPR1
and FPR2 are receptors on neutrophils that, when activated by bacterial peptides, can trigger
phagocytosis, degranulation, and ROS production.>*® Using FPR-transfected cell lines and
knockout mice, it was shown that pl and p3 use FPR1 and FPR2 to induce chemotaxis and that
pl1-Cu** and p3-Cu?®* reduces chemotaxis induction.’*> The authors suggest that an XVGK in the
middle of the peptide sequence is a possible commonality that these piscidins share with other
FPR-binding peptides such as pleurodicin and LL-37.3> Notably, our alignment in Figure 12
shows a conserved HVGK sequence among the ATCUN piscidins, suggesting that piscidins as a
class can act as FPR binders. Additionally, the lower binding observed by p3 may be explained
due to an Arg rather than a Lys residue being in the fourth position of the suspected binding

sequence, or His17 in p1, where there is a Gly in the same position in p3.3
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Many other piscidins have been reported; however, the role of the ATCUN motif have not
been studied. For example, p2 has been found to have partial synergism with CuSO4, which is
commonly added to fish farms to prevent bacterial infections,*>’ in susceptibility assays against
the fish parasites Saprolegnia spp. and Tetrahymena pyriformis.'*° Recently, five peptides were
isolated from the teleost fish nile tilapia (Oreochromis niloticus) and were named TP1-TP5.2%7
These peptides range from 18 to 26 residues and they were all predicted to be a-helical.>*” TP3
and TP4 have high sequence homology to the original piscidins and contain the FIH ATCUN
sequence.”’’ TP3 and TP4 were also independently reported and named oreoch-1 and oreoch-2
respectively by Acosta et al.>* TP3 and TP4 were isolated in immunologically relevant tissues
including the gills, epidermis, head kidney, intestines, heart, brain, kidneys, spleen, and gut.?3¢2%
Under bacterial challenge, TP4 expression was increased 10- to 60-fold in the head, kidney, gills,
and spleen, while TP3 expression was not affected.??” The structure of TP4 was determined using
NMR and indicated the importance of the Phe, Ile, and Leu residues in the center of the peptide
for the formation of an o-helix.**® Importantly, like p1, p3, and other piscidins, TP4 also has a
G(X)4G motif in the middle of the sequence that may confer additional conformational flexibility,
which might be a requirement for the multiple functions of piscidins. More relevant to the metal-
binding chemistry that we are trying to illustrate in this review is that mutations to the TP4
sequence have revealed that the bis-His motif (His3 and His4) at the N-terminus of piscidins is
necessary for the antifungal properties of the peptide. When these residues were substituted for
Ala, there was a complete loss in activity against fungi, indicating that His4 and the ATCUN motif
may be necessary for fungicidal activity.?*® Intriguingly, histatin 5, a human salivary peptide (vide
infra), requires the bis-His motif to be active against C. albicans and may imply that the piscidins

can also bind to Cu!", and not just Cu?" ions.'*
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The aforementioned bis-His motif is quite common among fish AMPs, suggesting that the
presence of His3 and His4 provide an advantage. Pteroicidin-a (FIHHIIGGLFHVGKSIHDLIR)
was isolated from the skin of Pterois volitans, the lion fish, as a mixture of amidated and
nonamidated forms.?** The lion fish is widely distributed through the Indo-Pacific reef and has
become an invasive species in the Western Atlantic and Mediterranean Sea with few or no
predators. Dicentracin, isolated from the head kidney leukocytes of sea bass, was also found in
leukocytes in the peripheral blood and in the peritoneal cavity where there are a high abundance
of neutrophils and macrophages.?**> Acute stress increases levels of dicentracin in the gills, and to
some extent the epidermis, suggesting that the peptide also has a role in stress regulation besides
its known role as an immune effector.>>® Whether its role in stress response is modulated by metal

ions or not remains to be determined.

The Atlantic cod (Gadus morhua) expresses three different piscidins, gaduscidin-1 (gad-
1), gaduscidin-2 (gad-2), and and gaduscidin-2p (gad-2f), where gad-2f is a splice variant
(alternatively named pis1, pis2, and pis2-B).>**** In our recent studies, we have shown using ESI-
MS that gad-1 was able to bind to two Cu*" ions through an ATCUN motif and an HXXXH
motif.**® Gad-1 was able to bore pores in the membrane, in addition to being able to significantly
increase the amount of lipid peroxidation in E. coli membranes in the presence of Cu**.3® We are
continuing to study the implications of the multiple Cu®" binding sites of gad-1 and the
implications on the activity of the peptide. Both gad-1 (FIHHIIGWISHGVRAIHRAIH[G]) and
gad-2 (FLHHIVGLIHHGLSLFGDRJ[AD]) contain bis-His motifs, with gad-2 containing a
second bis-His motif in the center of the sequence. The presence of these His pairs could influence
how Cu®* ions are handled. It is also possible that the bis-His motifs do not handle metal ions at

all, since MD studies on gad-1 and gad-2 show the bis-His motifs interacting with the membrane
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phospholipids where there was curvature.**! MD simulations where POPC lipid molecules and a
gad peptide were placed randomly inside a cubic simulation box. Throughout the simulation, the
lipid bilayer would self-assemble with the peptide, revealing that when a pore is formed, His17
and Argl8 from gad-1 interacted with the planar part of the bilayer but to a lesser extent than the
HH pairs.*¢!*%? This indicates that the lipid interaction is not purely due to the charge of the His
pair. Having a charged particle bound on the ATCUN site may drive stronger dipole-dipole
interactions between the metal ion and the polar lipid headgroup and, if anionic lipids are present,
it can even form stronger interactions via electrostatics. His3 interacted with the rim of the lipids

in the pore when the peptide was protonated, reinforcing the idea that the His residues are

important to the activity of these peptides whether they are metal bound or not.**!
Table 3. MIC of Myxinidin mutants against Gram-negative pathogens.?¢364
Myxinidin MIC Values (uM)
Variant S. aureus E. coli P. aeruginosa S. typhimurium K. pneumoniae

Myxinidin 10 5 30 20 10
H3A 20 >50 15 10 30
H3R 10 5 20 5 5
H3K 15 10 30 5 10

At this point, it is important to note that it is possible that the activity engendered by the
presence of the ATCUN motif, as it relates to metal binding, might be dependent on the bacterial
strain. This is not surprising as many antibiotics and antimicrobial molecules show selective
activity.>#>3%7 The case of myxinidin (GIHDILKYGKPS), an AMP isolated from the epidermal
mucus of the hagfish Myxine glutinosa L.,>** can be illustrating. Myxinidin has been reported to
be active against Gram-negative and Gram-positive bacteria, fungi, and fish pathogens.?**
Although the role of Cu?" ions in the activity of this AMP has not been probed, an Ala walk was
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utilized to determine the essential residues. None of the mutants dramatically changed secondary
structure, as all were ~60% helical in TFE.>%* Due to the decreased MIC against K. pneumoniae,
P. aeruginosa, and S. Typhimurium, the authors stated that His3 was not essential to the activity
of the peptide.*** However, substitutions of the His3 residue did have an effect on the MIC against

E. coli, Staphylococcus aureus, and K. pneumoniae (Table 3).%

The body of research on piscidin peptides gives some perspective on how these peptides
work in the natural system and how these peptides can be utilized as therapeutic agents. Piscidins
are found ubiquitously in the tissue and are localized in acidophilic granules and phagocytic cells
that allow the peptides to be protonated and highly charged, interact with labile Cu®" ions and
heparin, and activate immune cells through receptors.3#3-344348355 These features all contribute to
the antimicrobial activity of this class of peptides. Although we know that some piscidins synergize
with Cu®* to potentiate their antimicrobial activity, more studies of piscidin peptides and metal
ions need to be conducted to further understand the crucial role that metal ions have on their
immunomodulatory and antimicrobial activities. Due to their broad-spectrum activity, piscidins
have great potential to be utilized as therapeutic agents in both humans and fish. The N-terminal
sequence homology should also be further investigated. All of the ATCUN piscidin peptides have
a His in the 4™ position, with the exception of myxinidin, and conserved His residues in the 3rd,
11th, and 17th positions. The N-terminus has many hydrophobic residues that form a “fence” and
induce strong metal binding abilities. This may be crucial to the ability to bind metal ions outside
of the phagocytic compartments, where labile Cu?* may be scarce. An interesting similarity is to
gonadotropin-releasing peptide hormones (GnRH) that are found in mammals and invertebrates
and functions to regulate reproduction by triggering hormone release.>*® GnRH peptides bind to

G-coupled receptors, in part facilitated by the ability of the peptide to bind Cu**.*® Binding in
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most mammalian GnRHs is modulated by a pEH motif at the N-terminus, and the binding
coordination involves the His Nim, pyro N, and a solvent molecule.*® Intriguingly, invertebrates,
specifically the starfish Asterias rubens, have GnRHs that bind Cu?* using an ATCUN motif.>®8
When comparing the ATCUN motif, the pEH motif found in mammals, and the pEXH ATCUN
motif, there was a stronger Cu?* binding affinity for the ATCUN motif by three orders of
magnitude that may be explained by the lack of Cu®" in seawater where starfish are found.**® The
other GnRH peptides that contain an ATCUN motif are also found in the ocean, including in other
echinoderms and mollusks. Although starfish are in the echinoderm phyla and piscidins are found
in chordates, this may apply to piscidin peptides as well and explain why they have such a
hydrophobic and conserved N-terminus. Other conserved residues are also important for peptide
flexibility, such as the G(X)4G motif, where Gly is in the 8" and 13" positions. However, gad-1 is
the only peptide that has shifted Gly residues and this was found to have been positively selected
for.3”" The conserved, hydrophobic nature of the N-terminus of these peptides may be specifically
conserved to stabilize Cu** binding at the ATCUN motif. His4 is in very close proximity to the
metal binding site, but based on ssNMR evidence it does not seem that this residue binds to the
metal ion and it may only be there as a hydrophobic fence to stabilize metal binding (Figure 13).!7
While there have been suggestions about the role of these residues, more work must be done to
understand why they are conserved in this family of peptides. Other piscidin peptides have more
than one metal binding motif, e.g. HXXXH (vide infra) and bis-His motifs, that could point to a
central role of the synergistic interaction of piscidins and metal ions in phagocytic compartments.

Additionally, the unique roles of each peptide or the possibility for synergy with multiple AMPs
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that utilize Cu?" needs to be investigated. Many other AMPs localize to phagocytic compartments

and may interact with piscidin peptides or other small molecules.

3.4 Peptides from tunicates
The tunicates are invertebrates classified within the phylum Chordata due to the presence
of a larval notochord in their early development.>’! Tunicates are of great interest, as they are the

closest relatives of vertebrates, yet are developmentally far simpler. As such, studies on their

Figure 13. The ATCUN motif forms the hydrophobic fence that stabilizes the binding of metal
ion. Reproduced with permission from Ref. 179. Copyright 2019 John Wiley and Sons.

immune system and embryo development are abundant.?”>*”® The tunicates are represented by c.a.
3,000 species, commonly divided into four classes: Appendicularia, Ascidiacea, Sorberacea, and
Thaliacea. Tunicate metabolites have been isolated for almost 50 years, since many of these
molecules have been shown to be biologically active.’”**”> A variety of peptides, both cyclic and
linear, have been isolated from these organisms, particularly from the Ascidiacea class. The
ascidians are rich in peptides containing D- and L-amino acids, as well as modified residues such

as 3,4-dihydroxyphenylalanine (DOPA) and 3,4,5-trihydroxyphenylalanine (TOPA). One can also
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encounter oxazole, thiazole, oxazoline, and thiazoline rings among the different isolated
compounds from the Ascidiae.’’37*
3.4.1 Metal-binding peptides from tunicates

Several cyclopeptides have been isolated from a symbiotic cyanobacteria associated to

Lissoclinum patella.’’*>" The patellamides and lissoclinamides are two examples of the peptide

Name X z R, R, R; R,

Y\ patellamide A Me H D-Val L-lle D-Val L-lle
:} N-— patellamide B Me Me D-Ala L-Leu D-Phe L-lle
patellamide C Me Me D-Ala L-Val D-Phe L-lle

patellamide D Me Me D-Ala L-lle D-Phe L-lle

*ii patellamide E Me Me D-Val L-Val D-Phe L-lle

S / patellamide F H Me D-Ala L-Val D-Phe L-Val
ascidiacyclamide Me Me D-Vval L-lle D-Val L-lle

Figure 14. Depictions of selected patellamides containing thiazole and oxazoline rings. These
moieties can bind metal ions with high affinity.

families isolated from L. patella, and a few of them are shown in figure 14. The patellamides are
cyclooctapeptides characterized by the presence of two thiazole and two oxazoline rings, common
metal binding ligands.****! Patellamide D forms mono- and di-nuclear Cu®" complexes, whereas
patellamides A, B, and E bind Cu?" and Zn?* but not Mg?" and Ca?".**? Patellamides A, B, and E
can bind two metal ions per molecule. By titrating solutions of CuCl, and ZnCl, into methanol
solutions of the three aforementioned patellamides, Freeman and coworkers determined the metal
binding affinity of the three cyclopeptides.*®? The first binding domain has a binding constant in
the ranges 1.5 x 10* - 3 x 10°, and 3 x 10* - 8 x 10* for Cu** and Zn**, respectively. The second
binding site in patellamide B has binding constants of 230 and 20 for Cu?* and Zn?", respectively.
The X-ray structure has been reported for a dinuclear Cu?" complex of ascidiacyclamide, a closely

related tunicate cyclooctapeptide (Figure 15).% Interestingly, L. patella, as well as many other
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tunicates, are known to concentrate many transition metal ions several times the concentration
found in the local marine environment,240-384.385

Linear AMPs have been isolated from the hemocytes of Halocynthia roretzi, Styela plicata
and S. clava.**%3% Many of these peptides contain DOPA residues derived from post-translational
modification of Tyr (Figure 16).383% Polyhydroxyphenylalanines such as DOPA, TOPA, and
their derivatives are well-known metal-binding moieties and are found in metallophores, enzymes,
and adhesion proteins.*®3% Plicatamide (FFHLHFH-dcADOPA, where dcADOPA represents
decarboxy-(E)-a,B-dehydro3,4-dihydroxyphenylalanine), is the most thoroughly studied AMP in
this class, although more studies are needed to get a full picture of its antimicrobial activity. So
far, the evidence suggests that plicatamide targets the bacterial cell membrane and distorts

ionophore gating.>** Whether it binds transition metal ions such as Fe** or Cu®" remains to be

elucidated.
HO OH
=N X
N NH HNSN HO oM
= HO =
HN N HoN N Z HoN N -
H ' H o ' o} H o
N N N
H H O H
HO OH HO OH HO OH
Halocyamine A Halocyamine B Sp-1
HNTS HNSN HNTSN

Plicatamide

Figure 16. DOPA-containing peptides. Dihydroxyphenyl residues are shown in blue.

Figure 15. Crystal structure of ascidiacyclamide (CSD Entry: POHKOM)**3
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3.4.2 Clavanins

The clavanin family of cationic, a-helical AMPs was isolated from phagocytic hemocytes
of S. clava,®®® suggesting that these AMPs constantly interact with metal ions relevant to the
immune system. The family contains six members with roughly 80% sequence homology, and a
sixth member with only ~50% similarity that was discovered through the homology of the
prepropeptide region of its genome (Table 4).23%2°3%7 Clavanin A is by far the most studied
member of the family, appearing in at least 15 publications across five different laboratories, while
each of the other members of the family have only appeared in the publication in which they were
first reported.?®2*° Clavanin B is nearly identical to clavanin A, with the only difference being an
Arg in place of a Lys at position 7, though this is a conserved mutation as both residues are
positively charged at biologically relevant pH values. Clavanins C and D were discovered to be
the most active members of the clavanin family against not only Gram-negative and Gram-positive

bacteria, but fungi as well.*’

Despite this potency and broad-spectrum activity, clavanins C and
D have never been studied in depth, likely due to the modified Tyr residue in the sequence, which
was originally believed to be a methyl-Tyr, although the discovery of the styelin family of peptides
has indicated that the modified Tyr may actually be a DOPA residue.’*® Additionally, clavanin C
contains an ATCUN motif which is likely capable of binding Cu®*, although the role of copper

binding in the activity of clavanin C has never been explored.

Table 4. Sequences of the clavanin family of peptides.***’

Peptide Sequence
Clavanin A VFQFLGKIIHHVGNFVHGFSHVF
Clavanin B VFQFLGRIIHHVGNFVHGFSHVF
Clavanin C VFHLLGKITHHVGNFVYGFSHVF ¢
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Clavanin D AFKLLGRIIHHVGNFVYGFSHVF ¢
Clavanin E LFKLLGKIIHHVGNFVHGFSHVF

Clavaspirin FLRFIGSVIHGIGHLVHHIGVAL

@Y represents a post translationally modified Tyr residue
As a result of the lack of general attention for the other members of the clavanin family, clavanin
A is the only member for which anything is known beyond relative antibacterial
activity.28°7:135239.399-402 Clayanin A was initially thought to act on the membrane, with two
distinctly different activities depending on the pH of the peptide.***#% This pH dependence is not
surprising given the relatively high quantity of His residues found in its sequence. Using bacterial
cytological profiling, we have recently demonstrated that clavanin A uses a multipronged approach
that includes Zn?"-based DNA hydrolysis in addition to the aforementioned membrane targeting.’’
The potential for the use of clavanin A as a novel antibiotic has been well-explored. It has been
studied in vitro in murine wound infection models, wherein clavanin A-treated S. aureus wounds
showed improved healing and eradication of bacteria from the wound.**® Additionally, in systemic
infection models, clavanin A treatment resulted in increased survival for both E. coli- and S.
aureus-infected mice. Clavanin A has also proven effective against biofilms, preventing the
formation of E. coli and S. aureus biofilms and perturbing preformed K. pneumoniae biofilms.*%>
In addition to the study of unmodified clavanin A as a potential therapeutic, it has also been
conjugated to the surface of iron oxide nanoparticles and coated onto central venous catheters.>*’
Clavanin A-Fe3O4 coated catheters were capable of reducing adhesion of both Gram-positive
(~50%) and Gram-negative (70-90%) bacteria, and modestly reducing the amount of planktonic
bacteria by up to 20% .**° While more studies of clavanin A is certainly necessary, it appears to be

an excellent framework for the development of novel, peptide-based antimicrobials in the future.
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Another motif of interest in the clavanin family is the HXXXH motif, which can bind Zn
ions by coordinating Zn** to the nitrogen atoms of the His residues. Clavanin A is an AMP that
was found to bind Zn?" ions with a significant increase in activity as compared to the clavanin A
free of Zn>".?® In one of our papers, we have looked at the effect of binding Zn** to clavanin A on
the structure of the AMP, and its interaction with a POPE:POPG lipid bilayer, a simplified model
of the E. coli outer membrane.'*® Zn** binding to the HXXXH motif provided stability to the a-
helical structure of the C-terminal region of the peptide where the HXXXH motif is situated.'?
Though the structure-activity relationship for clavanin A has not yet been established, the provided
conformational stability of the C-terminal region might have a role in helping the AMP potentiate
its activity, thereby increasing its antimicrobial activity against E. coli when Zn?>" is bound. The
interaction of the C-terminal region with the lipid bilayer was also significantly increased due to
the increase in the net charge of the peptide at that region.!> Interestingly, anionic POPG lipids
preferentially interact and cluster around the Zn**-bound region, neutralizing the positive charge
from Zn**.!3° This phenomenon of POPG clustering around a positive charge was also observed
in piscidins, but for their cationic residues. These observations from MD simulations support the
idea that a lot of known AMPs are cationic in character because it helps them to be selective
towards bacterial membranes, which are more anionic than most membranes of mammalian

Ceus.406408

3.5 Human AMPs

ATCUN-AMPs are also present in humans and some of them may actually be Cu-binding
peptides. Hepcidin or LEAP-1 exists in three forms: 20 residues (Hep-20,
ICIFCCGCCHRSKCGMCCKT), 25 residues (Hep-25, DTHFPICIFCCGCCHRSKCGMCCKT),

and the minority in a 22-amino acid form (Hep-22, FPICIFCCGCCHRSKCGMCCKT).?*! LEAP-
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Alligator Hepcidin

Lizard Hepcidin

Painted Turtle Hepcidin
Flounder Hepcidin
Bambooshark Hamp-1
Rhesus Macaque LEAP-2
Human LEAP-2

Bovine LEAP-2

Pig LEAP-2

Consensus
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NSHEsSHcTHC
NSHEPMCTHC
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MVHEKEC ANE
MWH BKEE AN B
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|
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cNCCRNRGCS
CECcRNQGCG
cNCCKANKCG
CBCCHERTCG
MEEEEEEGA -
MEEEEEEGA -
MECEEEEAQ -
NEcCEERANG-
CICCLLXGCG

FCCXG
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25
25
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22
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Figure 17. Hepcidin alignment from other hepcidin peptides that are not in the Mammalia or
Acintopterygii class.

OU0e0

1 has been detected in the human liver, and to a smaller extent the heart and brain, and it also
circulates in blood plasma.?* Hep-25 has also been isolated from urine.?®! These peptides are
translated from the HAMP gene as an 84-amino acid prepropeptide and are modified to become
amidated and shortened to either Hep-20 or Hep-25, which is not unlike other ATCUN
peptides.?3>2%! Hep-25 has a disordered B-sheet, loop conformation in 50:50 TFE:phosphate buffer
and in phosphate buffer alone using CD, with four disulfide bonds at positions Cys7—Cys23,
Cys11-Cys19, Cys10-Cys13, and Cys14—Cys22.2140% The peptide is not significantly cytotoxic
towards K562 mammalian cells at concentrations up to 30 uM and has activity against E. coli and
Gram-positive pathogens, including Staphylococcus and Streptococcus spp.?®! It is active at high
salt concentration, 150 mM, which is consistent with its inclusion in blood plasma.?®! Similar to
the human hepcidin, many animal hepcidins with ATCUN motifs exist and include fish, primate,

and dog hepcidin. These peptides share a conserved N-terminus sequence of

pig,
DTHFPICIFCCGCC for the majority of the species that are classified in the class Mammalia

(Figure 17 and 18). Notably, humans,?* buffalos,>>’ gorillas,®’ orangutan,?®’ gibbon,>>’ and
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chimps?®®

all express Hep-25 with the same sequence. The N-terminus of the class Acintopterygii
(ray finned fish) is differently conserved (QSHLSLCRWCCNCC) but still contains an ATCUN
motif (Figure 19). Hepcidin regulates blood plasma iron concentration and the tissue distribution

of iron in humans.*® Moreover, it controls iron recycling by macrophages and intestinal iron

absorption.*!! The mechanism of iron regulation is through Hep-25 binding to ferroportin, an iron
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Figure 18. Hepcidin alignment from the class Mammalia, showing the conserved sequence
DTHFPICIFCCGCC.

exporter, internalizing it, and degrading it, leading to less exported iron.*!® More recently, the
ATCUN motif of Hep-25 was studied using 2D NMR techniques and mass spectrometry (MS).
Hep-25 was isolated as Hep-25:Cu?*, Hep-25:2Cu?*, and apo-Hep-25 using MS.!® It is important
to note that the doubly bound state did not exist at physiological pH but at pH 11.!% Using a

hexapeptide and full length Hep-25, 2D NMR experiments including 'D-'H, 'H-'*C HSQC, 'H,

91



'"H-TOCSY, and 'H, '"H-ROESY, were utilized to reveal that both Cu?>" and Ni*" could bind to the
first three residues based on chemical shift perturbations.'®® Holo-Hep-25 caused the N-terminus
of the peptide to extend away from the C-terminus.'®® The carboxylate group of Aspl may also
ind the metal and form a modified version of the ATCUN.!%%412 Strycture-activity relationship
studies show that the N-terminus is important for ferroportin binding, with His3, Phe4, and Ile6
being the most important for peptide binding.*!* The activity of Hep-25 against P. aeruginosa and
S. aureus increases significantly with added Cu®* , whereas Hep-20 does not change its activity in
the presence of the metal ion, suggesting a potentiation of activity in the presence of Cu®" due to
the presence of the ATCUN motif.*'"* An H3A mutation hindered metal binding and abolished
biological activity by decreasing the ability of Hep-25 to decrease ferroportin expression.*!>#16
Interestingly, Hep-25 may not have a solely membrane-based activity, but may also act
intracellularly and promote DNA damage via ROS formation *!7. Hep-25 can bind to Cu**, Ni**,
and Zn**, in that order of affinity, while Fe** and Fe** did not bind.*!* Multiple binding constants

722 and an estimated Kq of less

have been reported for Hep-25 and Cu**, including a logKq of 7.
than 1 uM,*"> however, using potentiometry and the hexapeptide, DTHFPI-NHb, a logKq of 14.66
was determined.'*® This is the strongest ATCUN binding constant found to date and is 457 times
greater than the Cu?* binding affinity of HSA, making hepcidin able to compete for labile Cu?* in

blood.'*
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A second family of human ATCUN-AMPs are the salivary peptides known as histatins
(see Table 1 for sequences). Multiple reviews have covered the role of metal binding in histatins
and the therapeutic potential of these ATCUN-AMPs.?”7#16418 Hyman histatins are produced in
the parotid and submandibular gland and secreted into the saliva. Histatins are His-rich peptides
that almost always include an ATCUN motif, one to two bis-His motifs, and HEXXH or HXXXH
motifs that can all bind to metal ions. Human histatin 1, 3, and 5 were active against C. albicans,
of which histatin 5 was the most active and important to oral health in humans.?’® The activity of
histatin-5 against fungi was driven by intracellular targets, likely the mitochondria, but membrane
lysis also occurred to some extent.*! Histatin 1 and histatin 2 are major wound-closing factors in
human saliva. Interestingly, the D-enantiomer of histatin 2 does not induce wound closure, hinting
at the importance of the stereochemistry.*?® MS determined that Fe** and Ca®>" did not bind to
histatin 3 or 5, which is important because of the large level of Ca®" in saliva that can saturate the
binding sites of histatins.!*1*° It has been determined that there are multiple Cu?** binding sites on
histatin 5 using ITC, with one high affinity site (Kq = 2.6 x 10’ M), likely the ATCUN site.'#’
This value, however, was not corrected for TRIS buffer interactions. Correction is necessary since
TRIS is known to coordinate metal ions.'>> With a correction for TRIS buffer interactions the
binding affinity would be 8.81 x 10 M, which is more consistent with other ATCUN-peptides in
humans and with the presence of the Aspl on the peptide.!**1332% It has been hypothesized that
Cu?* binding leads to ROS production, and that this is the main contributor to the anti-fungal
activity of the histatins. ROS has been found to be produced by histatin 5 and histatin 8 bound to
Cu?" and Cu'".**! The mechanism is suggested to specifically target the mitochondria, where the

peptide accumulates, to cause cell death.*!® Fungicidal activity has been postulated to be driven by
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Cu binding by the bis-His motif in positions 7 and 8 via ROS,'*° and potentially by ROS formed

at the ATCUN site.
3.6 Amphibian ATCUN-AMPs

Amphibians have been a plentiful source of peptides and other compounds of medicinal
interest, including alkaloids.*?>#?° The skin specifically yields many biologically relevant peptides
and AMPs due to its role as the major barrier between the organism and pathogens.?! Peptides
from amphibian skin have a diverse range of action, including acting as signal transmitting,
antipathogenic, antioxidant, skin healing, insulin-releasing, immunomodulatory, and myotropic
compounds, and have other purposes as well 286291:292:422426427 A Jist of over 2000 amphibian
peptides and varied activities have been recently reviewed.?*!*?? A limited few of this large library
are ATCUN-peptides and/or His-containing peptides. Some His-containing amphibian peptides
have been reported to be antioxidants.?”* This may be because His residues coordinated to some
transition metals or alone can have antioxidant effects.*?® Additionally, there is ample Cu** in
different tissues of amphibians that can be used by AMPs to potentiate antimicrobial activity. For
instance, Rana ridibunda has anywhere from 6-11 nmol/g of copper ions in its skin and up to 190
nmol/g in other tissues.*? It is likely that ATCUN-peptides in amphibians may have diverse roles

including antioxidant, antipathogenic, and signal transmitting roles.
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Amphibian peptide families including bombesin-like, tryptophyllins, tachykinin,
cholecystokinins, and caeruleins all contain at least one member with a pyroglutamic acid (pGlu)
residue at the N-terminus, where bombesin-like peptides and caeruleins have the largest number
of pGlu containing peptides.?! Interestingly, most AMPs do not have these residues, with some
exceptions, including the spider derived AMP gomesin,*** but these modified residues have been
found in many neuropeptides and hormone peptides.*’! Some pGlu residues may be a product of
peptide isolation, as acidic conditions can trigger pGlu formation.**? A pGlu residue can be post-
translationally modified through an intramolecular cyclization of either a Gln or Glu residue at the
N-terminus of a peptide, although Gln is almost always the residue that converts to a pGlu residue
(Figure 20).**? These pGlu residues can be modified from Gln spontaneously at a slow rate or,
more typically, enzymatically using either glutamyl cyclotransferases or cyclases.**! Cleverly,
these enzymes are found in neurological regions of the amphibians, where the cyclization is too
slow otherwise, resulting in a specific action of the peptide.*’! The GIn deamidation reaction
occurs at alkaline or neutral pH. However, under low pH conditions, cyclization competes with
protonation of the side chain amino group.*®* Dehydration of Glu can also lead to pGlu

433

formation.”™” pGlu formation has been implicated in resistance to protease degradation, similar to

C-terminal amidation, and will elongate circulation time for neuropeptides. Amyloid- peptides
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Figure 20. Glu cyclization to a pyroGlu (pGlu) residue at the N-terminus of a peptide.
Important atoms are shown highlighted.
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with pGlu residues have been reported to have a role in plaque formation and may play a role in

Alzheimer’s disease.***
3.6.1 Tachykinin and neuro-active peptides

Tachykinin AMPs and neuropeptides can contain pGlu residues with ATCUN motifs.
Tachykinins have a conserved C-terminus region of FXGLM-NH> where X is a branched aliphatic
or aromatic residue.*?’” The conserved C-terminus is important to the neuroreceptor-peptide
interaction and activity because the C-terminus is the part of the peptide that activates
neuroreceptors.**> The Australian frog, Pseudophryne gisntheri, produces two tachykinin peptides,
PG-KI and PG-KIIIL.?¢ Both peptides have a unique ATCUN sequence due to the inclusion of a
pGlu residue in the first position, and PG-KI and PGK-III both contain Met residues that may
additionally be able to coordinate metal ions. These peptides have not been well-studied but both
were tested for their myotropic activity. PG-KI exists in either a C-terminally amidated and a
deamidated form, where the deamidated version caused the peptide to become unable to cause
smooth muscle contractions.?®® PGK-III was only found with a free C-terminus and had a reduced
ability to cause muscle contractions, leading to the conclusion that the C-terminal amidation may
be important to myotropic ability.?®® The C-terminus of PG-KI and PG-KIII are conserved for
interactions with neuroreceptors that leads to the hypothesis that PG-KI and PG-KIII are
neuropeptides. Despite the inclusion of the pGlu residue in the ATCUN motif, these peptides may
still be able to bind to Cu?>" and Ni** (Figure 21), although this binding still needs to be
demonstrated. This has been shown with hormone peptides that have a pEIH ATCUN motif and
has been reported to characteristically bind to Cu?" with an affinity of 5.2x10'> M.2%® There is
potential for PG-KI and PG-KIII to act as neuropeptides that may have antioxidant properties, and

this should be further studied. Understanding the chemistry of ATCUN binding is important to
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identify a relationship between metal-binding and activity. PG-KI and PG-KIII can be used as a

lesson to design neuropeptides that can be neuroprotective through Cu®* binding.

pGlu Y (}\1 55

His3

Figure 21. Hypothesized Cu** binding of an ATCUN motif containing a pGlu residue.

Other tachykinin peptides with ATCUN motifs have antioxidant properties, such as
pleurain R1 and neurokinin B (NKB). The Pleurain family was derived from Rana pleuraden skin.
However, out of the 34 discovered peptides, pleurain R1 was the only one with an ATCUN
motif.?*? Several members of this family have been shown to have antimicrobial and/or antioxidant
abilities to prevent skin infection and aging.?? Pleurain R1 had antimicrobial activity against
Gram-negative and -positive bacteria, and C. albicans, with MICs varying from 25-100 pg/mL.
However, no metal-potentiated activity was investigated.?”> Equally interesting was the in vitro
antioxidant activity that was observed. Pleurain R1 was able to effectively scavenge free radicals
produced by nitric oxide, 2,2-diphenyl-1-picrylhydrazyl, and 2,2-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid. Substitution of 4%, 5% and 16" residues with a Gly residue caused a reduction in
scavenging ability, but no His3 substitution was tested.?*? This antioxidant activity may stem from
metal sequestration by the peptide, a mechanism used by metallothionein proteins. The peptide
may use the ATCUN motif, Cys, and Met residues to sequester metal and protect against ROS
mediated damage. Antioxidant activity of pleurain R1 may be as important as the antimicrobial
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activity of these peptides for the anti-aging properties of R. pleuraden skin, and the antioxidant
properties of other amphibian AMPs derived from the skin should be tested. Several amphibian
neuropeptides have ATCUN motifs, including neuromedin C (GNHWAVGHLM) and
neuromedin K (DMHDFFVGLM), have been confirmed to bind Cu?* and Ni**.**® Metal binding
of neuropeptides can be important for the activity and conformation of the peptide. Specifically
for neuromedin C, there is a conformational change when bound to metal that modifies receptor
interactions** Further, the neuropeptides NKB (DMHDFFVGLM-NH>), neurokinin A (NKA),
neuropeptide gamma (NPG), and substance P all have a conserved C-terminus that is also seen in
tachykinins, while NKB is the only peptide of the group that has an ATCUN motif.*”” NKA
(HKTDSFVGLM-NH3), NKB, and NPG (DAGHGQISHKRHKTDSFVGLM-NH>) all have His
residues in different positions and can bind to Cu®" using different types of coordination. The Cu**
binding of NKB has been investigated and is incredibly novel for ATCUN-peptides. NKB binds
to Cu®" as a dimer by utilizing both His3 imidazole residues and both free N-termini amines, which
caused the peptide to become less helical.**” Intriguingly, Ni** was able to bind in a manner similar

to a typical ATCUN motif, but Cu®" preferred to form this dimeric structure.®*” Antimicrobial
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Figure 22. Dimerization of NKB using Cu?" binding to His3 and the N-terminus of both

peptides.
activity was not investigated; however, it is likely that the role of this peptide is as a neuropeptide
or signal carrier that may have a neuroprotective role similar to other tachykinins. NKB bound to
Cu?" did not affect its affinity for neural receptors, and caused the release of calcium from
astrocytoma cells but inhibited entry of Cu®* into neural cells.”” Another fascinating feature of
NKB is that it binds to Cu'" using Met2, Met10, and His3, which is an unusual coordination for
Cu'*.%3 This binding completely disrupts the helical structure of the peptide, but its effect on
receptor binding was not examined. It was suggested that NKB plays a role in Cu homeostasis in
different redox environments because Cu'" exists in neuronal cells, and that its Cu?** binding may
compete with amyloid-p peptides that cause neurodegenerative diseases.”*® Unlike NKB, NKA
binds to Cu?>" in both a monomeric and dimeric state.”® NKA did not have the same
neuroprotective role as NKB because it was shown that in the presence of H2O2, ROS could be
produced by Cu?**-bound peptide, and that the peptide could be cleaved.** Lastly, NPG is similar
to NKA and can produce ROS and be cleaved through oxidation reactions when Cu?" is bound.**
It is certainly interesting that NKA, NKB, and NPG all bind to Cu** in a different coordination and
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seemingly have different roles, despite being in the same family of neuropeptides. ATCUN-
peptides may not only confer heightened antimicrobial activity, but they may also have other roles
in relieving antioxidative stress and metal sequestration. The study of the antioxidant properties of
ATCUN-containing peptides found specifically in the skin of amphibians should be more fully

investigated.
3.6.2 Limnonectins

A unique class of amphibian AMPs are the limnonectins that were discovered in the skin
secretions of Limnonectes fujianensis.*® Limnonectin-1Fa (SFPFFPPGICKRLKRC) and -1Fb
(SFHVFPPWMCKSLKKC) are 16 residue peptides with 63% sequence homology to each other.
However, limnonectin-1Fb has an ATCUN motif and -1Fa does not.?® Both peptides contain an
intramolecular disulfide bond between Cys10 and Cys16 residues, where CXXXXXC is known as
a Rana box in amphibian AMPs.?%#%0 Several examples show that the Rana box motif is not
essential to AMP activity, but the function of the motif has been speculated.**! Several amphibian
AMPs including brevinin 1E and amurin-9KY did not require the Rana box for antimicrobial
activity and further, the hemolytic effects and secondary structures of the peptides were not
significantly affected by the removal of the motif.****?* Other AMPs such as nigrocin-HL have
shown increased helicity, lower cytotoxicity, and remarkably more antimicrobial activity against
fungi, Gram-negative, and -positive bacteria, including MRSA, when the Rana box was
removed.*** B1CTcuS5, a brevinin AMP, showed increased hemolysis when the disulfide bond was
present, and when the C-terminal region was removed the antimicrobial activity was significantly
decreased.**! It was suggested that the disulfide bond may be present to impart resistance to
proteolytic degradation and increased circulation time of the AMP, whereas the C-terminal Rana

box region may be needed for membrane targeting.**! The structure of gaegurin 4, an AMP with a
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Rana box, was studied using NMR, and when the Cys residues for the Rana box were replaced by
Ser there was little change in the structure other than a more flexible C-terminus, which would be

expected when the disulfide bond is not present.*

Gaegurin 4 has a helix-loop-helix structure
where the N-terminus embeds in the bacterial membrane, while the C-terminus is not likely
embedded in the membrane and may be on the membrane surface (Figure 23).** The antimicrobial
activity of gaegurin 4 was unchanged in the presence of dithiothreitol, again reinforcing that the
disulfide bond does not have antimicrobial functionality.**> Several other AMPs have been studied
where the Rana box motif and disulfide bonding did not significantly change antimicrobial
activity.**%47 The function of the Rana box is still not well understood and the utility of the motif
has remained debated. The secondary structure of the limnonectins wasn’t probed using CD.
However, both peptides have a Pro-rich N-terminus that is most likely disordered due to Pro not

being able to induce an a-helix via hydrogen bonding. Both peptides had no detectable hemolytic

activity against horse erythrocytes up to concentrations of 160 uM.?*° The limnonectins were tested

Figure 23. The helix-loop-helix structure of gaegurin 4, where the first helix spans from
residues 2-10 and the second from residues 16-32 (PDB: 2G9L).
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against E. coli, S. aureus, and C. albicans, but were only active against E. coli, where -1Fa had an
MIC of 35 uM and -1Fb had an MIC of 70 uM.?® The MIC was tested in MHB media, which
should have sufficient amount of Cu?" for -1Fb to be metallated*® but the activities of -1Fa and -
1Fb were almost the same. Curiously, amphibian AMPs typically are not selective towards either
Gram-negative or -positive bacteria, and more information should be gathered about their
secondary structure, the role of the Rana box motif on activity, and the mode of action of the
limnonectins. Specifically, it would be of interest to study the role of Cu?* and examine whether it
enhances antimicrobial activity, or whether -1Fb could have another role that involves Cu?*

sequestration.
3.6.3 Nigroains

Another class of amphibian AMPs where several of the AMPs form disulfide bonds and
can have Rana box sequences are the nigroains. The nigroain class of AMPs is large and includes
nigroain-B to E, -I, and K, where a full set is listed in a recent review.?’! The ATCUN-AMPs
nigroain- D1, -D2, and -D3 were isolated from Rana nigrovittata, while nigroain-D-RK1 was
isolated from Limnonectes kuhlii and is 88% homologous to nigroain-D1.2°?°! Nigroain-D1, -D3,
and -RK1 all form a 13 residue disulfide ring. However, nigroain-D2 has a mutation at position 13
where Arg is substituted for Cys and does not form a disulfide bridge. A 13 residue disulfide bond
is uncommon for amphibian AMPs, which typically have either seven or nine residues.??*** Most
other nigroains have a Rana box that has a seven residue disulfide bridge.>”® To our knowledge,
there are only four other amphibian AMPs produced by Odorrana grahami and Hylarana
spinulosa that have either 11 or 13 residue disulfide rings.*%*! Metal binding has not been
investigated for these peptides, but nigroain-D3 was tested on C. albicans and B. subtillis and had

MICs of 110 and 55 pg/mL, respectively.?*® Nigroain-D3 was also only 6% hemolytic using a 100
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ng/mL dose.?”® The other peptides were not tested for antimicrobial or hemolytic activity, and the
implications of the disulfide bridge on the activity has not been determined. The ATCUN motif is
within this Cys loop, and nigroain-D AMPs are some of the only ATCUN-AMPs with this feature.
To our knowledge, there have not been any natural ATCUN-AMPs studied for metal binding that
also have a Cys bridge at the N-terminus of the peptide. It is likely that metal ions would still be
able to bind in conjunction with disulfide bond formation, but this should be investigated further.
Nigroain-D2 could be used as a negative control for such experiments due to the Cys to Arg
substitution. Although this constricted ATCUN motif has not been studied, the ATCUN motif in
cyclic peptides have been studied by the Kritzer group using synthetic AMPs, showing that short

cyclic ATCUN-AMPs can still bind to Cu?* and Ni**.4>2
3.6.4 Temporins

The temporin group is one of the largest groups of amphibian AMPs that are devoid of a
Rana box motif and disulfide bonds. Temporins have been isolated from over 44 amphibian species
and can have insulin releasing, immunomodulatory, and antimicrobial effects.*>**> Although
there have been many temporins discovered, they have little sequence homology. However,
temporins are typically short (10-19 residues), C-terminally amidated peptides with a low net
neutral charge (0 to 3+).® Many temporins only have activity against Gram-positive bacteria,
although there are exceptions that have broad-spectrum activity.***°7438 Several members of the
temporin family have shown synergistic interactions against Gram-negative bacteria. Temporin A
and B from Rana temporaria showed little to no activity against Gram-negative bacteria, which
was hypothesized to be due to oligomerization of the peptide in the presence of LPS on the cell
membrane of Gram-negative bacteria.*® However, if either peptide was in the presence of

temporin 1, there were synergistic interactions that allowed the peptides to have potent activity
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against Gram-negative bacteria.*® This activity was likely a result of temporin 1 assisting temporin
A and B across the membrane and avoiding oligomerization due to contact with LPS.#%460 In
addition, it has been shown that temporin A and temporin B with two Lys substitutions are also
synergistic against both Gram-negative and -positive bacteria.*! Recently, four temporins were
derived from Hylarana guentheri, named temporin-GHa-d, where temporin-GHb
(FIHHIIGALGHLF) has an ATCUN motif that is reminiscent of the highly conserved N-terminus
of piscidin AMPs.?*® The other three temporins all have His residues in the fourth position rather
than the third, and have a conserved N-terminus with the sequence FLQHIIGAL. All four AMPs
are neutrally charged at physiological pH and all were a-helical, with the exception of temporin-
GHb which was a random coil based on secondary structure predictions.?®® Antimicrobial testing
revealed that temporin-GHa-d were active against several Gram-positive and -negative bacteria,
and C. albicans, where temporin-GHb was one of the most active, including against a MRSA
strain.?”® This activity was resilient in the presence of S. aureus V8 protease, 2 M NaCl, and in the
presence of human serum.?> Scanning electron microscopy images revealed that the mode of
action was likely membrane disruption for Gram-negative and -positive bacteria due to the change
in morphology of the tested cells.?”> The effect of metal ions on this set of temporins was not
tested. However, temporin-GHb was more active than the other temporins, which may be
explainable through metal-mediated activity. The N-terminus of temporin-GHb is very similar to
that of the piscidin peptides, where there is a “hydrophobic fence” to stabilize metal binding.
Curiously, both temporins and piscidins act as chemoattractants for FPRs.33>#* The sequence of
temporin-GHb is different from most other temporins and is the only one that is currently known
to have an ATCUN motif. This raises the question of if the major function of temporin-GHb is

related to chemoattractant activity, and why it is advantageous for this peptide to utilize metal ions.
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3.6.5 Other amphibian ATCUN-peptides

Several other ATCUN-peptides have been derived from amphibians; however, their
activity or purpose has not been well studied. Six peptides were discovered from the skin of

F.2%%  Schmackerin-F1

Odorrana schmackeri and were named schmackerin-A to
(VDHLWQVWLPR) is an 11 residue ATCUN-peptide, rich in Trp residues.?®® Only schmackerin-
C1 was tested for antimicrobial activity, which as broad-spectrum, but its sequence is not
homologous to schmackerin-F1, which is shorter and less cationic.”®® In short peptides, Trp helps
with internalization, and that may be the case with schmackerin-F1.4? Electrin 3 (FVHPM) is
another short ATCUN-peptide that was isolated as a minor product from Litoria electrica skin.*®’
It is in the tryptophillin group of peptides, which usually have myotropic behavior and are short,
Trp- and Pro-containing peptides.*®* Electrin 3 is different from other tryptophyllin peptides due
to its non-amidated C-terminus, no Trp residue, and the inclusion of an ATCUN motif. Although
electrin 3 was a minor product of the skin secretions and was not tested for either antimicrobial
activity or ability to cause muscle contractions, electrin 1 and 2.1 did not have any antimicrobial
activity below 100 pg/mL and did not behave as neuropeptides or have antioxidant activity.?®” The
role of these peptides in L. electrica skin secretions are not currently known and have not been
investigated since their discovery in 1999. Overall, amphibian peptides serve many diverse roles
that include antimicrobial, antioxidant, myotropic, and signal transmitting activities. There are
examples of amphibian ATCUN-peptides that can act as either potent AMPs via the generation of

ROS or that have a neuroprotective role by sequestering metal ions that may produce ROS-

mediated damage.

3.7 Mussel AMPs
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The Mollusca phylum is comprised of bivalves including clams, mussels, and oysters. As
filter feeders, bivalve organisms are constantly taking in bacteria and other pathogens, including
parasites %4, In order to stay healthy, bivalves have protective barriers of both a shell and mucus
membranes. They mainly rely on the innate immune response because mollusks do not have
immunological memory.***%% The immune system of invertebrates differs from that of vertebrates
in regards to their phagocytic cells. Invertebrate circulating hemocytes are equivalent to
macrophages and phagocytic cells in vertebrates.****%° In addition to phagocytic hemocytes, there
are lectins, AMPs, lysozymes, peroxidases, agglutinins, and hydrolytic enzymes in the serum of
the hemolymph that can kill invading pathogens.***465> Pathogen recognition is most likely
mediated by lectins found in hemolymph that have opsonic roles in phagocytosis.*** Agglutination
can also be triggered by lectin recognition and may lead to bacterial death.*** AMPs may be used
in conjunction with ROS in hemocytes to detoxify filter feeders. However, some species do not
produce ROS and may need to rely heavily on AMPs.** Mussel AMPs are one of the most studied
systems in this phylum, and eight different AMP families have been reported: myticusins,
myticins, mytilins, defensins, mytimacins, big defensins, mytichitins, and mytimycins. Mussel

AMPs are large, rich in Cys residues, and commonly found in hemocytes. Although only members

Figure 24. CSaf} motif that is found in many of the molluska family AMPs, where the dashed
lines represent typical positions for disulfide bridges.
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of the myticin, myticusin, and mytimycin groups have ATCUN motifs, all groups of mussel AMPs
have similar disulfide bonds and many have Cys-stabilized a-helix and B-sheet (CSaf) structures

(Figure 24).
3.7.1 Myticins

Mytilus galloprovincialis hemocytes and plasma yielded two 40 residue AMPs, myticin A
and myticin B.**! These two isoforms have four intramolecular disulfide bonds and both have
ATCUN motifs, although their metal binding activity has not been investigated.>’! Both peptides
are characterized by Cys-X4-Cys-X3-Cys-X3-Cys-X4-Cys-X3-Cys-X1-Cys-Xo-Cys spacing and a
conserved 20 residue signal peptide.>’! Although myticin AMPs were found in high concentrations
in hemocytes and blood plasma, they are also expressed in gill, digestive gland, intestine, and
adductor muscle cells.*’” Myticin A and B were tested against fungi, Gram-positive, and -negative
bacteria. Both peptides were active against Gram-positive bacteria, but only myticin B had activity

301

against E. coli and the fungus Fusarium oxysporum. Myticin C was identified later in M.

galloprovincialis  as  another  isoform, but had a 43 residue sequence
(QEAQSVACTSYYCSKFCGSAGCSLYGCYLLHPGKICYCLHCSR) and an
immunomodulatory role as a chemokine.*%4%° Although the Cys residues of myticin C are spaced
as the other myticins, there is only 48% and 70% homology between it and myticin A and B,
respectively, where the N-terminus of myticin C is more variable. After a BLAST search, we found
eight other myticins. The new myticins all have ATCUN motifs except for myticin 5, which is
more similar to myticin C than A or B (Figure 25). The consensus sequence reveals a highly

conserved signal peptide and N-terminal region amongst all of the myticins (Figure 25). The
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[] []
Myticin 2 MKATHEE N0 lAlllAGTlA HsHacTsHEc AREccTARCT HEECREERPG llclclncsl UENPERATOE ARSHNE---- DBNTPEwESM EnNEBNGMEME 96
Myticin 2 WA THE MacTEA HsHacTsHMc AEEccaaRcT HEECREERFc EEclc) UENFERATOR AKsSHNE- - - BETPEvEsn EnEBNGMBME o6
Myticin 4 WK A THE! HsHacTSHEc AEEcGTAsCT UENPERATOB AKSHNE- - - EMTPEvESH EnEBnNGMBME 95
Myticin 1 WMEATHE HsHacasMMc sKEccTascT UENPERATOR AHsHNE- - - BN TPEvESM EnEBncuMBME 98
myticing MEATHE HeHacasHMc sKEccTascT llCAClNCSl UENPERATOD AKSHNE- - - - EEMTPEvESwM ENEENGMEME 96
HsHAacTSMEc sKEccTascT
HsHacTSHNc sEEccTascT KlclcancsR MENPERATOD AKSMME- - -
Myticin A WK A THE! HsHacTSHWC GHEEccTAsCT EmcaclHCSR UnnPERNENCE ARSHNE- - -
Myticin B WK AT W HPHEcTSHNc sKEccTaccT REccRNEHRG llclclucsl WREPEcATOB AKSMNE- - II
Wyticin ¢ wKATHE MoEA oslacTsHMc sKEccsaccs ENMccHEEHPG ENcHCE B AEspEAllscs AlNlNllNNl MBNSPEVNEM ENEBCEMEME 100
myticin 5 WMEATHEEANE lAlllGlllA Qsclcrsllc skBccTAccS llGClNlTPG EllclclHcss WEsPEallscs AlNlNll -~ -BrTPEwnEM EnEBocwBuE 5
Consensus MKATILLAVY VAVFVAGTEA SKFCGTASCT HYLCRVLHPG KLCVCVNCSR VKNPFRATOD AKSINE---- LDYTPLWMKSM ENLDNGMDML
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Figure 25. Myticin sequence alignment showing highly conserved signal peptide and N-
terminal regions of the myticin family.

sequence similarity of this family of peptides raises the question of why all 11 related AMPs are

expressed and whether they act synergistically with one another or target specific pathogens.
3.7.2 Mytilins

Mpytilins have been isolated from both Mytilus edulis and M. galloprovincialis hemocytes,
and have six conserved Cys residues that form three disulfide bonds.*”**”! Two 34 residue isoforms
named mytilin A and B were found in M. edulis and were found in concentrations of up to 2 uM
in hemocytes.*’® Mytilin A is more active against Gram-positive bacteria, but was active against
some Gram-negative bacteria as well.*’" The amount of peptide found in these hemocytes is
comparable to the MIC values of these peptides against many of the tested Gram-positive
bacteria.*’ Moreover, the expression of mytilin B is reduced upon bacterial challenge rather than
being upregulated, which may mean that the peptide is specifically transported to the infection site
rather than upregulated.*’?> A mytilin B isoform, along with mytilin C, D, and G1, was isolated by
Mitta et al. from M. galloprovincialis hemocytes.*”! Mytilin G1 is 36 residues and mytilin C is 31
residues long, but all others are 34 residues long, consistent with the originally isolated mytilins.*’!
These peptides ranged in activity, but mytilin G1 was only active against Gram-positive bacteria,
while mytilin B and D were the only antifungal mytilins.*’! Upon bacterial injection, mytillin-

containing hemocytes accumulated at the injection site and these hemocytes were able to
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phagocytose bacteria.*’! Co-localization of mytilins and bacteria in hemocytes, in addition to
previous evidence that mytillin B is downregulated after bacterial challenge, may suggest that
mytillins are transported or recruited to the site of infection to specifically kill pathogens.*’! In
addition to intracellular killing, it is likely that mytillins can kill pathogens extracellularly because
they were also released from hemocyte granules.*’! This activity is similar to piscidin peptides that

can kill intracellularly in macrophages or extracellularly after being released from granules.>*?
3.7.3 Mytimycins and Mytichitins

Mytimycins were first isolated in Mytilus edilus.*’® The two mytimycin isoforms have 34
residues, 12 of which are Cys residues that form six intramolecular disulfide bonds.*’® Their
antimicrobial activity was exclusive to fungi.*’® Since the initial isolation of mytimycin, several
other isoforms have been discovered, specifically from M. galloprovincialis.*”> Mytimycin J does
have an ATUCN motif, but it has not been well studied and was only recently identified.*’* The
ATCUN motif is comprised of CCH, where the ATCUN binding would be within disulfide bonds,
similar to nigroain AMPs.*’* Moreover, several chitin binding peptides have been isolated from
marine animals, including crabs and shrimp.*’>*’” Mytichitin peptides from mussels are unique
AMPs that have chitin binding regions and that are typically more active against fungi due to
binding to chitin in the fungal cell was. The first was isolated from the gonads of Mytilus coruscus
and was named mytichitin-1.4’® A C-terminally active AMP fragment from mytichitin-1 called
mytichitin-CB was discovered to be strongly active against fungi, Gram-positive bacteria, and to
some extent Gram-negative bacteria.*’® Mytichitin-CB has 55 residues, with six Cys residues, and
the structure was predicted to be a B-sheet.*’® Mytichitin-1 was upregulated 9-fold after bacterial
challenge, and it was suggested that the cleavage of the active mytichitin-CB may occur in the

hemolymph where mytichitin-CB was found upon bacterial infection.*’® Another mytichitin with
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broad-spectrum antimicrobial activity has been isolated from the foot of M. coruscus and called
mytichitin-CBD.*”® These mytichitin peptides display the advantages of targeted or activatable

peptide cleavage upon pathogen infection.
3.7.5 Myticusins

Similar to other mussel AMPs, myticusin peptides have several Cys pairs that form
disulfide bonds. Myticusins are characterized by their 104-amino acid length, including 10 Cys
residues with a conserved Cys-Xi6-Cys-Xs5-Cys-X3-Cys-X21-Cys-X4-CysCysCys motif that has a
unique Cys triplicate towards the end of the sequence.*®® It may be argued that myticusins are not
actually AMPs due to their large size (>10 kDa). To date, two myticusin peptides have been
identified in M. corusucs, where the ATCUN motif varies, being either TDH or SDH.3?3:480
Myticusin-1 was identified in 2013 and was highly expressed in hemocytes.*®® After a bacterial
challenge, the expression of myticusin-1 was upregulated up to 20-fold, indicating the necessity
of this peptide to fight bacterial infections.*®® Broad-spectrum activity was revealed against fungi,
Gram-negative, and Gram-positive bacteria, including Vibrio spp. that infect marine life.*° It was
shown that myticusin-1 has better activity against Gram-positive bacteria. Transmission electron
microscopy (TEM) was used to show that the mode of action of the peptide is likely cell membrane
disruption.*® Interestingly, myticusin is a large AMP and has nine positively and nine negatively
charged residues, making it neutrally charged, which is uncommon among AMPs. In 2020, a
second myticusin AMP, myticusin-beta, was found in mantle tissue of M. coruscus.>*> Myticusin-
beta has two other isoforms, both with only one residue change near the C-terminus of the peptide.
The isoforms are 78% homologous to the sequence of myticusin-1 and the signal peptides are 66%
homologous.?”® Although the sequence of myticusin-beta was homologous to myticusin-1, its

antimicrobial activity varied because, unlike myticusin-1, it was not active against C. albicans.>®
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A disk-diffusion assay revealed antimicrobial activity against Gram-negative and -positive
bacteria, with essentially no lysis of flounder erythrocytes up to 100 pg/mL.>* Myticusin-beta was
able to kill 50% of scuticociliates, a marine parasite, within 24 hours, where the parasites appeared
to have burst or been damaged under microscopic observation.?? It seems that at least part of the
mode of action of the myticusin family of AMPs acts on the membrane of pathogens. However,
additional biophysical and biological studies of these peptides are necessary to establish their

mechanism of action.
3.7.5 Defensins and Big Defensins

Another important family of Cys-rich AMPs from the Mollusca phylum are the defensins.
Mollusca defensins have six conserved Cys residues that form three disulfide bonds. Two
isoforms, MGD1 and MGD2, were first isolated in granules of M. galloprovincialis.*®' The
peptides are both 39 residues with 85% homology with a highly hydrophobic N-terminus.*®!
MGD1 and MGD2 have 21 residue C-terminal extension peptides that are highly acidic and have
up to eight Asp or Glu residues.*®! Upon bacterial challenge, MGDI is released from hemocyte
granules and is upregulated by 18 times, suggesting an antimicrobial role.*8! Curiously, MGD2
expression was decreased after bacterial infection, but it was upregulated during other stress events
such as shell damage and heat shock.*”> Although the two defensin isoforms have high homology,
they may serve different roles when the mussel is under stress. Similarly to mytichitin peptides, it
is possible that there is a cleavage of the anionic C-terminal portion of the peptide that could
stabilize the peptide in hemocytes but that activates the cationic C-terminus upon bacterial

infection.*8!

A closely related group are big defensins that have a highly hydrophobic N-terminus with

a charged C-terminus that resembles B-defensins.”” The structure of big defensins has three
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intracellular disulfide bonds that typically form a CSaf motif (Figure 24).*8!%%2 The first big
defensin isolated was from the hemocyte granules of 7. tridentatus, a horseshoe crab, and has 79
residues, six of which are Cys that form three intracellular disulfide bonds at the C-terminus of the
peptide.*®® The peptide, termed limulus (horseshoe crab) big defensin, has broad-spectrum
antimicrobial activity and LPS binding activity. Secretion of limulus big defensin from hemocytes
is triggered by LPS stimulation of hemocytes. There is a protease cleavage at Arg37 to yield two
differently active peptide fragments. The N-terminal fragment forms an a-helix that is more active
against Gram-positive bacteria. However, the C-terminal portion is active against Gram-negative
bacteria and forms a B-sheet as a fragment.*** The N-terminus portion in the full length peptide
forms two a-helical and one B-sheet portions with a break between Leu2l and Ala23.** NMR
revealed that in micellar solution the N-terminal fragment forms an a-helix and penetrates micelles
at the N-terminal end, while the C-terminal end of the fragment is solvent exposed.*®* Several big
defensins from bivalves including clams, scallops, mussels, and oysters have been isolated since
the initial discovery. The scallop Argopecten irradians, the mussel Hyriopsis cumingii, and the
clams Chlamys nobilis and Venerupis philippinarum all have big defensins that are highly
expressed in hemocytes. %% 4. irradians, C. nobilis, and V. philippinarum big defensins were
upregulated in hemocytes after bacterial challenge.**¢*74% The A. irradians big defensin was
highly active against Gram-positive bacteria but only active against the Gram-negative Vibrio spp.
and not E. coli.**¢ It is likely that, based on the upregulation of big defensins in the hemocytes after
bacterial challenge, the role of hemocyte expression is to circulate the AMP through the tissue.
Further, eight big defensins from M. galloprovincialis (MgB) were isolated and their expression
was studied. Their abundance and presence varied and, unlike all other big defensins, the three

tested peptides were not found in the hemolymph.**® MgB1 was expressed exclusively in the
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digestive gland, while MgB3 and MgB6 were found in the gills and mantel of the mussel.*”
Another big defensin named ApBD1 from the scallop Argopecten purpuratus is not found in
hemocytes but is constitutively expressed in gills, muscle, gonads, digestive glands, and the
mantle.*”! After bacterial challenge, there was a 7-fold increase of expression in the gills but
seemingly no change in hemocytes. Using an immunostaining method, however, it was shown that
there was an increased expression in hemocytes. It is unclear why there was this discrepancy, but
these big defensins may be for localized protection or there may be a transport mechanism from
tissue through hemocytes upon bacterial challenge.*! Specifically, localized protection may be

needed in the mantle, as it is highly exposed and on the outer edge of the mussel or scallop.

The oyster Crassostrea gigas big defensins Cg-BigDefl, 2, and 3 were isolated from
hemocytes and are 87-94 residues in length.**? These three big defensins are encoded by distinct
genomic sequences and the N- and C-terminus are encoded by different exons.**> The C-terminal
regions of Cg-BigDefl, 2, and 3 resemble vertebrate B-defensins. Cg-BigDef1 and 2 are both
upregulated upon bacterial challenge but not upon tissue damage, while Cg-BigDef3 is non-
regulated, suggesting potential differences in their roles in hemocytes.*? Their mode of action has
not been well elucidated for big defensins, but it was recently shown that big defensins can kill
bacteria not through membrane permeabilization, but through the triggering of nanonets.”
Nanonets can entrap bacteria in nanofibrils and cause bacterial aggregation.”! Cg-BigDefl from
C. gigas induced nanonet formation with as little as 5 uM peptide in the presence of S. aureus, and
effectively killed without manipulation of the cell membrane.”” Intriguingly, the N-terminal
domain, but not the C-terminal domain was able to trigger nanonet formation, although the bacteria
were not killed with only the N-terminus present.”” It was previously seen that in horseshoe crab

big defensins, the N-terminal fragment was more active against Gram-positive bacteria.*’
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Formation of nanonets has also been recently reported in the big defensin peptide ApBD1 from

scallops.”® Nanonet formation may be a major mode of action for big defensin peptides.
3.7.6 Mytimacins

Unlike other mussel peptides, members of the mytimacin family are not found in hemocytes
of both Achatina fulica the land-living snail and M. galloprovincialis, but are found in mucus and
other tissues.****3 They typically have eight Cys residues, but can have up to 10 in certain cases.**
Five cationic mytimacin isoforms in M. galloprovincialis were termed mytimacin-1 to -5.
Mytimacin-2 and -3 are different from the others and have eight Cys residues, where the three
others have 10 Cys residues and a C-terminal extension.*® Mytimacin-3 has a flexible, Gly-rich
N-terminus region and has a similar structure to hydramacin-1.%® Mytimacin-1 was expressed in
all tissues that were tested, although there was low expression in hemocytes.**® Mytimacin-2 and
-3 were not expressed in hemocytes and were more selectively expressed in the gills and mantle,
respectively.*”® Mytimacin-3 was similar to mytimacins from the mussel Mytilus californianus.**°
The signal peptide of the mussel mytimacins was conserved when compared to mytimacin-AF
from A. fulica.*** Mytimacin-AF is a non-hemolytic, 80-amino acid peptide with 10 Cys-residues
that is more similar to mytimacin-1, -4, and -5.*> Mytimacin-AF had broad-spectrum activity,
with greatest activity against Gram-positive bacteria.*** Clearly, the AMPs in the Mollusca phylum
have many similarities in that they all contain Cys residues and form several intramolecular
disulfide bonds. The mode of action and importance of Cys and disulfide bond formation of these

AMPs should be further studied to examine whether nanonet formation may a major mode of

action for mollusk AMPs.

3.8 AMPs from Bacteria: Bacteriocins
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The AMPs that were described above are produced by organisms as part of their innate
immune system against bacterial pathogens. Bacteria themselves produce AMPs, known as
bacteriocins, to kill other competing bacteria to have a heightened growth advantage (Table
5).494495 Most of the bacteria found in the literature that produce bacteriocins are lactic acid (LA)
bacteria, which have bacteriostatic and/or bactericidal effects against other bacteria of usually
closely related species.**>% These peptides are synthesized from ribosomes before being
extracellularly released to potentiate their activity.**® LA bacteria are known as biopreservative
organisms for food preservation, and production of bacteriocins from LA bacteria are potentially
responsible for the preservation effects by killing microorganisms that can contaminate food
products.**®% Potentially, industrial scale production of bacteriocins can be harnessed for food
preservation, leading to the high research interest in these AMPs. Bacteriocins are generally
classified into three classes: post-translationally modified peptides are in class I, small (less than
10 kDa) unmodified peptides are in class II, and large (greater than 21.5 kDa), heat-labile peptides

are in class I11.5%!

Table 5. Examples of naturally-occurring bacteriocins.

Peptide Sequence

Pediocin KYYGN GVTcyclo[CG KHSC]S VDWGK ATTcyclo[CI INNGA MAWAT GGHQG

PA-152  NHKC]

Sakacin P KYYGN GVHcyclo[CG KHSC]T VDWGT AIGNI GNNAA ANWAT GGNAG

02 WNK

Enterocin ~ TTHSG KYYGN GVYCT KNKCT VDWAK ATTCI AGMSI GGFLG GAIPG KC

A 503

GarQ 3% EYHLM NGANG YLTRV NGKYV YRVTK DPVSA VFGVI SNGWG SAGAG

FGPQH

GarML °*  ¢cyclo[LVATG MAAGV AKTIV NAVSA GMDIA TALSL FSGAF TAAGG IMALI

KKYAQ KKLWK QLIAA]
GarA 5% IGGAL GNALN GLGTW ANMMN GGGFV NQWQV YANKG KINQY RPY
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Plantaricin  VFHAY SARGN YYGNC PANWP SCRNN YKSAG GK
163 306

Lantibiotics are class I bacteriocins that contains lanthionine and/or methyllanthionine
post-translationally modified residues.’*® The lanthionine moiety is formed by dimerization of two
Cys residues. It can also be seen as two Ala residues wherein the side chains are connected by a
thioether bond (Figure 26). They have broad-spectrum antimicrobial activity against both Gram-
negative and -positive bacteria, including drug-resistant strains of the genus Helicobacter and
genus Staphylococcus.>®’ These are further subclassified into linear, linear and globular, and
globular conformations. Nisin, from Lactococcus lactis, is an example of a linear lantibiotic. It
binds to lipid II, a precursor required for peptidoglycan polymerization during cell wall
biosynthesis, inhibiting the process and killing the target bacteria.’®® Mersacidin, from Bacillus
spp., is a globular lantibiotic that also inhibits the cell wall biosynthesis by binding to lipid 11.°%
Despite the differences in their structure, it is interesting that they both target lipid 1. What seems
to be common in the bound states of these bacteriocins to lipid II is that they both have a flexible

hinge that is crucial in their mode of action. In nisin, once the N-terminus is bound to lipid II, the

hinge allows insertion of the remaining regions of the peptide to form pores that will span the lipid

Figure 26. Structure of the lanthionine moiety in lantibiotics. X, indicates the residues that are
cyclized.

117



bilayer of the target bacteria.>*®® In mersacidin, the hinge allows easier conformational changes to

provide accessibility of lipid II to the charged N-terminus and Glu17.5%

Class II bacteriocins are described as small bacteriocins with no post-translational
modifications. There is no clear definition in the literature of what is considered to be small
bacteriocin, but for the purposes of this review, we will classify bacteriocins having a molecular
weight of less than 10 kDa to be class II bacteriocins. Pediocins, sakacins, and enterocins all belong
to class Ila bacteriocins, a subclass of class II bacteriocins, which all contain the YGNG motif.>!
They are also known as pediocin-like bacteriocins due to their shared structural characteristics
with pediocin PA-1, the most studied and first characterized bacteriocin in the group.’®® Pediocin-
like bacteriocins contain at least one disulfide bridge, amphipathic a-helix, and net positive charge,
but they have low sequence homology at the C-terminus region.’'® They fold into an S-shape at
the N-terminus, consisting of three stranded B-sheet with disulfide bridge after the YGNG motif
to form a five-residue hairpin that stabilizes the structure (Figure 27).5°! It was suggested that the
disulfide bridge in the N-terminus is for structure stabilization,®! while having an additional
disulfide bridge in the C-terminus gives bacteriocins a greater target cell specificity and a less
temperature-dependent activity.*> Class IIb bacteriocins are two linear peptides that form pores in
their target cell as the mechanism of action.’®! Despite the two peptides having low sequence
homology, they have a common GXXXG or GXXXG-like motifs.’!! These Gly residues allow the
peptides to have a flat surface for interactions between the a-helices.’!! Class Ilc bacteriocins are
AMPs that are produced from precursors with no N-terminal extensions (or leader sequences);
thus, they are called leaderless bacteriocins.’'? The formylation of Met at the N-terminus in some

of these bacteriocins increase the antimicrobial activity of the AMP.>!3 Class IId bacteriocins are

single peptides and non-pediocin-like, such as some plantaricins and garviecins. Due to their small
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similarities in their structural characteristics, they have diverse antimicrobial activities, gene

cluster organization, secretion mechanisms, and modes of action.”’!

Two variants of sakacin AMPs (sakacin P and sakacin A) and pediocin PA-1 have
antimicrobial activities against 200 different strains of Listeria monocytogenes, which are common
foodborne pathogens.’'* Similar to class I bacteriocins, disulfide bridges are formed in class II
bacteriocins that decreases their flexibility and enhances their antimicrobial activity. Wild-type
pediocin PA-1 and wild-type sakacin P have high sequence homology, differing in their number

of disulfide bridges.>*?> The wild-type pediocin PA-1 has an extra disulfide bridge at the C-terminal

Figure 27. Unique S-shaped fold of YGNG-motif containing class II bacteriocins. The Cys
residues on the N-terminal region of the peptide form a disulfide bond that stabilizes strands of 3-

sheets.
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formed by Cys24 and Cys44.5%2 Cys24Ser + Cys44Ser mutants of PA-1 exhibited loss of activity
against Pediococcus acidilactici and Pediococcus pentosaceus.”® This similar activity is seen in
wild-type sakacin P, which does not have the C-terminal disulfide bridge.’®? It has been shown
that the presence of the C-terminal disulfide bridges in pediocin-like bacteriocins widens their
antimicrobial spectrum at lower temperatures (around 20°C) with increased antimicrobial activity
at a higher temperature of 37°C.°%? Eight resistant mutants of L. monocytogenes have been
identified by exposing wild-type strains of the bacteria to four class Ila bacteriocin-producing LA
bacteria, including those that produce pediocin PA-1.°" A common mechanism of resistance
against class Ila bacteriocins was reported for L. monocytogenes, where expression of genes
involved in B-glucoside phosphotransferase systems was increased.’!> This is an effect of the MptA
subunit from a mannose phosphotransferase system (mPTS) being no longer expressed.’!®> This

suggests that the general mechanism of action for class Ila bacteriocins is by targeting the mPTS.

Enterocin A is a pediocin-like bacteriocin that is isolated from an Enterococcus faecium
strain. It has 54.6% sequence homology with pediocin PA-1 and it also contains the conserved
YGNGYV sequence found in pediocin-like bacteriocins.>*® This motif is part of a unique S-shaped
fold, which may form three strands of B-sheets (Figure 27).°°! It is capable of forming a disulfide
bridge between two Cys residues at the N-terminal region of the peptide, stabilizing the S-shaped
fold.**! This motif does not have any known role in the mechanism of action of the AMPs, but
rather it only stabilizes the active peptide conformation.’”! The major difference between enterocin
A and some pediocin-like bacteriocins is the presence of an additional five residues preceding the
YGNGYV motif at its N-terminal region.>* These residues contain the ATCUN motif, giving it the
possibility of binding Cu®* or Ni** ions. Enterocin A has a broad-spectrum activity against different

species of Lactobacillus, Listeria, Enterococcus, and Pediococcus.>® It was hypothesized by
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Casaus ef al. that enterocin A and enterocin B, another bacteriocin isolated from E. faecium, have
different targets that lead to their synergy. This is another example of an ATCUN-containing AMP
that has synergy with another AMP.>!® It was predicted that a transmembrane helix is formed in
enterocin A between residues 26 to 43, suggesting a pore formation mechanism as with other

pediocin-like bacteriocins.>®

Garviecins are class IId bacteriocins that are produced by Lactococcus garvieae.3°>4317

S19 L. garvieae is phenotypically related to L. lactis, which is a bacterial strain known for
fermentation of dairy products. It is still not known whether L. garvieae can be used for the same
purpose. The first garviecin that was detected and characterized from L. garvieae isolated from
raw cow’s milk is garviecin L1-5.57 Its antimicrobial activity was measured from its crude extract
using the agar-well diffusion method, and it was found to be active against L. monocytogenes and
three strains of Clostridium.”'” To our knowledge, the sequence of this garviecin has not yet been

identified and it has not yet been described at a molecular level.’%

Another strain of L. garvieae
was isolated from mallard ducks (4nas platyrhynchos) and produces a circular garvicin, garvicin
ML (GarML).>% It has high resistance to pH and temperature changes, and is suggested to have a
tight conformation, making sites for digestion inaccessible and making it more resistant to
proteolytic degradation.’® Similarly, lactocyclin Q, a cyclic bacteriocin isolated from the
Lactococcus spp. strain Q12,°%° has high resistance to pH, temperature, and proteolytic
degradation, suggesting that cyclization of bacteriocins increases their stability. However, it does

not have any activity against Gram-negative bacteria, unlike lactocyclicin Q, suggesting that they

have different mechanisms of action.>?°

Garviecin Q (GarQ) contains the ATCUN motif and belongs to the class II bacteriocins.>%

It was isolated from the culture supernatant of L. garvieae BCC 43578.3% GarQ has antimicrobial
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activity against different species of Listeria, including L. monocytogenes and Listeria ivanovii,
Enterococcus spp., and P. pentosaceus.’>>' These bacterial strains can cause listeriosis,
gastroenteritis, and bacteremia.’'® It has also shown no cytotoxicity against human liver
hepatocarcinoma and human colon adenocarcinoma cell lines.>> Bacterial resistance against GarQ
was seen in bacterial strains that have non-functioning mannose phosphotransferase system,
similar to the general resistance mechanism of pediocin- and leucocin-resistant bacteria described
earlier.’!>>!° Despite the presence of the ATCUN motif, the ability of this motif to bind metal ions

was never studied, making it a potential area of research.

Different strains of L. garvieae have been identified to be the causative agents of
lactocococcis, a disease that causes hyperacute and hemorrhagic septicemia in fishes.>?! "2 In Iran,
38 strains of L. garvieae were isolated from rainbow trout grown via aquaculture.’’® The
microbiota in rainbow trout is an interesting example of how closely related species of L. garvieae
can produce bacteriocins that inhibit the growth of L. garvieae. Strains of Lactobacillus,
Lactococcus, and Leuconostoc were identified as antagonistic strains of the pathogenic bacteria.’**
This is due to proteinaceous compounds released extracellularly by these strains.’>* However, they
were not able to identify and characterize the specific bacteriocins that caused the antagonistic
effect.?* Interestingly, a garviecin isolated from human patients, GarA, has antimicrobial activity
against the fish pathogen L. garvieae 8831, isolated from diseased rainbow trout in Spain.>%>-% Its
mature peptide sequence is not homologous to GarQ, but its leader peptide sequence is nearly
identical to that of GarQ.>% This explains the high level of similarity between the proteins involved
in the secretion and processing of the two bacteriocins.’® Currently, it is known to be active only

against other L. garvieae strains, unlike garviecin L1-5, GarML, and GarQ, which have broad-

spectrum antimicrobial activity.30%94305517 [t acts by inhibiting cell wall biosynthesis, particularly
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by inhibiting septum formation, as its bactericidal effect is greater during the exponential growth
of L. garvieae 8831.5% However, it is not yet known whether it inhibits septum formation by

interacting with lipid 11, as described earlier for the lantibiotics.>*’

AMPs isolated from Lactobacillus plantarum have also gained interest, as it belongs to a
group of microorganisms that is classified as generally recognized as safe.’?® It is used to ferment
dairy products, meat products, vegetables, and beverages.’”> A number of AMPs known as
plantaricins were extracted from various strains of L. plantarum isolated from fermented
products.>%°26-52% An interesting ATCUN-containing plantaricin, plantaricin 163, was isolated
from L. plantarum 163, traditionally used in China to ferment vegetables.’°® Using the agar well
diffusion assay, plantaricin 163 was found to be strongly active against the Gram-positive bacteria
S. aureus, Bacillus cereus, Bacillus pumilus, L. monocytogenes, and the Gram-negative bacteria
E. coli, and Pseudomonas fluorescens.>*® Plantaricin F (PInF) is another ATCUN-containing
plantaricin, and has antimicrobial activity against different Gram-positive strains of Pediococcus
and Lactobacillus.**” However, unlike plantaricin 163, PInF is a member of the class IIb
bacteriocins, also known as the two-peptide bacteriocins, and requires interaction with plantaricin
E to act as one unit and become active.??”-3°30 The majority of the secondary structure of both
peptides are a-helical, with PInF having a Pro kink in its central region.*® Upon binding of the
two peptides, the polar residues are buried, allowing the two-peptides to cross the lipid bilayer in
a perpendicular fashion.*** Both peptides contain the GXXXG motif, which is hypothesized to be
responsible for the helix-helix interactions, as demonstrated in membrane proteins.’3%!
Strikingly, both plantaricin 163 and PInF have the same VFH sequence in the N-terminus as

clavanin C (vide supra).
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While there is no strong evidence of metal binding to bacteriocins, particularly those that
contain the ATCUN motif, a recent study shows that the presence of Ca?>" and Mg*" ions in the
culture medium induce antimicrobial activities in some LA bacterial strains.’*> There were a
variety of suggestions made on how these ions were able to induce activity. Proteolytic activity in
some LA bacterial strains is increased in the presence of Ca?", suggesting that there may be
antimicrobial components produced after proteolysis,**? some of which may be AMPs. However,
the study did not mention the possibility that metal ions binding to the bacteriocins produced by
these LA bacterial strains could potentially explain the antimicrobial activity. This raises the
question of what other roles do Ca** and Mg*" ions play in the enhancement of antimicrobial
activity of these LA bacterial strains. Is it possible that once bacteriocins are extracellularly
released, they can bind these ions and direct the bacteriocins to a different mechanism of action
that is more suitable for killing? Is the presence of the ATCUN motif in some of the class II
bacteriocins beneficial for the antimicrobial activity? This interesting area of research should be

explored further.

4. Designing ATCUN-AMPs

The ATCUN motif has been exploited in the field of catalytic metallodrugs for at least two
decades thanks to the pioneering work by Cowan and co-workers,!97212:213:323.533.534 Thege
ATCUN-containing metallodrugs can selectively cleave DNA, RNA, or proteins, depending on
the molecules attached to the ATCUN motif. Likewise, adding an ATCUN motif to a peptide
sequence turns the latter into a catalytic metallodrug,'46-214-324:325:535 Sy dies show that the peptide
sequence acts as a guidance system to the ATCUN-Cu?* payload. If the guidance peptide sequence

has high affinity for the bacterial cellular membrane, then, the synthetic ATCUN-AMP still has

high affinity for the lipid membrane and acts by forming pores, oxidizing lipids or a combination
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of both mechanisms.?!#324325-335 Some examples of these peptides in natural systems are pl and
ixosin. Sequences belonging to intracellular peptides, i.e. peptides that cross the membrane and
reach the cytosolic space, can also benefit from the addition of an ATCUN motif, as the resulting
peptide can find an intracellular target.>'>?'*  For example, the peptides
VIHRAGLQFPVGRVHRLLRK-NH: and RTHRAGLQFPVGRVHRLLRK-NH>, formed by the
attachment of the ATCUN sequences VIH and RTH to the intracellular targeting short-buforin II
(sh-buforin),>* have been shown to damage E. coli DNA in in cellulo assays.'*> The TUNEL assay
was used for this purpose. Measuring the TUNEL fluorescence of 100,000 cells, it was shown that
these two peptides were capable of cleaving DNA strand breaks in E. coli at their MIC. Moreover,
the ATCUN-sh-buforin conjugates exhibited greater TUNEL fluorescence compared to sh-buforin
alone, and the fluorescence correlated with the observed trend in MIC. This study also showed that
ATCUN-peptides formed using D-amino acids (D-ATCUN-peptides) were more active than their
L counterparts. The D-ATCUN-D-sh-buforin analogs also had a higher nuclease activity in
cellulo,'”® consistent with the higher ROS production observed for ATCUN motifs formed by D-
amino acids.?!' An important example of an intracellular peptide bound to an ATCUN motifis that
of WRWYCR, a peptide known to enter cells and bind to Holliday Junctions. Upon conjugation
to the GGH ATCUN motif the peptide was able to produce ROS and cleave DNA and RNA 2!2
The in cellulo nuclease activity of this ATCUN-AMP has not yet been reported.

ATCUN-AMPs are compatible with lipidation, an important posttranslational modification
and a common conjugation strategy to deliver drugs to cellular membranes. N-palmitoylation of
short cationic di- and tri-peptides have been shown to be active against S. aureus in vitro and
against C. albicans in mouse models.**” The S-palmitoylation of cationic intrinsically disordered

antimicrobial peptides (CIDAMPs), peptides containing a high percentage of disorder-promoting
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amino acids and a low percentage of order-promoting amino acids, revealed that potent
antimicrobial agents result from this strategy (Figure 28).>*® TEM images of cells treated with one
of the palmitoylated peptides in this study, although not one containing the ATCUN motif, showed
extensive membrane and ribosome damage, hinting at possible targets for S-palmitoylated
peptides. Although it was suggested that the improved antimicrobial activity could be related to
the presence of the ATCUN motif, the specific role of metal binding remains to be determined.
Based on these results, it was hypothesized that palmitoylated CIDAMPs, depending on the assay
conditions, use two plausible mechanisms: (1) an energy-dependent transportation, and (2) a lipid-

directed pathway that involves strong interaction with phospholipid membranes.
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Figure 28. Susceptibility of S. aureus (ATCC 6538) towards selected S-palmitoylated peptides.
Sensitivity of S. a. ATCC 6538 towards peptides was tested in 10 mM NaP/pH 5.5/0.25% glucose.
Residues cationic at pH 7, cationic only at acidic pH, anionic at pH 7 and hydrophobic are
highlighted in blue, green, magenta and grey. Pal-C and S-Pal means an S-palmitoyl-Cys-residue.
All data shown are representatives (n=2). Figure was taken from reference 538 without
modifications.

An in silico approach to select AMPs suitable for conjugation to the GGH and VIH
ATCUN motifs was recently reported.'*® An initial selection of 14 cationic o-helical AMPs from
the Antimicrobial Peptide Database™® was modified in the N-terminal region of the GGH VIH
motifs. Two antimicrobial activity prediction modules were used to rank the resulting peptides

based on their likelihood of having antimicrobial activity, and [-TASSER was used to determine
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whether the peptides would favor an a-helical conformation in the presence of membranes. CM15
(KWKLFKKIGAVLKVL-NH>) and citropinl.1 (GLFDVIKKVASVIGGL-NH») were the top-
ranked peptides. Not only were the resulting ATCUN-AMPs active against ESKAPE pathogens,
they were also effective at eradicating carbapenem-resistant strains of E. coli and K. pneumoniae.
The activity was not the same against all bacteria tested and depended on the bacterial strain.
Microbial biofilms are surface-associated communities of microorganisms surrounded by an
extracellular polymeric matrix that are resistant to many antimicrobial agents including a number
of AMPs.** The ATCUN-AMPs selected in this study were active against biofilms either alone
or in combination with antibiotics. For instance, CM15, GGH-CM15, and VIH-CM15 synergized
with meropenem to inhibit E. coli (KpC+ 1812446) biofilm formation with FIC values of 0.33,
0.27, and 0.185, respectively.!*¢ Of particular interest is the observation that the ATCUN motifs
influence the antibiofilm activity of the ATCUN-AMPs and that the activity depended on the
bacterial strain producing the biofilm. The effect of the ATCUN motif is also reflected in the in
vivo activity of ATCUN-AMPs. While CM15 and GGH-CM15 show high toxicity in mice with a
systemic E. coli KpC+ 1812446 infection, VIH-CM15 decreased the toxicity of CM15 and
protected 40% of the animals at the sixth and seventh day of infection. Overall, this study
highlights the fact that attaching an ATCUN motif to a peptide does not always result in a more
active AMP, as the result depends on the sequence, the pathogen, and whether the pathogen is its
planktonic state or forming a biofilm. It must be mentioned, that AMPs, just like other classes of
antimicrobial agents, have an efficacy that depends on the biological matrices in which they are
tested.’!

Nanoparticles are materials in the nanometer scale range that has a number of uses that

range from catalysis to drug delivery. Moreover, nanoparticles may find applications in treating
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bacterial infections, from biofilms to systemic chronic infections and bacterial sensors.>** A proof-
of-concept study has shown that the click reaction can be used to attach the ATCUN peptide
VIHGW to a silver nanoparticle (AgNP) containing thiol-polyethylene glycol-azide chains.>** The
ATCUN nanocomposite was more active against planktonic E. coli than the AgPEG parent
nanoparticle or the ATCUN sequence alone, demonstrating that AgNP-ATCUN combinations

have the potential for practical applications.

5. Outlook and Future Prospects

In recent decades, AMPs have received a great deal of attention and many of them have
entered clinical trials. However, despite the discovery of AMPs with promising in vitro and in vivo
activities, few have been approved for use in the clinic. We speculate that the discovery of novel
mechanisms of action associated with the interaction between AMPs and metal ions represents an
interesting strategy to develop new antimicrobials designed to control pathogens. Initial focus for
application of metalloAMPs could have ectopic applications (where bacitracin is successfully used
already®**%), target intracellular pathogens that hide in macrophages where there are elevated
metal levels, treat urinary tract infections (where Cu?* concentrations are already high!'®®), and
sanitize medical devices (since a few metalloAMPs have been shown to successfully eradicate
biofilms).!® Another application is to take advantage of disease conditions that have elevated
metal concentration (Wilson’s disease, Alzheimer’s Disease, cystic fibrosis (CF), and M.
tuberculosis infections), where metalloAMPs can readily bind metal ions, that are typically tightly
regulated due to redox properties. A recent example from our lab used the metalloAMP Gad-1 to
combat CF related P. aeruginosa biofilms.>*® Gad-1 in the presence of Cu** was able to cleave

extracellular DNA in vitro and in vivo in mature P. aeruginosa biofilms under CF lung conditions,
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where there is excess exogenous DNA that has been shown to limit the potency of AMPs 346347

Gad-1 was able to efficiently clear mature P. aeruginosa biofilms even in the presence of DNA,
showing that the strong, metal-mediated nuclease activity confers an advantage in a biofilm
environment.>*¢ In addition to eradicating biofilms, Gad-1 in the presence of Cu*" was able to limit
the adhesion of new biofilms, which not only has utility to limit biofilm spread but may have
potential as a coating on medical devices that can readily grow biofilms.>* It is likely that these
metalloAMPs will need to be optimized to become therapeutically useful. Although metal binding
makes metalloAMPs more resistant to proteolytic degradation,>*® further modifications will be
needed. Cyclization could lead to increased bioavailability and slower degradation within cells.
Kritzer and coworkers have demonstrated that cyclization of the ATCUN motif, as well as the
simultaneous introduction of non-natural amino acids, is possible while keeping its ROS formation

activity >

Concomitantly, it is important to obtain a better understanding of the mechanism of action
for ATCUN-AMPs. We have catalogued almost 200 AMPs that can potentially use metal ions to
potentiate their activity. Since the AMP database contains less than 4000 AMPs, it is clear that the
metalloAMPs are highly represented. Computational strategies could also be utilized and
improved to gain information about their mechanisms. The importance of having force fields
parametrized specifically for metals involved in metalloAMPs (especially Cu®*" and Zn*") are
emphasized by this growing interest in metalloAMPs. Transition metal ions are best modeled when
parametrized with quantum mechanical methods. However, there is a large number of methods to
choose from, making it difficult to really determine which is the best method. Simple unpolarized
force field models such as CHARMM and AMBER have parameters for transition metal ions, but

care must be exercised when interpreting simulations that use these force fields. The electronic

130



properties of transition metal ions depend on their chemical environment. Thus, there are efforts
to develop fluctuating charge models for transition metal ions such as OPLS-AA-FQ,
CHARMM-FQ,**!52 and ABEEM/MM?>** models. Another approach is by doing QM/MM, which
models the transition metal ion and the atoms that are in its local environment, defined by a certain
area, using a quantum mechanical model, while modeling the remaining bulk of the system using
molecular mechanics. This approach aims to balance the electronic property fluctuations of the
transition metal ion and the atoms around it, while keeping the feasibility of running the
simulations. With these approaches that can better capture the properties of transition metal ions
and their binding sites on peptides and proteins, we hope that simulation studies on metalloAMPs
will continue to provide important mechanistic insights on an atomic level. Machine learning
methods can also be explored to design synthetic metalloAMPs with better efficacy. Besides the
realm of applications, there is also room for some basic inorganic chemistry research. Very little
is known about the active species of Cu-ATCUN that leads to the production of ROS.3?? The
elucidation of these intermediates is of utmost relevance, as ROS production activity of ATCUN-
Cu?* is sequence dependent. Moreover, it might be possible to tune the redox properties of Cu?'—
ATCUN sequences by changing the amino acids after the His residue as postulated recently by

Faller and coworkers.>>*
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