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Antimicrobial Peptides: Their History, Evolution, and
Functional Promiscuity

Summary

Eukaryotic antimicrobial peptides (AMPs) first became a research focus in the
middle decades of the twentieth century with the description of cecropins from
moths and magainins from frogs. Since then, the number of reported AMPs has
burgeoned to over 2000 with representatives in virtually all eukaryotic organisms.
The availability of databases of AMPs has facilitated phylogenetic analyses, which
have shown that the origins of B-defensins are traceable to an ancestral gene over
half a billion years old, indicating the evolutionarily ancient nature of AMPs. An
emerging theme from research on AMPs is their multifunctional nature, which
we review here for B-defensins, and show that these peptides play roles in wound
healing and modulation of both the innate and adaptive immune systems via the
dual ability to promote and suppress the proinflammatory response to microbial
infection.

1.1
Introduction: The History of Antimicrobial Peptides

Antimicrobial peptides (AMPs) have been recognized in prokaryotic cells since
1939 when antimicrobial substances, named gramicidins, were isolated from
Bacillus brevis, and were found to exhibit activity both in vitro and in vivo against
a wide range of Gram-positive bacteria [1, 2]. Gramicidins were later shown to
successfully treat infected wounds on guinea-pig skin, indicating their therapeutic
potential for clinical use [3], and were the first AMPs to be commercially manu-
factured as antibiotics [4]. In the case of humans and other living creatures, which
are constantly exposed to the threat of microbial infection, it had long been known
that protection against these infections was provided by the adaptive immune
system. However, this left the question as to why plants and insects, which lack
an adaptive immune system, also remain free from infections for most of the time.
The answer to this question is now known to be that similarly to prokaryotes,
eukaryotes also produce AMPs and, historically, some sources attribute the dis-
covery of eukaryotic AMPs to early work on plants [5] when in 1896 it was shown
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that a substance lethal to bread yeast was present in wheat flour [6]. At the end
of the 1920s, lysozyme was identified by Alexander Fleming and is considered
by some authors to be the first reported instance of a peptide with antimicrobial
activity [7]. However, the mechanism of action used by lysozyme is now known to
be enzymatic destruction of the bacterial cell wall, placing it at its time of discovery
in a different category to AMPs, which utilize non-enzymatic mechanisms of
antimicrobial activity [8, 9]. In 1928, Fleming discovered penicillin [10] and in the
1940s, along with Howard Florey and Ernst Chain, he brought the therapeutic use
of penicillin to fruition, which led these three men to share the 1945 Nobel Prize
for Medicine [11]. With the advent of penicillin and streptomycin in 1943, began
the “Golden Age of antibiotics,” which led to a rapid loss of interest in the thera-
peutic potential of natural host antibiotics such as lysozyme and the importance
of this immune defense strategy [12, 13]. However, in 1942, the antimicrobial
substance that had previously been detected in wheat flour [6] was isolated from
wheat endosperm (Triticum aestivum) and found to be a peptide that inhibited the
growth of a variety of phytopathogens, such as Pseudomonas solanacearum and
Xanthomonas campestris [14]. Later named purothionin in the mid-1970s [15, 16],
this peptide is now known to be a member of the family of thionins, which are
AMPs distributed across the plant kingdom [5]. At the time this work was under-
taken there was also the realization that the “Golden Age of antibiotics” had ended
and with the rise of multidrug-resistant microbial pathogens in the early 1960s,
an awakened interest in host defense molecules was prompted [17, 18]. It is this
point in time that some sources consider to be the true origin of research into
AMPs [19], beginning with studies that were conducted in the 1950s and 1960s,
when it was shown that cationic proteins were responsible for the ability of human
neutrophils to kill bacteria via oxygen-independent mechanisms—clearly not activ-
ity associated with the adaptive immune system [20, 21]. In 1962, in what some
consider to be the first description of an animal AMP [22], bombinin was reported
in the orange speckled frog Bombina variegate [23]. Also in the 1960s, the antimi-
crobial protein, lactoferrin, was isolated from milk [24] and small antimicrobial
molecules were observed to be induced in the hemolymph of wax moth larvae
after challenging with Pseudomonas aeruginosa [25]. In the late 1970s and 1980s
several groups reported a number of AMPs and antimicrobial proteins from leu-
kocytes [26], including what are now known to be o-defensins from rabbits [27-29]
and humans [30]. Along with purothionin described above, these defensins were
among the first cysteine-stabilized AMPs to be reported (Chapter 2). In 1981, in
what are now generally considered as landmark studies, Boman et al. injected
bacteria into the pupae of the silk moth, Hyalophora cecropia, and isolated the
inducible cationic antimicrobial proteins, P9A and P9B, from the hemolymph
of these pupae (Chapter 2) [31]. Soon after, these peptides were sequenced, char-
acterized, and renamed as the more familiar “cecropins,” thereby constituting the
first major o-helical AMPs to be reported [32]. In 1987, another landmark study
occurred when Zasloff et al. (1987) isolated and characterized cationic AMPs from
the African clawed frog, Xenopus laevis, and, reflecting their defense role, named
these peptides magainins after the Hebrew word for “shield” [33]. A few years
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later, B-defensins and 6-defensins, which differ from o-defensins with respect to
their cysteine pairings, were characterized after isolation, respectively, from bovine
granulocytes [34] and leukocytes of the rhesus monkey [35]. In the mid-1990s,
Brogden et al. identified the first anionic AMPs in X. Laevis [36] and characterized
several other such peptides in ruminants, including sheep and cattle [37]. Ironi-
cally, also in the early 1990s, evidence began to accumulate that led to the current
view that lysozyme possesses antimicrobial activity involving non-enzymatic
mechanisms that are similar to AMPs, thereby substantiating the view that it was
one of the first of these peptides to be discovered [8]. Based on these results, a
number of investigators considered the possibility that AMPs may play a role in
the defense systems of organisms lacking an adaptive immune system [38]. In the
mid-1990s, this was confirmed for the fruit fly, Drosophila melanogaster, when it
was shown that the deletion of a gene encoding an AMP rendered the insect
susceptible to a massive fungal infection [39]. Since these earlier studies, AMPs
have been extensively studied not only in plants [40, 41] and insects [42-44], but
also other invertebrate organisms that lack an adaptive immune system [45-48]
although most of the current understanding of AMPs has been obtained from
studies on those isolated from amphibian skin secretions, which is a rich source
of these peptides [49-52]. In combination, these studies have established that
AMPs exist in virtually all multicellular organisms [53] and it is increasingly being
recognized that that these peptides play an important role in the immune system
of mammals, including humans [54-57]. These peptides have been identified at
most sites of the human body normally exposed to microbes such as the skin and
mucosae [54, 55], and are produced by a number of blood cell types, including
neutrophils, eosinophils, and platelets [58-60]. However, as research into the
expression of AMPs progressed, it became clear that the production of these
peptides may be either constitutive or induced by inflammation or injury [38].
Typically, for example, o-defensins and dermcidin (the precursor of AMPs involved
in skin defense) tend to be produced constitutively, whereas the majority of
B-defensins are inducible [61-63]. Moreover, although particular AMPs may pre-
dominate at specific body sites only a small minority are exclusively produced by
a certain cell type or tissue and each tissue has its own spectrum of AMPs that
may vary in composition depending upon the prevailing physiological conditions
[55]. For example, peptides derived from dermcidin are the major AMPs in human
sweat but show differing profiles between the body sites of a given individual in
response to exercise [64]. One question that has puzzled investigators since the
discovery of AMPs is the fact that the minimal inhibitory concentrations (MICs)
required for their in vitro antimicrobial activity are generally much higher than the
physiological concentrations of these peptides found in vivo [65]. Two major expla-
nations proposed for this observation are that at sites of inflammation, AMPs can
accumulate at high local concentrations sufficiently above their MIC to exert their
antimicrobial effect or that these peptides may act synergistically with other AMPs
[65]. Over the last decade, these synergistic effects have been demonstrated for a
variety of AMPs [66], including those that are structurally similar and from the
same host organism, such as magainin and PGLa, which is another o-helical
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peptide from X. Laevis [67, 68], and those that are structurally dissimilar and from
differing host organisms, such as LL-37, an o-helical human peptide, and indoli-
cidin, an extended bovine peptide (Chapter 2) [69]. Studies over the last decade
have also established that some organisms produce AMPs as suites of closely
related peptides that synergize to produce a broad spectrum of antimicrobial
activity, such as maximins, which are o-helical AMPs produced in the brains of
amphibians [70], and cyclotides, which are cyclic cystine knot AMPs produced in
the leaves, flowers, stems, and roots of various plants [71, 72]. As more has been
learnt about AMPs, it has become somewhat arbitrary as to their precise definition.
For example, perforin and the complement component C9 are large proteins of
approximately 60 kDa that under physiological conditions insert into membranes
and form pores as result of highly regulated immune processes, and are thus not
classified as AMPs [73, 74]. In contrast, lactoferrin, which is around 80 kDa, is
generally included as an AMP, based on the fact that it is ubiquitous in various
body fluids and utilizes a non-specific mode of antimicrobial action similar to
other AMPs (Chapter 5) [75, 76]. Moreover, some “AMPs” do not appear to exert
direct antimicrobial activity such as the PLUNC (palate, lung, nasal epithelium
clone) proteins that appear to primarily play a role in neutralizing endotoxins,
promoting the agglutination of bacteria, and modulating cytokine production [77].
Nonetheless, it is now well established that the production of AMPs is a defense
strategy used across eukaryotes, evidenced by the list of databases dedicated to
these peptides that have appeared almost every year over the last decade (Table
1.1). Examination of these databases shows that in excess of 2000 AMPs have now
been listed and the number of these peptides being reported is increasing rapidly
[87, 89]. The availability of these databases has allowed comparisons to be made
between AMPs based on a variety of criteria, most often structure—function rela-
tionships and mechanisms of antimicrobial action, which are discussed in later
chapters of this book. However, two less well discussed aspects of AMPs are
reviewed in the remainder of this chapter, namely their ancient origins and evolu-
tion along with their functional promiscuity, encompassing a number of biological
roles in addition to antimicrobial activity.

1.2
AMPs: Evolutionarily Ancient Molecules

Since the discovery of magainins in X. laevis [33], it has become clear that the
skin secretions of many anurans include a spectrum of AMPs that ranges between
10 and 20 members [92-94] along with a variety of other bioactive peptides, includ-
ing neuropeptides, pheromones, and neuronal nitric oxide synthase inhibitors
[95-97], which has led to the availability of sequence data for these molecules at
the levels of protein [91] and DNA [98-100]. Taken with the ubiquity of AMPs
across the anuran suborders [94], this has facilitated investigation into the evolu-
tionary history of these peptides, particularly those from frogs of the Ranidae and
Hylidae families [96, 101-107]. In a seminal work, one of the earliest investigations
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Table 1.1 Representative databases dedicated to AMPs.
Year  Database Website Content Key
reference

2002 AMSDDb http://www.bbcm.univ.trieste.it/~tossi/amsdb.html Animal/plant -
AMPs

2002 SAPD http://oma.terkko.helsinki.fi:8080/~SAPD Synthetic AMPs  [78]

2003 NAD http://www.nih.go.jp/~jun/NADB/search.html General AMPs -

2004 A/OL http://www.atoapps.nl/AOLKnowledge/ Antimicrobial -
compounds

2004  Peptaibol http://www.cryst.bbk.ac.uk/peptaibol/home.shtml Fungal AMPs [79]

2006  CyBase http://researcht.imb.uq.edu.au/cybase Plant AMPs [80]

2006  PenBase penbase.immunaqua.com Shrimp AMPs [81]

2007 BACTIBASE  bactibase.pfba-lab.org Bacterial AMPs [82]

2007  Defensins defensins.bii.a-star.edu.sg Defensins across  [83]
eukarya

2007  AMPer http://marray.cmdr.ubc.ca/cgi-bin/amp.pl Animal/plant [84]
AMPs

2008  PhytAMP phytamp.pfba-lab-tun.org Plant AMPs [85]

2008 RAPD http://faculty.istunomaha.edu/chen/rapd/index.php ~ Recombinant [86]
AMPS

2009 APD2 http://aps.unmc.edu/AP Natural AMPs [87]

2010 CAMP http://www.bicnirrh.res.in/antimicrobial General AMPs [88]

2012  YADAMP www.yadamp.unisa.it General AMPs [89]

2012 DAMPD http://apps.sanbi.ac.za/dampd General AMPs [90]

2012 DADP http://split4.pmfst.hr/dadp/ Amphibian [97]
AMPS

into the phylogeny of these peptides considered the evolutionary relationships
between AMPs from hylids of South America (HSAs) and hylids of Australia
(HAs) along with ranids from Asia, North America, and Europe (RANAESs) [102].
Essentially, this latter study derived the amino acid sequences for precursor pro-
teins of caerins, which are AMPs from Litoria caerulea, a member of the HAs [96,
102], and then aligned these sequences with those of precursor proteins from
various HSAs and RANAEs [102], which have previously been shown to belong to
a single family, the pre-prodermaseptins [52]. This alignment revealed that the
precursor proteins from these three groups of frogs possessed highly conserved
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N-terminal pre-prosequences of approximately 50 residues, including a 22-residue
signal peptide and an acidic spacer region, that was linked to a hyper variable
C-terminal domain. This domain corresponded to progenitor AMPs with great
diversity in length, sequence, net positive charge, and antimicrobial spectra [102].
The strong conservation of these N-terminal pre-prosequences allowed molecular
phylograms to be constructed, which showed that nucleotide sequences of pre-
prodermaseptins from HSAs, HAs, and RANAEs formed three separate clusters.
Further analysis of these phylograms indicated a key result: the genes encoding
the pre-prodermaseptins in these clusters arose from a common ancestral locus,
which subsequently diversified by several rounds of duplication and divergence of
loci. Most of these duplication events appeared to have occurred in a species
ancestral to the ranids and hylids, although gene duplication in L. caerulea appeared
to have taken place after the divergence of HSAs and HAs [102]. To provide a
temporal framework for the origins and evolution of the pre-prodermaseptin
genes, data from phylogenetic analyses [101, 102] were used in conjunction with
the historical biogeography of hylids and ranids, which is strongly linked with
tectonic events that occurred during fragmentation of the supercontinent Gond-
wana to eventually form the modern day continents [108, 109]. This historical
reconstruction showed that these genes arose before the isolation of India and
South America from Africa in a pan-Gondwanan land mass, and therefore origi-
nated from an ancestral gene in excess of 150 million years old [101, 102]. Moreo-
ver, given that hylids and ranids belong to the Neobatrachia, which diverged from
Archeobatrachia in early Jurassic times [110, 111], and that pre-prodermaseptins
have not been detected in this latter suborder [112, 113], these observations
suggested that the ancestral gene of HSAs, HAs, and RANAEs may be up
to around 200 million years old [101]. Further analysis of ¢cDNA from pre-
prodermaseptins suggested that duplications of this ancestral gene accompanied
by accelerated mutations in the AMPs progenitor region and the action of positive
selection all appeared to be mechanisms that contributed to the hypervariability
of their C-terminal domain, and hence the great diversity of modern day AMPs
from HSAs, HAs, and RANAEs [102]. Interestingly, there was evidence to suggest
that the diversity of these AMPs may have in part resulted from random substitu-
tions involving the operation of a mutagenic error-prone DNA polymerase [102]
similar to that reported for some bacteria [114-116]. Since the initial study [102],
these results have been supported and extended by later studies, which have
been facilitated by the growing repository of cDNA for AMPs of anuran species
[101, 106, 107, 113]. For example, recent phylogenetic analyses have shown that
the signal sequences of AMPs are highly conserved not only within lineages of the
Neobatrachia, but also within those of Bombinatoridae and Pipidae from the
Archeobatrachia. Although high divergence between the signal sequences of these
three lineages was observed, there was evidence to suggest that the genes encoding
AMPs in anurans had evolved convergently on at least three occasions in evolution-
ary time [113]. In another study, which compared the signal sequences of a range
of bioactive peptides from anurans, phylogenetic analyses showed that caerulein
neuropeptides produced by Litoria spp. have a different evolutionary origin to the
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pre-prodermaseptins found in these frogs [105]. This latter study also showed that
the profile of bioactive peptides produced by individual frogs from a range of
species was sufficiently characteristic to form the basis of a diagnostic technique
that was able to differentiate between subspecies and different population clusters
of the same species and thereby provide insight into anuran evolutionary relation-
ships. Use of this technique showed that the bioactive peptide profile of L. caerulea
from mainland Australia differed strongly to that of the same species present on
offshore islands that had been isolated for around 10 000 years, indicating that
evolutionary change can be effected in a relatively short time in evolutionary terms
[105]. Taken overall, these studies have led to the consensus view that the panopoly
of AMPs produced by hylids, ranids, and other frogs represents the successful
evolution of a defense system that maximizes host protection against rapidly
changing microbial biota while minimizing the potential development of micro-
bial resistance to these peptides [52, 101, 102].

In contrast to the peptides discussed above, which are produced by organisms
of a single taxonomic order, defensins are AMPs that are produced by creatures
across the eukaryotic kingdoms [48, 117-120]. In vertebrates these peptides have
been identified in fish [121, 122], amphibians [92, 93, 96], reptiles [123, 124],
rodents [125, 126], monotremes [127, 128], birds [129-132], marsupials [133],
and mammals [134-136], including humans and other primates [137-139]. The
defensins of vertebrates fall within the o-, -, and 6-defensin groups described
above, and are generally cationic, amphiphilic peptides that contain around 15-50
amino acid residues, including a conserved motif based on six cysteine residues
that form three intramolecular disulfide bonds (Chapter 2). Both a- and B-defensins
adopt triple-stranded antiparallel B-sheet configurations but whereas the former
peptides form disulfide bonds via the linking of Cys1-Cys6, Cys2—Cys4, and Cys3-
Cys5, the latter peptides form these bonds through links between Cys1-CysS5,
Cys2—Cys4, and Cys3—Cys6 (Figure 1.1) [137, 138]. In contrast, 6-defensins are
cyclized molecules of 18 residues that appear to be the product of a head-to-tail
ligation of two truncated o-defensins and are the only known circular peptides of
mammalian origin [140]. Defensins are also found in plants [141-143], fungi [144,
145], and invertebrates, such as insects [120, 146, 147], arachnids, including
spiders [148, 149], ticks [150, 151], and scorpions [152, 153], crustaceans, including
crabs [154-156] and lobsters [157], and bivalvia, including clams [158, 159] and
mollusks [160-163]. These invertebrate peptides commonly adopt the cysteine-
stabilized o-helical and B-sheet (CSaf) fold, which consists of a single o-helix that
is connected to a P-sheet formed from multiple antiparallel strands depending
upon the number of disulfide bridges in the molecule [141, 164-167].

It has been proposed that all defensins evolved from a single precursor based
on similarities in sequences, structures, modes of action, and the inter-functionality
of these peptides derived from different kingdoms [120, 146, 168]. For example,
plant defensins were found to be structurally similar to their insect counterparts
[169] while some fungal defensins displayed high levels of sequence homology to
those found in invertebrates [164, 166]. The identification of defensins in lower
eukaryotes by these latter studies led to the suggestion that the ancestral gene of
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(b)

Figure 1.1  Structure of human defensins: bonds via the linking of Cys1-Cys6,
three-dimensional structures of human Cys2—Cys4, and Cys3—Cys5, the latter
o-defensin 1 (a) and B-defensin 1 (b). Both peptides form these bonds through links
o- and B-defensins adopt triple-stranded between Cys1-Cys5, Cys2—Cys4, and
antiparallel B-sheet configurations; however, Cys3—Cys6.

whereas the former peptides form disulfide

these peptides existed before the fungal and insect lineages of the eukaryotic
domain diverged, and may be therefore at least 1 billion years old [164, 166]. Con-
sistent with these observations a conserved structural motif, the y-core motif,
was identified in cysteine-stabilized AMPs, including defensins, from organisms
across the phylogenetic spectrum [170-172]. This motif was composed of two
antiparallel B-sheets with an interposed short turn region and, based on its evolu-
tionary lineage, it was proposed that defensins from mammals, plants, fungi, and
invertebrates emerged from a common ancestor that can be traced back to prokary-
otic origins and was therefore in the region of at least 2.6 billion years old [172,
173]. Strongly supporting this proposal, AMPs were identified in the myxobacteria
Anaeromyxobacter dehalogenans and Stigmatella aurantiaca, which showed strong
similarities in sequence and structure to fungal defensins, and it was suggested
that these bacterial peptides may represent the ancestors of eukaryotic defensins
[174, 175]. It has previously been hypothesized that myxobacteria played a central
role in the endosymbiotic origins of the early eukaryotic nuclear genome [176,
177], and it was proposed that the transfer of myxobacterial genes encoding these
ancestral defensins may have mediated the immune defense of early eukaryotes
and thereby the lineage of modern day defensins [174, 175].

The evolutionary relationship between defensins from vertebrates and inverte-
brates is far from clear, but based on common sequence and structural features,



1.2 AMPs: Evolutionarily Ancient Molecules |9

Big defensins B-defensins
Invertebrate
<
=
<
< 5
o <= <
5 g 2 g
4 o = )
= g R=} Q
— = +
S = & 5
= < o) >
Protostomes Deuterostomes
Bilateria
Figure 1.2 Evolution of B-defensins: evolutionary history of these peptides to be
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the emergence of B-defensins in the old [178-180].

vertebrate lineage. This tree shows that the

there is evidence to suggest that some of the former peptides may have their
origins in the “big defensins” (BDs), which have been identified in invertebrates,
but not in vertebrates (Figure 1.2) [138, 181]. BDs are a family of evolutionarily
conserved AMPs that were initially isolated from crustaceans [154-156], later
identified in mussels [159, 160, 182-184], and most recently described in amphi-
oxus [185], which are the closest invertebrate ancestors to vertebrates [178, 186,
187]. The presence of BDs in mollusks, which are Protostomes, and amphioxus,
which are Deuterostomes (Cephalochordata), enables the evolutionary history of
these peptides to be traced back to their common ancestor, Bilateria (Figure 1.2),
indicating that they are in the region of at least 500 million years old [178-180].
BDs are between 79 and 94 residues in length, and comprise an N-terminal region
that mediates activity against Gram-positive bacteria along with a C-terminal
region that is active against Gram-negative bacteria [154, 181]. This C-terminal
region has been shown to form a three-stranded B-sheet stabilized by three di-
sulfide bridges that exhibits close structural homology to a number of a mam-
malian B-defensins, which also show selective activity against Gram-negative
bacteria [138, 156, 181]. Taken with the fact that BDs and mammalian B-defensins
show similar gene structures, the similarities in structure and bioactivity pos-
sessed by these two groups of AMPs suggested an evolutionary relationship with
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B-defensins emerging from BDs through exon shuffling or intronization of exonic
sequences [181, 188]. In relation to other mammalian defensins, a-defensins have
only been detected in certain animals [189], such as humans [138] and horses [134],
but were found to be absent from others, such as cattle [190] and dogs [191]. The
underlying reasons for the selective expression of o-defensins in mammals is not
well understood but clearly, these AMPs arose after mammals diverged from other
vertebrates [192]. Primarily founded on the physical proximity of o- and B-defensins
on the chromosome as well as similarities between their structures and biological
activities, it is generally accepted that the former AMPs have evolved from the
latter peptides via gene duplication and subsequent positive diversifying selection
[126, 189, 193]. Based on the fact that they had only been identified in therians
[194], it had been suggested that o-defensins were at least 130 million years
old, arising before the divergence of placental mammals and marsupials [136].
However, the recent identification of o-defensins in the duck-billed platypus
pushed their emergence back to before the divergence of monotremes and the-
rians [128], which occurred around 210 million years ago [195]. It is generally
believed that mutated o-defensin genes gave rise to 8-defensin genes [138], and
these peptides appear to be only expressed in the rhesus macaque monkey [196]
and baboons [197, 198]. In humans and their closest primate relatives, including
chimpanzees, bonobos, and gorillas, 6-defensin genes exist as pseudogenes and
although they are transcribed, a premature termination codon in the signal se-
quence precludes their translation and to date these peptides have not been
reported to occur naturally in human cells [140, 199, 200]. Given that humans
evolved from orangutans over 7 million years ago, and that these latter primates
have both intact and silenced copies of 6-defensin genes, it has been proposed that
the premature stop codon found in some of these genes may have originated at
this fork in evolution [201]. Moreover, based on the evolutionary divergence of
Hominoidea from Cercopithecoidea, this would suggest that 6-defensins are at
least 30 million years old [202, 203]. Interestingly, the pseudogenes of human
0-defensins, or retrocyclins, have been successfully expressed in human cells by
using aminoglycosides to bypass the premature stop codon of their mRNA [201,
204] and have been shown to have potent antiviral activity [205], particular against
HIV [204, 206, 207]. Given that viruses have evolved in the absence of selective
pressures from retrocyclins, it has been proposed that restoration of the endog-
enous production of these peptides in human cervicovaginal tissues by the applica-
tion of aminoglycoside-based topical microbicides may help prevent the sexual
transmission of HIV [201, 204].

It is clear that AMPs possess an ancient history, and positive selection appears
to be the major evolutionary driver of the structural and functional diversity
observed for these peptides in the case of both vertebrates [208, 209] and inverte-
brates [210, 211], engendering AMPs with an ability to combat new or altered
microbial pathogens [212, 213]. Indeed, it has been suggested that AMPs and
microbial resistance mechanisms have coevolved, leading to a transient host—
pathogen balance that has shaped the existing repertoire of these peptides found
in nature [57, 170, 172, 173, 214]. For example, plants and humans are susceptible
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to different pathogens and thus their defensins are exposed to different selective
pressures. As plants are generally much more susceptible to infection by fungi
compared to other microbes, fungal pathogenicity would select for survivors with
antifungal defensins. In contrast, humans are generally much more susceptible
to infection by bacteria than fungi and thus bacterial pathogenicity would select
for survivors with antibacterial defensins [215]. However, positive selection also
appears to be an important factor in retaining duplicated genes and promoting
the acquisition of a novel or more specialized function [216], which can provide
the host with an evolutionary advantage as observed with the diversification of
defensins [217-219]. For example, some plant defensins have no antifungal action,
and, rather, inhibit the activity and synthesis of o-amylase, which is a digestive
enzyme found in the gut of insects. It has been proposed that that the inhibition
of a-amylase activity renders plant material indigestible and thus helps plants to
resist feeding insects [141, 220]. In the case of vertebrates, it has been shown that
B-defensins have evolved via gene duplication and diversification to become the
major components of venom in the duck-billed platypus, believed to be the only
venomous monotreme [127, 221]. Interestingly, some species of snakes and lizards
produce venoms that include peptides derived from the duplication of -defensins,
and share many features with platypus venoms via convergent evolution [128, 222].
It is also interesting to note that the expression of platypus genes encoding venom
defensins was detected in non-venom tissues, suggesting that these peptides
may play other biological roles [223], and consistent with this suggestion, non-
antimicrobial biological activities have been demonstrated for B-defensins in the
case of a number of vertebrates [125, 137, 139, 224, 225]. This functional promiscu-
ity of B-defensins represents an evolutionary advantage for mammals [181], which
has been demonstrated for other AMPs [75, 226-231] and is now discussed below
using defensins as a major example.

13
AMPs: Multifunctional Molecules

As described above, mammalian defensins were first isolated due to their antimi-
crobial properties [138, 232]; in other cases, however, AMPs were initially recog-
nized for other functions and shown to possess antimicrobial activity at a later
date [S5]. For example, lactoferrin was originally recognized primarily for its ability
to bind iron and later studies demonstrated that the protein was able to kill bacteria
via iron-independent mechanisms of membrane interaction that were typical of
AMPs [233]. The idea that peptides could serve both as AMPs and modulators
of the immune system came from studies on a-melanocyte stimulating hormone
(a-MSH). This peptide was well recognized for its endogenous melanogenic prop-
erties and ability to control inflammation via immunomodulation, promoting the
generation of anti-inflammatory cytokines, and downregulating proinflammatory
cytokines [234-237]. However, the widespread distribution of o-MSH in many
barrier cells such as keratinocytes, fibroblasts, and melanocytes, and in various
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immune cells, including neutrophils, monocytes, and macrophages, suggested the
potential for a wider role in host defense [238-240]. Confirming this suggestion,
o-MSH is now generally included within the AMP’s classification based on its
potent broad-spectrum antimicrobial activity [241, 242], which includes mem-
branolytic action against bacteria [243-245]. The first hints that established AMPs
such as defensins may possess functional promiscuity came from comparative
studies between these peptides and chemokines, which play a role in the induction
of leukocyte trafficking. These two groups of peptides were originally thought to
have distinct roles in the innate immune response, but it was found that their
expression levels could be upregulated in response to microbial challenge; further
studies showed that many chemokines were able to exert direct antimicrobial
activity via mechanisms similar to AMPs while some defensins were capable of
activating specific chemokine receptors and exerting chemoattractant activity [246,
247]. Such studies led to the realization that AMPs are also multifunctional pep-
tides that serve a variety of biological roles, including immunomodulatory func-
tions in host defense that can supplement their direct antimicrobial activity and
lead to the resolution of infection [231, 248].

1.3.1
Defensins as Effectors of Immunity

The human B-defensins (HBDs) 1-4 are the most studied mammalian defensins
and are primarily expressed in various epithelial tissues, including airway epithe-
lia, urogenital tissues, nasolacrimal duct, mammary gland, testes, and epididymis
along with some immune cells, such as monocytes and macrophages [232, 249—
258]. The best known role of HBDs and other mammalian B-defensins as effec-
tors of innate immunity is direct action against Gram-positive and Gram-negative
bacteria, fungi, viruses, and parasites, which has been extensively reviewed else-
where (Chapter 2) [38, 125, 139, 232, 251, 257]. However, in addition to their direct
antimicrobial activities, HBDs play a critical role in regulating inflammation,
which is essentially a protective response by the host’s immune system to elimi-
nate injurious stimuli, such as infection by pathogenic microbes, and to initiate
healing at the inflamed tissue site [137, 139]. As a contribution to regulating
inflammation, HBDs function as chemoattractants for a variety of immune cells
[224, 232] and in a landmark study, Yang et al. demonstrated the recruitment of
immature dendritic cells and CD4" memory T cells by a concentration gradient of
HBD1 and 2 [259]. The chemotactic activity of HBD3 towards immature dendritic
cells has also been demonstrated, along with that of several murine defensins,
which have been shown to chemoattract immature murine dendritic cells [224].
In combination, these results clearly suggested that HBDs and other defensins
are able to serve as modulators of the adaptive immune response to infection with
their initiation into this process being marked by the recruitment of immature
dendritic cells to sites of microbial entry into the host. This recruitment leads to
the uptake, processing, and presentation of microbial antigens by mature dendritic
cells with the subsequent induction of the antigen-specific immune system [257,
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260, 261]. HBDs have also been show to exert chemotactic activity towards phago-
cytes, which include monocytes and macrophages, and form part of the front-line
effector cells involved in innate defense against invading pathogenic microbes
[262-266]. For example, it has been shown that HBD1 is chemotactic for mono-
cytes while HBD2-4 are variously chemotactic for monocytes, macrophages, and
mast cells [139, 267], which in the latter case can indirectly promote phagocyte
recruitment [224, 257]. Once recruited to the site of infection, phagocytes become
activated and work in conjunction with a range of effector molecules to internalize
and kill infecting microbes. Moreover, the processing of microbes by both imma-
ture and mature dendritic cells is phagocytic, and hence contributes to innate
immunity by directly killing pathogens. In addition, dendritic cells, particularly
upon activation, produce numerous mediators, including cytokines, chemokines
and AMPs, that participate in innate immunity [224, 257, 261, 268]. Taken together,
these results indicated that HBDs can serve as modulators of both the innate
and adaptive immune response to infection [125, 139, 232]. HBDs are able
to function as proinflammatory mediators of the immune response by indirect
mechanisms as shown by a recent study, which demonstrated that these peptides
are able to suppress the apoptosis of neutrophils [269] and prolonging the lifespan
of these cells is an inflammatory event that contributes to host defense against
invading microbes. It was found that HBDs, particularly HBD3, exerted their sup-
pressive effect on neutrophil apoptosis through binding to CCR6, which is a
chemokine receptor. The resulting activation of this receptor led to a series of
antiapoptotic events, including the upregulation of antiapoptotic proteins and the
downregulation of proapoptotic proteins [269]. However, in many cases HBDs
directly promote a proinflammatory immune response by binding to various cell
receptors [137]. For example, the ability of HBDs 2 and 3, and to a lesser extent
HBD1, to chemoattract immature dendritic cells and CD4* memory T cells is
facilitated by interaction with CCR6 [259, 270], which is a G-protein-coupled recep-
tor (GPCR) [271, 272]. In the case of HBD3, a number of studies have investigated
the structure—function relationships underpinning these interactions, and found
that both the N-terminal tertiary structure and specific residues proximal to this
terminus were important to the receptor binding and chemotactic activity of the
peptide [273-275]. These data were strongly supported by the results of structure—
function studies on the murine ortholog of HBD3, DEFB14 [274-276], which also
chemoattracts cells that express CCR6 along with macrophages from both mice
and humans [275, 276]. However, the chemotactic activity of DEFBS8, a murine
B-defensin, towards immature dendritic cells and CD4" T cells [277] along with
that of HBD3 and 4 towards macrophages was found to be independent of CCR6,
suggesting the use of different receptors [273]. In the case of HBD3 this appears
to be the chemokine receptor CCR2 [278, 279], which is also a GPCR [280, 281].
The mechanisms used by B-defensins to mediate chemotaxis are poorly under-
stood [139] and are generally beyond the scope of this chapter; however, currently,
three alternative models have been proposed [65]. According to the “alternate
ligand model,” B-defensins directly bind to a specific chemokine receptor, re-
sulting in the initiation of receptor signaling. This model appears to include
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chemotaxis mediated by the binding of HBDs to CCR6 where these peptides serve
as alternate ligands to the chemokine macrophage inflammatory protein-3o (MIP-
30, which is the natural agonist of this receptor. The ability of HBDs to bind
CCR6 appeared to be based on similarities between the three-dimensional struc-
tures of HBDs and MIP-3q, including the presence of topological motifs that could
mediate receptor recognition and the surface distribution of cationic residues
on these molecules [232, 246]. The “membrane disruption model” proposes that
B-defensins modify the membrane microdomain associated with the chemokine
receptor, which indirectly changes its function to either signal without a ligand or
to become unresponsive to binding by its specific ligand. In contrast, the “trans-
activation model” suggests that B-defensins stimulate the release of a membrane-
bound growth factor, which then binds and activates its high-affinity receptor
(Figure 1.3) [65].

In addition to binding chemokine receptors, B-defensins have also been shown
to interact with antigen-presenting cells (APCs) via Toll-like receptors (TLRs),

Trans-activation: AMPs displace growth
factors facilitating receptor activation
Altemate ligand: AMPs
Growth factors act directly as ligands
for receptors

Membrane disruption: AMPs alter
the membrane microdomain of
receptors and alter function

Receptors activated | Receptors activated by | Receptors inactivated by

by ligand binding of AMP disruption of membrane
(a) (b) ()
Figure 1.3 Models for the interaction of receptor, which results in the initiation of
B-defensins with cell surface receptors: signaling. The “membrane disruption model”
putative models for the interaction of (c) proposes that AMPs modify the

defensins with chemokine receptors (adapted ~membrane microdomain associated with the
from [65]). According to the “trans-activation  receptor, which indirectly leads to a change

model” (a), AMPs stimulate the release of a in receptor function. This functional change
membrane-bound growth factor, which then allows the receptor to either signal without a
binds to its high-affinity receptor with ligand or become insensitive to binding by
activation resulting. In the “alternate ligand its specific ligand.

model” (b), AMPs bind directly to the
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which are integral membrane glycoproteins that recognize microbial components
[282, 283]. For example, it has been reported that the activation of APCs by HBD3
is mediated by binding of the peptide to TLR1 and TLR2 and the subsequent
activation of the MyD88 (myeloid differentiation primary response gene 88)-depend-
ent signaling pathway [284]. MyD88 is an adapter molecule that is recruited by
activated TLRs in order to propagate a signal [283]. Studies on MBD2, which is a
murine ortholog of HBD2, showed that interactions between the peptide and TLR4
mediated the upregulation of costimulatory proteins on immature dendritic cells,
including CD40, CD80, and CD86 [285], which play a role in the maturation of
these cells [286]. MBD2 was found to stimulate the maturation of immature den-
dritic cells, which led to an adaptive immune response, including the production
of proinflammatory cytokines [285, 287]. Most recently, the induction of proinflam-
matory cytokines by HBD3 was demonstrated in human macrophages by the
enhanced expression of a variety of gene transcripts, including those for tumor
necrosis factor-o, interleukin (IL)-1c, IL-6, and IL-8 [279]. In human monocytes,
the increased expression of proinflammatory cytokines was detected at the protein
level for IL-1o., IL-6, and IL-8, which appeared to be induced by the binding of
HBD3 to TLR1 and TLR2 [288]. A number of studies have shown that HBD2-4
can stimulate human keratinocytes to increase the production of a variety of proin-
flammatory mediators, including IL-6, IL-8, IL-10, IL-20, and MIP-30. [289-291].
In some cases, there was evidence to suggest that the induction of these mediators
was dependent on the interaction of HBDs with a GPCR [289]. The use of a GPCR
was also implicated in the ability of HBD2—4 to enhance the expression of the
pruritogenic cytokine, IL-31, in a variety of human mast cells, which constituted
a novel source of this cytokine. These studies also showed that the expression of
IL-31 was elevated in psoriatic skin mast cells, which led to the suggestion that
the HBD-stimulated production of pruritogenic factors by mast cells provided a
novel mechanism by, which human AMPs may contribute to inflammatory reac-
tions and suggested a role for these HBDs in the pathogenesis of psoriasis and
other skin disorders [292].

Collectively, the studies described above demonstrate that HBDs and other
B-defensins are able to bind a variety of cell surface receptors and enhance the
adaptive and innate immune response. However, studies over recent years have
suggested that these peptides are also able to attenuate the immune response by
suppressing a proinflammatory response [137, 293]. The ability of HBDs and other
B-defensins to exert an immunosuppressive effect on proinflammatory responses
induced by bacterial and viral components has been suggested by investigations
both in vitro [137, 294-297] and in vivo [293, 298, 299]. In general, the mechanisms
underpinning these immunosuppressive effects are unclear but recent work has
suggested that HBDs and other B-defensins may combine both pro- and anti-
inflammatory capacities with the balance of these effects determined by the levels
of expression of the HBD peptides. For example, HBDs may be produced at high
levels at the site of microbial infection, resulting in a proinflammatory response
and the chemotactic recruitment of immune cells such as macrophages, as
described above. However, as the microbial threat is nullified and the levels of
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HBDs present at the site of infection decreases, the ability of these peptides to act
as proinflammatory suppressors contributes to the resolution of infection [137].

1.3.2
Defensins and Wound Healing

A number of studies showed that HBD1-4 was expressed in skin substitutes
prepared from keratinocyte cultures and split skin grafts from healthy and burned
donors [300-302]. It has also been shown that a number of these HBDs stimulate
the migration and proliferation of epidermal keratinocytes, which led to the sug-
gestion that these peptides may promote cutaneous wound healing [289]. Consist-
ent with this suggestion, the expression of HBD2 appeared to be upregulated in
acute and chronic wounds while the presence of the peptide was not detected in
healthy skin [303, 304]. It has been shown that the expression of HBD2 is signifi-
cantly induced by epidermal growth factor (EGF) when costimulated with the
cytokine, IL-1o [305]. It has previously been shown that this defensin is upregu-
lated by IL-1o in the human corneal epithelium in response to ocular surface
injury and it was suggested that the presence of the peptide in the regenerating
corneal epithelium may indicate that it plays a direct role in the wound-healing
process [306]. HBD2 also appears to play a role in the restitutive migration of
epithelial cells and wound healing of the mucosal barrier in the intestine [307],
while other studies have shown that, similarly to vascular endothelial growth
factor, the peptide is able to promote the migration and wound healing of endothe-
lial cells, manifested by the formation of capillary-like tubes with human umbilical
vein endothelial cells [308]. More recent studies have shown that a high-glucose
environment reduces HBD2 expression in keratinocytes via the downregulation
of STAT protein signaling, which led to the observation that reduced expression
of the peptide would have severe negative effects on the wound healing process
under diabetic conditions, including impaired keratinocyte migration and subop-
timal neovascular formation [309]. HBD3 is highly expressed in keratinocytes,
especially at wound sites in response to the growth factors such as EGF, transform-
ing growth factor-o, and insulin growth factor-1 [310-312], and it has been shown
that the peptide promotes the proliferation and migration of keratinocytes through
phosphorylation of the EGF receptor and STAT proteins [289]. Consistent with
these findings, studies on murine models showed that the expression of rat
B-defensin 3 (RBD3) was enhanced at both the mRNA and protein levels after skin
wounding. However, this study also showed that when the skin of diabetic rats
was wounded, RBD3 induction was negligible and similar observations were made
for HBD3 expression in human keratinocytes under various glucose-treatment
conditions, indicating that both defensins were dysfunctional under hyperglyc-
emic conditions [313]. Reinforcing the importance of HBD3 to the process of
wound healing, several studies demonstrated that gene transfer of the peptide to
infected excisional wounds on the backs of diabetic pigs enhanced wound closure
by around 25% compared to controls [314, 315].



1.4 Discussion

1.3.3
Defensins and Canine Coat Color

CBD103 is a canine B-defensin with potent antibacterial activity that is widely
expressed in the skin of dogs, thereby participating in the innate defense of
the host [191, 316-318]. However, in addition to its immune-related functions, a
number of recent studies have suggested that CBD103 may play a role in determin-
ing the color of some dog coats [137, 319]. A number of genes and their protein
products were known to mediate the pigmentation of dog coats although interac-
tions between the melanocortin 1 receptor (Mclr) and its antagonist, the agouti
signal peptide (ASP) appeared to be the primary determinants of this process [320].
Essentially, constitutive signaling by Mc1r located on the surface of melanocytes
controls the production of eumelanin, or black pigment, and the binding of ASP
to the receptor antagonizes this signaling, resulting in the production of pheomel-
anin, or red/yellow pigment [319, 321]. Differential signaling and genetic variation
in both ASP and Mc1r was able to explain much of the variation found in canine
coat color [319], but it had long been known that these interactions could not
account for the dominant black coat color observed in breeds such as Labrador
and Golden retrievers [322]. In response, recent studies showed that this dominant
black phenotype was associated with an allele located at the K locus of the canine
genome [323, 324], which encoded a variant of CBD103 that lacked an N-terminal
glycine residue [325]. This mutant defensin was found to act as a neutral antago-
nist to Mclr, thereby preventing ASP from associating with the receptor and
allowing unrestricted signaling to synthesize black pigment [326]. Interestingly,
through mating with domestic dogs, this dominant mutation has been identified
in North American wolves and occurs at high frequency in those of these animals
that inhabit forested locations where dark color would provide an advantage, dem-
onstrating a molecular signature of positive selection [327]. Most recently, evidence
has been presented suggesting that orthologs of CBD103 may be linked to the
determination of coat color phenotypes in cattle [328] and function as novel Mclr
agonists in the regulation of melanocyte responses in humans [326, 329].

1.4
Discussion

In this chapter, the history of AMPs has been described, and the discovery of these
peptides provided an explanation as to why plants and insects, which lack an adap-
tive immune systems, are able to resist infections. This chapter has shown that
the starting point for the history of AMPs is popularly taken to be the 1980s based
on the first descriptions of cecropins in 1981 [32] and magainins in 1987 [33].
However, there is some debate as to the validity of this assertion, which appears
to be not without foundation, given that in 1962 AMPs were reported in the Euro-
pean frog, B. variegate [23], predating the first reports of magainins by around 25

17



18

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

years. However, while accreditation for the discovery of AMPs is an academic
matter, the subsequent explosive increase in their rate of identification and char-
acterization (Table 1.1) has provided some very tangible benefits in relation to the
understanding and utilization of these peptides. The most obvious of these ben-
efits is the promise shown by these peptides to act as lead molecules for develop-
ment as novel antimicrobial agents and as anticancer agents (Chapter 6). However,
the availability of databases of AMPs with detailed descriptions of their structural
and antimicrobial properties has provided other benefits, such as the construction
of models to describe their membrane interactions, which is a key factor in the
ability of these peptides to kill microbes (Chapters 5). Such understanding
can also provide insight into other lipid—peptide interactions within biological
systems. The availability of databases of AMPs with structural information has
also contributed to the development of theoretical techniques to analyze the prop-
erties of AMPs, including the prediction of their membrane interactive potential
(Chapter 4) along with phylogenetic analysis of their evolutionary relationships
as discussed above. This chapter has shown that AMPs have an evolutionarily
ancient history with pre-prodermaseptins from frogs of the Ranidae and Hylidae
families, originating from an ancestral gene over 200 million years old. Moreover,
these AMPs have evolved to give modern frogs profiles of these peptides that
are sufficiently characteristic to aid the taxanomic classification of these creatures
and link their biodiversity to their recent evolutionary history. In the case of ver-
tebrate B-defensins, these peptides appear to have evolved from the C-terminal
domain of ancestral invertebrate defensins with an evolutionary history that
can be traced back to bilateran organisms that lived over half a billion years ago
(Figure 1.2).

An emerging theme from the voluminous literature on AMPs is the multifunc-
tional nature of these peptides. In the case of B-defensins, these peptides contrib-
ute to host defense by direct antimicrobial action and by their ability to modulate
both the innate and adaptive immune systems. These peptides have been shown
to promote the proinflammatory response via indirect mechanisms such as inhib-
iting the apoptosis of immune cells and directly through their ability to bind to
immune cell receptors and induce the chemoattraction of these cells to sites of
microbial infection, thereby facilitating pathogen clearance. There is also increas-
ing evidence that B-defensins are able to suppress the proinflammatory response,
thereby contributing to the resolution of infection. Increasingly, other biological
functions for B-defensins are being reported and here we have briefly described
several of these functions, including the ability of these peptides to influence
canine coat color and to contribute to wound healing. However, beyond the scope
of this chapter, B-defensins have also been reported to play roles in mammalian
fertility and development along with conditions ranging from psoriasis and atopic
dermatitis to cancer and Crohn’s disease, which have been extensively reviewed
elsewhere [19, 125, 137, 139, 251, 330]. Taking this chapter as a whole, it is clear
that AMPs are ancient molecules; however, given their evolutionary significance
and functional promiscuity, they would appear to have a promising future in areas
ranging from phylogeny to therapeutics.



References

—_

N

w

(V]

A

~N

©

A=)

Dubos, R.J. (1939) Studies on
bactericidal agent extracted from a soil
Bacillus: 1. Preparation of the agent. Its
activity in vitro. The Journal of
Experimental Medicine, 70, 1-10.
Dubos, R.J. (1939) Studies on
bactericidal agent extracted from a soil
Bacillus: 11. Protective effect of the
vactericidal agent against experimental
Pneumococcus infections in mice. The
Journal of Experimental Medicine, 70,
11-17.

Gause, G.F. and Brazhnikova, M.G.
(1944) Gramicidin S and its use in the
treatment of infected wounds. Nature,
154, 703-703.

Van Epps, H.L. (2006) Rene Dubos:
unearthing antibiotics. The Journal

of Experimental Medicine, 203,
259-259.

Stec, B. (2006) Plant thionins—the
structural perspective. Cellular

and Molecular Life Sciences, 63,
1370-1385.

Jago, W. and Jago, W. (1926) Toxic
action of wheat flour to brewer’s yeast,
in Industrial Fermentations (ed.

W. Allen), The Chemical Catering
Company, New York, pp. 128-167.
Fleming, A. (1922) On a remarkable
bacteriolytic element found in tissues
and secretions. Proceedings of the Royal
Society of London B, 93, 306-317.
Benkerroum, N. (2008) Antimicrobial
activity of lysozyme with special
relevance to milk. African Journal of
Biotechnology, 7, 4856-4867.

Vocadlo, D.J., Davies, G.J., Laine, R.,
and Withers, S.G. (2001) Catalysis by
hen egg-white lysozyme proceeds via a
covalent intermediate. Nature, 412,
835-838.

Fleming, A. (2001) On the antibacterial
action of cultures of a penicillium, with
special reference to their use in the
isolation of B. influenzae. Bulletin of the
World Health Organization, 79, 780-790.
Brown, K. (2004) The history of
penicillin from discovery to the drive to
production. Pharmaceutical Historian, 34,
37-43.

12

1

w

14

1

V]

16

1

~N

18

1

-]

20

21

22

References

Zaffiri, L., Gardner, J., and Toledo-
Pereyra, L.H. (2012) History of
antibiotics. From Salvarsan to
Cephalosporins. Journal of Investigative
Surgery, 25, 67-77.

Bentley, R. (2009) Different roads to
discovery; Prontosil (hence sulfa drugs)
and penicillin (hence beta-lactams).
Journal of Industrial Microbiology &
Biotechnology, 36, 775-786.

Fernandez de Caleya, R., Gonzalez-
Pascual, B., Garcia-Olmedo, F., and
Carbonero, P. (1972) Susceptibility of
phytopathogenic bacteria to wheat
purothionins in vitro. Applied
Microbiology, 23, 998-1000.

Ohtani, S., Okada, T., Yoshizumi, H.,
and Kagamiyama, H. (1977) Complete
primary structures of 2 subunits of
purothionin-A, a lethal protein for
brewers yeast from wheat flour. Journal
of Biochemistry, 82, 753-767.

Mak, A.S. and Jones, B.L. (1976) Amino
acid sequence of wheat beta-
purothionin. Canadian Journal of
Biochemistry, 54, 835-842.

Davies, J. (2006) Where have all the
antibiotics gone? The Canadian Journal
of Infectious Diseases & Medical
Microbiology, 17, 287-290.

Katz, M.L., Mueller, L.V., Polyakov, M.,
and Weinstock, S.F. (2006) Where have
all the antibiotic patents gone? Nature
Biotechnology, 24, 1529-1531.
Nakatsuji, T. and Gallo, R.L. (2012)
Antimicrobial peptides: old molecules
with new ideas. The Journal of
Investigative Dermatology, 132, 887-895.
Hirsch, J.G. (1956) Phagocytin: a
bactericidal substance from
polymorphonuclear leucocytes. The
Journal of Experimental Medicine, 103,
589-611.

Zeya, H.I. and Spitznagel, ].K. (1966)
Cationic proteins of polymorphonuclear
leukocyte lysosomes. II. Composition,
properties, and mechanism of
antibacterial action. Journal of
Bacteriology, 91, 755-762.

Bagnicka, E., Jozwik, A., Strzalkowska,
N., Krzyzewski, J., and Zwierzchowski, L.

19



20

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

23

24

25

2

a

2

~N

28

2

o

30

31

32

(2011) Antimicrobial peptides—outline
of the history of studies and mode of
action. Medycyna Weterynaryjna, 67,
444-448.

Kiss, G. and Michl, H. (1962) Uber das
Giftsekret der Gelbbauchunke, Bombina
variegata L. Toxicon, 1, 33-34.

Groves, M.L., Peterson, R.F., and Kiddy,
C.A. (1965) Polymorphism in the red
protein isolated from milk of individual
cows. Nature, 207, 1007-1008.
Stephens, ].M. and Marshall, ].H.

(1962) Some properties of an immune
factor isolated from the blood of
actively immunised wax moth larvae.
Canadian Journal of Microbiology, 8,
719-725.

Levy, O. (2004) Antimicrobial proteins
and peptides: anti-infective molecules of
mammalian leukocytes. Journal of
Leukocyte Biology, 76, 909-925.

Selsted, M.E., Brown, D.M., Delange,
R.J., Harwig, S.S.L., and Lehrer, R.I.
(1985) Primary structures of 6
antimicrobial peptides of rabbit
peritoneal neutrophils. Journal of
Biological Chemistry, 260, 4579-4584.
Selsted, M.E., Szklarek, D., and Lehrer,
R.I. (1984) Purification and antibacterial
activity of antimicrobial peptides of
rabbit granulocytes. Infection and
Immunity, 45, 150-154.

Selsted, M.E., Brown, D.M., Delange,
R.J., and Lehrer, R.I. (1983) Primary
structures of MCP-1 and MCP-2, natural
peptide antibiotics of rabbit lung
macrophages. Journal of Biological
Chemistry, 258, 4485-4489.

Ganz, T., Selsted, M.E., Szklarek, D.,
Harwig, S.S.L., Daher, K., Bainton, D.F.,
and Lehrer, R.I. (1985)
Defensins—natural peptide antibiotics of
human neutrophils. Journal of Clinical
Investigation, 76, 1427-1435.

Hultmark, D., Steiner, H., Rasmuson,
T., and Boman, H.G. (1980) Insect
immunity —purification and properties
of 3 inducible bactericidal proteins from
hemolymph of immunised pupae of
Hyalophora cecropia. European Journal of
Biochemistry, 106, 7-16.

Steiner, H., Hultmark, D., Engstrom, A.,
Bennich, H., and Boman, H.G. (1981)
Sequence and specificity of two

3

w

3

s

35

3

N

3

~N

3

-

3

o

40

anti-bacterial proteins involved in insect
immunity. Nature, 292, 246-248.
Zasloff, M. (1987) Magainins, a class of
antimicrobial peptides from Xenopus
skin: isolation, characterization of two
active forms, and partial cDNA sequence
of a precursor. Proceedings of the National
Academy of Sciences of the United States of
America, 84, 5449-5453.

Selsted, M.E., Tang, Y.Q., Morris, W.L.,
McGuire, P.A., Novotny, M.]., Smith,
W., Henschen, A.H., and Cullor, J.S.
(1993) Purification, primary structures,
and antibacterial activities of beta-
defensins, a new family of antimicrobial
peptides from bovine neutrophils.
Journal of Biological Chemistry, 268,
6641-6648.

Tang, Y.Q., Yuan, J., Osapay, G.,
Osapay, K., Tran, D., Miller, C.J.,
Ouellette, A.]., and Selsted, M.E. (1999)
A cyclic antimicrobial peptide produced
in primate leukocytes by the ligation of
two truncated alpha-defensins. Science,
286, 498-502.

Brogden, K.A., Ackermann, M., and
Huttner, K.M. (1997) Small, anionic,
and charge-neutralizing propeptide
fragments of zymogens are
antimicrobial. Antimicrobial Agents and
Chemotherapy, 41, 1615-1617.

Brogden, K.A., Ackermann, M., McCray,
P.B., and Tack, B.F. (2003)
Antimicrobial peptides in animals and
their role in host defences. International
Journal of Antimicrobial Agents, 22,
465-478.

Ganz, T. (2003) The role of
antimicrobial peptides in innate
immunity. Integrative and Comparative
Biology, 43, 300-304.

Lemaitre, B., Nicolas, E., Michaut, L.,
Reichhart, J.-M., and Hoffmann, J.A.
(1996) The Dorsoventral Regulatory
Gene Cassette spitzle/Toll/cactus
controls the potent antifungal response
in Drosophila adults. Cell, 86, 973-983.
Duran, N., Marcato, P.D., Duran, M.,
Yadav, A., Gade, A., and Rai, M. (2011)
Mechanistic aspects in the biogenic
synthesis of extracellular metal
nanoparticles by peptides, bacteria,
fungi, and plants. Applied Microbiology
and Biotechnology, 90, 1609-1624.



41 Barbosa Pelegrini, P., Del Sarto, R.P.,

Silva, O.N., Franco, O.L., and Grossi-
de-Sa, M.F. (2011) Antibacterial peptides
from plants: what they are and how they
probably work. Biochemistry, 2011,
250349.

Bulet, P. and Stocklin, R. (2005) Insect
antimicrobial peptides: structures,
properties and gene regulation. Protein
and Peptide Letters, 12, 3-11.

Ravi, C., Jeyashree, A., and Renuka
Devi, K. (2011) Antimicrobial peptides
from insects: an overview. Research in
Biotechnology, 2, 1-7.

Ntwasa, M., Goto, A., and Kurata, S.
(2012) Coleopteran antimicrobial
peptides: prospects for clinical
applications. International Journal of
Microbiology, 2012, 101989.

Lee, J.K., Jeon, J.-K., Kim, S.-K., and
Byun, H.-G. (2012) Characterization of
bioactive peptides obtained from marine
invertebrates. Advances in Food and
Nutrition Research, 65, 47-72.

Sperstad, S.V., Haug, T., Blencke,
H.-M., Styrvold, O.B., Li, C., and
Stensvag, K. (2011) Antimicrobial
peptides from marine invertebrates:
challenges and perspectives in marine
antimicrobial peptide discovery.
Biotechnology Advances, 29, 519-530.
Hancock, R.E.W., Brown, K.L., and
Mookherjee, N. (2006) Host defence
peptides from invertebrates—emerging
antimicrobial strategies. Immunobiology,
211, 315-322.

Bulet, P., Stocklin, R., and Menin, L.
(2004) Anti-microbial peptides: from
invertebrates to vertebrates.
Immunological Reviews, 198, 169-184.
Amiche, M. and Galanth, C. (2011)
Dermaseptins as models for the
elucidation of membrane-acting helical
amphipathic antimicrobial peptides.
Current Pharmaceutical Biotechnology, 12,
1184-1193.

Thomas, P., Kumar, T.V.V., Reshmy, V.,
Kumar, K.S., and George, S. (2012) A
mini review on the antimicrobial
peptides isolated from the genus
Hylarana (Amphibia: Anura) with a
proposed nomenclature for amphibian
skin peptides. Molecular Biology Reports,
39, 6943-6947.

w

v

a

A

—

References

51 Fernandez, D.I., Gehman, J.D., and

Separovic, F. (2009) Membrane
interactions of antimicrobial peptides
from Australian frogs. Biochimica et
Biophysica Acta— Biomembranes, 1788,
1630-1638.

Nicolas, P. and El Amri, C. (2009) The
dermaseptin superfamily: a gene-based
combinatorial library of antimicrobial
peptides. Biochimica et Biophysica
Acta— Biomembranes, 1788, 1537-1550.
Zasloft, M. (2002) Antimicrobial
peptides of multicellular organisms.
Nature, 415, 389-395.

Bevins, C.L. and Salzman, N.H. (2011)
Paneth cells, antimicrobial peptides
and maintenance of intestinal
homeostasis. Nature Reviews
Microbiology, 9, 356-368.

Wiesner, J. and Vilcinskas, A. (2010)
Antimicrobial peptides: the ancient arm
of the human immune system.
Virulence, 1, 440-464.

Cederlund, A., Gudmundsson, G.H.,
and Agerberth, B. (2011) Antimicrobial
peptides important in innate immunity.
FEBS Journal, 278, 3942-3951.
Pasupuleti, M., Schmidtchen, A., and
Malmsten, M. (2012) Antimicrobial
peptides: key components of the innate
immune system. Critical Reviews in
Biotechnology, 32, 143-171.

Cox, D., Kerrigan, S.W., and Watson,
S.P. (2011) Platelets and the innate
immune system: mechanisms of
bacterial-induced platelet activation.
Journal of Thrombosis and Haemostasis, 9,
1097-1107.

Malik, A. and Batra, ].K. (2012)
Antimicrobial activity of human
eosinophil granule proteins:
involvement in host defence against
pathogens. Critical Reviews in
Microbiology, 38, 168-181.

Risso, A. (2000) Leukocyte antimicrobial
peptides: multifunctional effector
molecules of innate immunity. Journal
of Leukocyte Biology, 68, 785-792.
Hancock, R.E.-W. and Scott, M.G. (2000)
The role of antimicrobial peptides in
animal defenses. Proceedings of the
National Academy of Sciences of the
United States of America, 97,
8856-8861.



22

62

6!

w

64

6!

v

66

6

~N

68

69

70

Scott, M.G. and Hancock, R.E.W. (2000)
Cationic antimicrobial peptides and
their multifunctional role in the
immune system. Critical Reviews in
Immunology, 20, 407-431.

Schittek, B., Hipfel, R., Sauer, B., Bauer,
J., Kalbacher, H., Stevanovic, S., Schirle,
M., Schroeder, K., Blin, N., Meier, F.,
Rassner, G., and Garbe, C. (2001)
Dermcidin: a novel human antibiotic
peptide secreted by sweat glands. Nature
Immunology, 2, 1133-1137.

Rieg, S., Seeber, S., Steffen, H.,
Humeny, A., Kalbacher, H., Stevanovic,
S., Kimura, A., Garbe, C., and Schittek,
B. (2006) Generation of multiple stable
dermcidin-derived antimicrobial
peptides in sweat of different body sites.
Journal of Investigative Dermatology, 126,
354-365.

Lai, Y. and Gallo, R.L. (2009) AMPed up
immunity: how antimicrobial peptides
have multiple roles in immune defense.
Trends in Immunology, 30, 131-141.
Cassone, M. and Otvos, L., Jr (2010)
Synergy among antibacterial peptides
and between peptides and small-
molecule antibiotics. Expert Review of
Anti-Infective Therapy, 8, 703-716.
Westerhoft, H.V., Zasloff, M., Rosner,
J.L., Hendler, R.W., Dewaal, A., Gomes,
A.V., Jongsma, A.P.M., Riethorst, A.,
and Juretic, D. (1995) Functional
synergism of the magainins PGLA and
Magainin-2 in Escherichia coli, tumor
cells and liposomes. European Journal of
Biochemistry, 228, 257-264.

Matsuzaki, K., Mitani, Y., Akada, K.,
Murase, O., Yoneyama, S., Zasloff, M.,
and Miyajima, K. (1998) Mechanism of
synergism between antimicrobial
peptides magainin 2 and PGlLa.
Biochemistry, 37, 15144-15153.

Yan, H. and Hancock, R.E.-W. (2001)
Synergistic interactions between
mammalian antimicrobial defense
peptides. Antimicrobial Agents and
Chemotherapy, 45, 1558-1560.

Liu, R, Liu, H., Ma, Y., Wu, ], Yang,
H., Ye, H., and Lai, R. (2011) There are
abundant antimicrobial peptides in
brains of two kinds of Bombina toads.
Journal of Proteome Research, 10,
1806-1815.

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

71 Gruber, C.W., Cemazar, M., Anderson,

7

7

7

7

7

7

7

7

8|

8

2

3

4

5

[-))

7

8

9

0

pr}

M.A., and Craik, D.J. (2007) Insecticidal
plant cyclotides and related cystine knot
toxins. Toxicon, 49, 561-575.

Gruber, C.W., Elliott, A.G., Ireland,
D.C., Delprete, P.G., Dessein, S.,
Goransson, U., Trabi, M., Wang, C.K,,
Kinghorn, A.B., Robbrecht, E., and
Craik, D.J. (2008) Distribution and
evolution of circular miniproteins in
flowering plants. Plant Cell, 20,
2471-2483.

Voskoboinik, I., Dunstone, M.A., Baran,
K., Whisstock, J.C., and Trapani, J.A.
(2010) Perforin: structure, function, and
role in human immunopathology.
Immunological Reviews, 235, 35-54.
Kondos, S.C., Hatfaludi, T.,
Voskoboinik, I., Trapani, J.A., Law,
R.H.P., Whisstock, J.C., and Dunstone,
M.A. (2010) The structure and function
of mammalian membrane-attack
complex/perforin-like proteins. Tissue
Antigens, 76, 341-351.

Brock, J.H. (2012) Lactoferrin—50years
on. Biochemistry and Cell Biology, 90,
245-251.

Legrand, D. (2012) Lactoferrin, a key
molecule in immune and inflammatory
processes. Biochemistry and Cell Biology,
90, 252-268.

Fabian, T.K., Hermann, P., Beck, A.,
Fejerdy, P., and Fabian, G. (2012)
Salivary defense proteins: their network
and role in innate and acquired oral
immunity. International Journal of
Molecular Sciences, 13, 4295-4320.
Wade, D. and Englund, J. (2002)
Synthetic antibiotic peptides database.
Protein and Peptide Letters, 9, 53-57.
Whitmore, L. and Wallace, B.A. (2004)
The Peptaibol Database: a database for
sequences and structures of naturally
occurring peptaibols. Nucleic Acids
Research, 32, D593-D594.

Mulvenna, J.P., Wang, C., and Craik,
D.J. (2006) CyBase: a database of cyclic
protein sequence and structure. Nucleic
Acids Research, 34, D192-D194.
Gueguen, Y., Garnier, J., Robert, L.,
Lefranc, M.P., Mougenot, L., de Lorgeril,
J., Janech, M., Gross, P.S., Warr, G.W.,
Cuthbertson, B., Barracco, M.A., Bulet,
P., Aumelas, A., Yang, Y.S., Bo, D,,



82

83

84

85

86

87

88

89

920

Xiang, J.H., Tassanakajon, A., Piquemal,
D., and Bachere, E. (2006) PenBase, the
shrimp antimicrobial peptide penaeidin
database: sequence-based classification
and recommended nomenclature.
Developmental and Comparative
Immunology, 30, 283-288.

Hammami, R., Zouhir, A., Ben Hamida,
J., and Fliss, . (2007) BACTIBASE: a
new web-accessible database for
bacteriocin characterization. BMC
Microbiology, 7, 89.

Seebah, S., Suresh, A., Zhuo, S.,
Choong, Y.H., Chua, H., Chuon, D.,
Beuerman, R., and Verma, C. (2007)
Defensins knowledgebase: a manually
curated database and information source
focused on the defensins family of
antimicrobial peptides. Nucleic Acids
Research, 35, D265-D268.

Fjell, C.D., Hancock, R.E.W., and
Cherkasov, A. (2007) AMPer: a database
and an automated discovery tool for
antimicrobial peptides. Bioinformatics,
23, 1148-1155.

Hammami, R., Ben Hamida, .,
Vergoten, G., and Fliss, 1. (2009)
PhytAMP: a database dedicated to
antimicrobial plant peptides. Nucleic
Acids Research, 37, D963-D968.

Li, Y. and Chen, Z. (2008) RAPD: a
database of recombinantly-produced
antimicrobial peptides. Fems
Microbiology Letters, 289, 126-129.
Wang, G., Li, X., and Wang, Z. (2009)
APD2: the updated antimicrobial
peptide database and its application in
peptide design. Nucleic Acids Research,
37, D933-D937.

Thomas, S., Karnik, S., Barai, R.S.,
Jayaraman, V.K., and Idicula-Thomas, S.
(2010) CAMP: a useful resource for
research on antimicrobial peptides.
Nucleic Acids Research, 38, D774-D780.
Piotto, S.P., Sessa, L., Concilio, S., and
Iannelli, P. (2012) YADAMP: yet another
database of antimicrobial peptides.
International Journal of Antimicrobial
Agents, 39, 346-351.

Sundararajan, V.S., Gabere, M.N.,
Pretorius, A., Adam, S., Christoffels, A.,
Lehvaeslaiho, M., Archer, J.A.C., and
Bajic, V.B. (2012) DAMPD: a manually
curated antimicrobial peptide database.

9

por]

92

9

w

94

9!

(v

96

97

98

9

o

100

References

Nucleic Acids Research, 40, D1108—
D1112.

Novkovi¢, M., Simunig, J., Bojovié, V.,
Tossi, A., and Jureti¢, D. (2012) DADP:
the database of anuran defense peptides.
Bioinformatics, 28, 1406-1407.

Conlon, J.M., Iwamuro, S., and King,
J.D. (2009) Dermal cytolytic peptides
and the system of innate immunity in
anurans. Annals of the New York
Academy of Sciences, 1163, 75-82.
Conlon, J. (2011) The contribution of
skin antimicrobial peptides to the
system of innate immunity in anurans.
Cell and Tissue Research, 343, 201-212.
Conlon, J. (2011) Structural diversity
and species distribution of host-defense
peptides in frog skin secretions. Cellular
and Molecular Life Sciences, 68,
2303-2315.

Apponyi, M.A., Pukala, T.L., Brinkworth,
C.S., Maselli, V.M., Bowie, J.H., Tyler,
M.]J., Booker, G.W., Wallace, J.C.,
Carver, J.A., Separovic, F., Doyle, J., and
Llewellyn, L. (2004) Host-defence
peptides of Australian anurans:
structure, mechanism of action and
evolutionary significance. Peptides, 25,
1035-1054.

Pukala, T.L., Bowie, J.H., Maselli, V.M.,
Musgrave, L.F., and Tyler, M.J. (2006)
Host-defence peptides from the
glandular secretions of amphibians:
structure and activity. Natural Product
Reports, 23, 368-393.

Belanger, R.M. and Corkum, L.D. (2009)
Review of aquatic sex pheromones and
chemical communication in anurans.
Journal of Herpetology, 43, 184-191.
Benson, D.A., Karsch-Mizrachi, 1.,
Clark, K., Lipman, D.J., Ostell, J., and
Sayers, E.-W. (2012) GenBank. Nucleic
Acids Research, 40, D48-D53.
Mcwilliam, H., Valentin, F., Goujon, M.,
Li, W., Narayanasamy, M., Martin, J.,
Miyar, T., and Lopez, R. (2009) Web
services at the European Bioinformatics
Institute—2009. Nucleic Acids Research,
37, W6-W10.

Kulikova, T., Akhtar, R., Aldebert, P.,
Althorpe, N., Andersson, M., Baldwin, A.,
Bates, K., Bhattacharyya, S., Bower, L.,
Browne, P., Castro, M., Cochrane, G.,
Duggan, K., Eberhardt, R., Faruque, N.,

23



24

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

10

—

102

103

104

10

v

106

107

Hoad, G., Kanz, C., Lee, C., Leinonen,
R., Lin, Q., Lombard, V., Lopez, R.,
Lorenc, D., McWilliam, H., Mukherjee,
G., Nardone, F., Pilar, M., Pastor, G.,
Plaister, S., Sobhany, S., Stoehr, P.,
Vaughan, R., Wu, D., Zhu, W., and
Apweiler, R. (2007) EMBL Nucleotide
Sequence Database in 2006. Nucleic
Acids Research, 35, D16-D20.

Nicolas, P., Vanhoye, D., and Amiche,
M. (2003) Molecular strategies in
biological evolution of antimicrobial
peptides. Peptides, 24, 1669-1680.
Vanhoye, D., Bruston, F., Nicolas, P.,
and Amiche, M. (2003) Antimicrobial
peptides from hylid and ranin frogs
originated from a 150-million-year-old
ancestral precursor with a conserved
signal peptide but a hypermutable
antimicrobial domain. European Journal
of Biochemistry, 270, 2068-2081.

Chen, T.B., Scott, C., Tang, L.J., Zhou,
M., and Shaw, C. (2005) The structural
organization of aurein precursor cDNAs
from the skin secretion of the Australian
green and golden bell frog, Litoria aurea.
Regulatory Peptides, 128, 75-83.
Jackway, R.J., Pukala, T.L., Maselli,
V.M., Musgrave, L.F., Bowie, ].H., Liu,
Y., Surinya-Johnson, K.H., Donnellan,
S.C., Doyle, J.R., Llewellyn, L.E., and
Tyler, M.J. (2008) Disulfide-containing
peptides from the glandular skin
secretions of froglets of the genus
Crinia: structure, activity and
evolutionary trends. Regulatory Peptides,
151, 80-87.

Jackway, R.J., Pukala, T.L., Donnellan,
S.C., Sherman, P.J., Tyler, M.]., and
Bowie, J.H. (2011) Skin peptide and
cDNA profiling of Australian anurans:
genus and species identification and
evolutionary trends. Peptides, 32,
161-172.

Duda, T.F., Vanhoye, D., and Nicolas, P.
(2002) Roles of diversifying selection
and coordinated evolution in the
evolution of amphibian antimicrobial
peptides. Molecular Biology and
Evolution, 19, 858-864.

Tennessen, J.A. and Blouin, M.S. (2007)
Selection for antimicrobial peptide
diversity in frogs leads to gene
duplication and low allelic variation.

108

109

110

m

112

113

n

S

n

v

116

mz

118

Journal of Molecular Evolution, 65,
605-615.

Savage, J.M. (1973) The Geographic
Distribution of Frog Patterns and
Predictions. University of Missouri Press,
Columbia, MO.

Smith, A.G. and Hallam, A. (1970) The
fit of the southern continents. Nature,
225, 139-144.

San Mauro, D. (2010) A multilocus
timescale for the origin of extant
amphibians. Molecular Phylogenetics and
Evolution, 56, 554-561.

Kumar, S. and Hedges, S.B. (1998) A
molecular timescale for vertebrate
evolution. Nature, 392, 917-920.
Amiche, M., Seon, A.A., Pierre, T.N.,
and Nicolas, P. (1999) The dermaseptin
precursors: a protein family with a
common preproregion and a variable
C-terminal antimicrobial domain. FEBS
Letters, 456, 352—-356.

Koenig, E. and Bininda-Emonds, O.R.P.
(2011) Evidence for convergent evolution
in the antimicrobial peptide system in
anuran amphibians. Peptides, 32, 20-25.
Janion, C. (2008) Inducible SOS
response system of DNA repair and
mutagenesis in Escherichia coli.
International Journal of Biological
Sciences, 4, 338-344.

Conticello, S.G., Gilad, Y., Avidan, N.,
Ben-Asher, E., Levy, Z., and Fainzilber,
M. (2001) Mechanisms for evolving
hypervariability: the case of
conopeptides. Molecular Biology and
Evolution, 18, 120-131.

Rattray, A.]. and Strathern, J.N. (2003)
Error-prone DNA polymerases: when
making a mistake is the only way to get
ahead. Annual Review of Genetics, 37,
31-66.

Wong, J.H., Xia, L.X., and Ng, T.B.
(2007) A review of defensins of diverse
origins. Current Protein & Peptide Science,
8, 446-459.

Yamauchi, H., Maehara, N., Takanashi,
T., and Nakashima, T. (2010) Defensins
as host defense molecules against
microbes: the characteristics of the
defensins from arthropods, mollusks
and fungi. Bulletin of the Forestry and
Forest Products Research Institute, 9,
1-18.



119

120

121

122

123

124

125

126

127

128

Wilmes, M., Cammue, B.P.A., Sahl,
H.G., and Thevissen, K. (2011)
Antibiotic activities of host defense
peptides: more to it than lipid bilayer
perturbation. Natural Product Reports,
28, 1350-1358.

Aerts, A.M., Francois, I., Cammue,
B.P.A., and Thevissen, K. (2008) The
mode of antifungal action of plant,
insect and human defensins. Cellular
and Molecular Life Sciences, 65,
2069-2079.

Zou, J., Mercier, C., Koussounadis, A.,
and Secombes, C. (2007) Discovery of
multiple beta-defensin like homologues
in teleost fish. Molecular Immunology,
44, 638-647.

Jin, J.-Y., Zhou, L., Wang, Y., Li, Z.,
Zhao, J.-G., Zhang, Q.-Y., and Gui, J.-F.
(2010) Antibacterial and antiviral roles of
a fish beta-defensin expressed both in
pituitary and testis. PLoS ONE, 5,
e12883.

Alibardi, L., Celeghin, A., and Valle, L.D.
(2012) Wounding in lizards results in
the release of beta-defensins at the
wound site and formation of an
antimicrobial barrier. Developmental and
Comparative Immunology, 36, 557-565.
Dalla Valle, L., Benato, F., Maistro, S.,
Quinzani, S., and Alibardi, L. (2012)
Bioinformatic and molecular
characterization of beta-defensins-like
peptides isolated from the green lizard
Anolis carolinensis. Developmental and
Comparative Immunology, 36, 222-229.
Arnett, E. and Seveau, S. (2011) The
multifaceted activities of mammalian
defensins. Current Pharmaceutical
Design, 17, 4254—4269.

Amid, C., Rehaume, L.M., Brown, K.L.,
Gilbert, J.G.R., Dougan, G., Hancock,
R.E.W., and Harrow, J.L. (2009) Manual
annotation and analysis of the defensin
gene cluster in the C57BL/6] mouse
reference genome. BMC Genomics,

10, 606.

Ligabue-Braun, R., Verli, H., and
Carlini, C.R. (2012) Venomous
mammals: a review. Toxicon, 59,
680-695.

Whittington, C.M., Papenfuss, A.T.,
Bansal, P., Torres, A.M., Wong, E.S.W.,
Deakin, J.E., Graves, T., Alsop, A,

129

130

13

]

132

13

w

134

135

136

References

Schatzkamer, K., Kremitzki, C., Ponting,
C.P., Temple-Smith, P., Warren, W.C.,
Kuchel, P.W., and Belov, K. (2008)
Defensins and the convergent evolution
of platypus and reptile venom genes.
Genome Research, 18, 986-994.
Herve-Grepinet, V., Rehault-Godbert, S.,
Labas, V., Magallon, T., Derache, C.,
Lavergne, M., Gautron, J., Lalmanach,
A.-C., and Nys, Y. (2010) Purification
and characterization of avian beta-
defensin 11, an antimicrobial peptide of
the hen egg. Antimicrobial Agents and
Chemotherapy, 54, 4401-4408.
Rehault-Godbert, S., Herve-Grepinet, V.,
Gautron, J., Cabau, C., Nys, Y., and
Hincke, M. (2011) Molecules involved in
chemical defence of the chicken egg, in
Improving the Safety and Quality of Eggs
and Egg Products, Vol 1: Egg Chemistry,
Production and Consumption (eds Y. Nys,
M. Bain, and F. Immerseel), Woodhead
Publishing, Sawston, pp. 183-208.
Abdel Mageed, A.M., Isobe, N., and
Yoshimura, Y. (2009)
Immunolocalization of avian beta-
defensins in the hen oviduct and

their changes in the uterus during
eggshell formation. Reproduction, 138,
971-978.

van Dijk, A., Veldhuizen, E.J.A., and
Haagsman, H.P. (2008) Avian defensins.
Veterinary Immunology and
Immunopathology, 124, 1-18.

Morris, K., Wong, E.S.W., and Belov, K.
(2010) Use of genomic information to
gain insights into immune function in
marsupials: a review of divergent
immune genes, in Marsupial Genetics
and Genomics (eds J.E. Deakin, P.D.
Waters, and J.A. Marshall Graves),
Springer, Dordrecht, pp. 381-400.
Bruhn, O., Groetzinger, J., Cascorbi, I.,
and Jung, S. (2011) Antimicrobial
peptides and proteins of the
horse—insights into a well-armed
organism. Veterinary Research,

42, 98.

Sang, Y. and Blecha, F. (2009) Porcine
host defense peptides: expanding
repertoire and functions. Developmental
& Comparative Immunology, 33, 334-343.
Lynn, D.J. and Bradley, D.G. (2007)
Discovery of o-defensins in basal

25



26

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

137

138

139

140

14

=

142

143

144

145

146

147

mammals. Developmental & Comparative
Immunology, 31, 963-967.

Semple, F. and Dorin, J.R. (2012)
B-Defensins: multifunctional Modulators
of infection, inflammation and more?
Journal of Innate Immunity, 4, 337-348.
Lehrer, R.I. and Lu, W. (2012)
o-Defensins in human innate
immunity. Immunological Reviews, 245,
84-112.

Hazlett, L. and Wu, M. (2011) Defensins
in innate immunity. Cell and Tissue
Research, 343, 175-188.

Nguyen, T.X., Cole, A.M., and Lehrer,
R.I. (2003) Evolution of primate
theta-defensins: a serpentine path to a
sweet tooth. Peptides, 24, 1647-1654.
Carvalho, A.D. and Gomes, V.M. (2011)
Plant defensins and defensin-like
peptides—biological activities and
biotechnological applications. Current
Pharmaceutical Design, 17, 4270-4293.
Kaur, J., Sagaram, U.S., and Shah, D.
(2011) Can plant defensins be used to
engineer durable commercially useful
fungal resistance in crop plants? Fungal
Biology Reviews, 25, 128-135.

Lay, F.T. and Anderson, M.A. (2005)
Defensins—components of the innate
immune system in plants. Current
Protein & Peptide Science, 6, 85-101.
Yang, Y., Teng, D., Zhang, J., Tian, Z.,
Wang, S., and Wang, J. (2011)
Characterization of recombinant
plectasin: solubility, antimicrobial
activity and factors that affect its
activity. Process Biochemistry, 46,
1050-1055.

Zhu, S., Gao, B., Harvey, P.J., and Craik,
D.J. (2012) Dermatophytic defensin with
antiinfective potential. Proceedings of the
National Academy of Sciences of the
United States of America, 109,
8495-8500.

Thevissen, K., Kristensen, H.-H.,
Thomma, B.P.H.J., Cammue, B.P.A.,
and Francois, I.E.J.A. (2007) Therapeutic
potential of antifungal plant and insect
defensins. Drug Discovery Today, 12,
966-971.

Zhang, Z.T. and Zhu, S.Y. (2009)
Drosomycin, an essential component of
antifungal defence in Drosophila. Insect
Molecular Biology, 18, 549-556.

148

149

150

15

et

152

153

154

155

Baumann, T., Kuhn-Nentwig, L.,
Largiader, C.R., and Nentwig, W.

(2010) Expression of defensins in
non-infected araneomorph spiders.
Cellular and Molecular Life Sciences, 67,
2643-2651.

Zhao, H.W., Kong, Y., Wang, H.J., Yan,
T.H., Feng, F.F., Bian, ].M,, Yang, Y.,
and Yu, H.N. (2011) A defensin-like
antimicrobial peptide from the venoms
of spider, Ornithoctonus hainana. Journal
of Peptide Science, 17, 540-544.

Taylor, D. (2006) Innate immunity in
ticks: a review. Journal of the Acarological
Society of Japan, 15, 109-127.
Chrudimska, T., Chrudimsky, T.,
Golovchenko, M., Rudenko, N., and
Grubhoffer, L. (2010) New defensins
from hard and soft ticks: similarities,
differences, and phylogenetic analyses.
Veterinary Parasitology, 167, 298-303.
Cociancich, S., Goyffon, M., Bontems,
F., Bulet, P., Bouet, F., Menez, A., and
Hoffmann, J. (1993) Purification and
characterisation of a scorpion defensin,
a 4 kDa antibacterial peptide presenting
structural similarities with insect
defensins and scorpion toxins.
Biochemical and Biophysical Research
Communications, 194, 17-22.
EhretSabatier, L., Loew, D., Goyffon, M.,
Fehlbaum, P., Hoffmann, J.A.,
vanDorsselaer, A., and Bulet, P. (1996)
Characterization of novel cysteine-rich
antimicrobial peptides from scorpion
blood. Journal of Biological Chemistry,
271, 29537-29544.

Kouno, T., Mizuguchi, M., Aizawa, T.,
Shinoda, H., Demura, M., Kawabata, S.,
and Kawano, K. (2009) A novel
beta-defensin structure: big defensin
changes its N-terminal structure to
associate with the target membrane.
Biochemistry, 48, 7629-7635.

Kawabata, S., Saito, T., Saeki, K.,
Okino, N., Mizutani, A., Toh, Y., and
Iwanaga, S. (1997) cDNA cloning, tissue
distribution, and subcellular localization
of horseshoe crab big defensin.
Biological Chemistry, 378, 289-292.
Saito, T., Kawabata, S., Shigenaga, T.,
Takayenoki, Y., Cho, J.K., Nakajima, H.,
Hirata, M., and Iwanaga, S. (1995) A
novel big defensin identified in



157

15

o

159

160

16

—

162

163

164

horseshoe crab hemocytes—isolation,
amino acid sequence and antibacterial
activity. Journal of Biochemistry, 117,
1131-1137.

Pisuttharachai, D., Yasuike, M., Aono,
H., Yano, Y., Murakami, K., Kondo, H.,
Aoki, T., and Hirono, 1. (2009)
Characterization of two isoforms of
Japanese spiny lobster Panulirus
japonicus defensin cDNA. Developmental
and Comparative Immunology, 33,
434-438.

Adhya, M., Jeung, H.-D., Kang, H.-S.,
Choi, K.-S., Lee, D.S., and Cho, M.
(2012) Cloning and localization of
MCdef, a defensin from Manila clams
(Ruditapes philippinarum). Comparative
Biochemistry and Physiology
B-Biochemistry & Molecular Biology, 161,
25-31.

Zhao, J., Li, C, Chen, A, Li, L., Su, X,,
and Li, T. (2010) Molecular
characterization of a novel big defensin
from clam Venerupis philippinarum. PloS
ONE, 5, €13480.

Gerdol, M., De Moro, G., Manfrin, C.,
Venier, P., and Pallavicini, A. (2012) Big
defensins and mytimacins, new AMP
families of the Mediterranean mussel
Mpytilus galloprovincialis. Developmental
and Comparative Immunology, 36,
390-399.

Peng, K., Wang, J.-H., Sheng, ].Q.,
Zeng, L.-G., and Hong, Y.J. (2012)
Molecular characterization and immune
analysis of a defensin from freshwater
pearl mussel, Hyriopsis schlegelii.
Aquaculture, 334, 45-50.

Ren, Q., Li, M., Zhang, C.-Y., and Chen,
K.-P. (2011) Six defensins from the
triangle-shell pearl mussel Hyriopsis
cumingii. Fish & Shellfish Immunology,
31, 1232-1238.

Li, C.-H., Zhao, J.-M., and Song, L.-S.
(2009) A review of advances in research
on marine molluscan antimicrobial
peptides and their potential application
in aquaculture. Molluscan Research, 29,
17-26.

Mygind, P.H., Fischer, R.L., Schnorr,
K.M., Hansen, M.T., Sonksen, C.P.,
Ludvigsen, S., Raventos, D., Buskov, S.,
Christensen, B., De Maria, L.,
Taboureau, O., Yaver, D.,

16!

(v,

166

16

~N

168

169

170

7m

172

References

Elvig-Jorgensen, S.G., Sorensen, M.V.,
Christensen, B.E., Kjaerulff, S.,
Frimodt-Moller, N., Lehrer, R.I.,
Zasloff, M., and Kristensen, H.-H.
(2005) Plectasin is a peptide antibiotic
with therapeutic potential from a
saprophytic fungus. Nature, 437,
975-980.

Dimarcgq, J.-L., Bulet, P., Hetru, C., and
Hoffmann, J. (1998) Cysteine-rich
antimicrobial peptides in invertebrates.
Peptide Science, 47, 465-477.

Zhu, S. (2008) Discovery of six families
of fungal defensin-like peptides provides
insights into origin and evolution of the
CSof defensins. Molecular Immunology,
45, 828-838.

Dassanayake, R.S., Gunawardene, Y.,
and Tobe, S.S. (2007) Evolutionary
selective trends of insect/mosquito
antimicrobial defensin peptides
containing cysteine-stabilized alpha/beta
motifs. Peptides, 28, 62-75.

Semple, C.A., Gautier, P., Taylor, K.,
and Dorin, J.R. (2006) The changing of
the guard: molecular diversity and rapid
evolution of beta-defensins. Molecular
Diversity, 10, 575-584.

Gachomo, E.-W., Jimenez-Lopez, ].C.,
Kayode, A.P.P., Baba-Moussa, L., and
Kotchoni, S.0. (2012) Structural
characterization of plant defensin
protein superfamily. Molecular Biology
Reports, 39, 4461-4469.

Yount, N.Y. and Yeaman, M.R. (2004)
Multidimensional signatures in
antimicrobial peptides. Proceedings of the
National Academy of Sciences of the
United States of America, 101,
7363-7368.

Sagaram, U.S., Pandurangi, R., Kaur, J.,
Smith, T.J., and Shah, D.M. (2011)
Structure—activity determinants in
antifungal plant defensins MsDef1 and
MtDef4 with different modes of action
against Fusarium graminearum. PLoS
ONE, 6, €18550.

Yount, N.Y. and Yeaman, M.R. (2006)
Structural congruence among
membrane-active host defense
polypeptides of diverse phylogeny.
Biochimica et Biophysica

Acta— Biomembranes, 1758,

1373-1386.

27



28

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

173

174

175

176

177

178

179

Yeaman, M.R. and Yount, N.Y. (2007)
Unifying themes in host defence
effector polypeptides. Nature Reviews
Microbiology, 5, 727-740.

Gao, B., del Carmen Rodriguez, M.,
Lanz-Mendoza, H., and Zhu, S. (2009)
AdDLP, a bacterial defensin-like peptide,
exhibits anti- Plasmodium activity.
Biochemical and Biophysical Research
Communications, 387, 393—398.

Zhu, S. (2007) Evidence for
myxobacterial origin of eukaryotic
defensins. Immunogenetics, 59,

949-954.

Lopez-Garcia, P. and Moreira, D. (2006)
Selective forces for the origin of the
eukaryotic nucleus. Bioessays, 28,
525-533.

Moreira, D. and Lopez-Garcia, P. (1998)
Symbiosis between methanogenic
archaea and delta-proteobacteria as the
origin of eukaryotes: the syntrophic
hypothesis. Journal of Molecular
Evolution, 47, 517-530.

Holland, L.Z., Albalat, R., Azumi, K.,
Benito-Gutierrez, E., Blow, M.].,
Bronner-Fraser, M., Brunet, F.,

Butts, T., Candiani, S., Dishaw, L.J.,
Ferrier, D.E.K., Garcia-Fernandez, .,
Gibson-Brown, J.J., Gissi, C., Godzik, A.,
Hallbook, F., Hirose, D., Hosomichi, K.,
Tkuta, T., Inoko, H., Kasahara, M.,
Kasamatsu, J., Kawashima, T.,

Kimura, A., Kobayashi, M., Kozmik, Z.,
Kubokawa, K., Laudet, V., Litman, G.W.,
McHardy, A.C., Meulemans, D.,
Nonaka, M., Olinski, R.P., Pancer, Z.,
Pennacchio, L.A., Pestarino, M., Rast,
J.P., Rigoutsos, 1., Robinson-Rechavi,
M., Roch, G., Saiga, H., Sasakura, Y.,
Satake, M., Satou, Y., Schubert, M.,
Sherwood, N., Shiina, T., Takatori, N.,
Tello, J., Vopalensky, P., Wada, S., Xu,
A., Ye, Y., Yoshida, K., Yoshizaki, F., Yu,
J.-K., Zhang, Q., Zmasek, C.M., de Jong,
P.]J., Osoegawa, K., Putnam, N.H.,
Rokhsar, D.S., Satoh, N., and Holland,
P.W.H. (2008) The amphioxus genome
illuminates vertebrate origins and
cephalochordate biology. Genome
Research, 18, 1100-1111.

Erwin, D.H. and Davidson, E.H. (2002)
The last common bilaterian ancestor.
Development, 129, 3021-3032.

180

181

182

183

184

185

186

18

~N

188

189

Panopoulou, G. and Poustka, A.J. (2005)
Timing and mechanism of ancient
vertebrate genome duplications—the
adventure of a hypothesis. Trends in
Genetics, 21, 559-567.

Zhu, S. and Gao, B. (2012) Evolutionary
origin of B-defensins. Developmental &
Comparative Immunology, doi: 10.1016/j.
dci.2012.02.011.

Wei, Y.X., Guo, D.S., Li, R.G., Chen,
H.W., and Chen, P.X. (2003)
Purification of a big defensin from
Ruditapes philippinesis and its
antibacterial activity. Shengwu Huaxue
yu Shengwu Wuli Xuebao, 35,
1145-1148.

Zhao, J., Song, L., Li, C., Ni, D., Wu, L.,
Zhu, L., Wang, H., and Xu, W. (2007)
Molecular cloning, expression of a big
defensin gene from bay scallop
Argopecten irradians and the
antimicrobial activity of its recombinant
protein. Molecular Immunology, 44,
360-368.

Rosa, R.D., Santini, A., Fievet, J., Bulet,
P., Destoumieux-Garzon, D., and
Bachere, E. (2011) Big defensins, a
diverse family of antimicrobial peptides
that follows different patterns of
expression in hemocytes of the oyster
Crassostrea gigas. PLoS ONE, 6, €25594.
Teng, L., Gao, B., and Zhang, S. (2012)
The first chordate big defensin:
identification, expression and bioactivity.
Fish & Shellfish Immunology, 32,
572-577.

Amemiya, C.T., Prohaska, S.J.,
Hill-Force, A., Cook, A., Wasserscheid,
J., Ferrier, D.E.K,, Pascual-Anaya, J.,
Garcia-Fernandez, J., Dewar, K., and
Stadler, P.F. (2008) The amphioxus Hox
cluster: characterization, comparative
genomics, and evolution. Journal of
Experimental Zoology B, 310B, 465—477.
Garciafernandez, J. and Holland,
P.W.H. (1994) Archetypal organisation
of the amphioxus hox gene cluster.
Nature, 370, 563-566.

Froy, O. and Gurevitz, M. (2003)
Arthropod and mollusk
defensins—evolution by exon-shuffling.
Trends in Genetics, 19, 684—687.

Patil, A., Hughes, A.L., and Zhang, G.
(2004) Rapid evolution and



190

191

192

193

194

195

196

197

diversification of mammalian
o-defensins as revealed by comparative
analysis of rodent and primate genes.
Physiological Genomics, 20, 1-11.

Fjell, C.D., Jenssen, H., Fries, P., Aich,
P., Griebel, P., Hilpert, K., Hancock,
R.E.W., and Cherkasov, A. (2008)
Identification of novel host defense
peptides and the absence of a-defensins
in the bovine genome. Proteins, 73,
420-430.

Leonard, B.C., Marks, S.L., Outerbridge,
C.A., Affolter, V.K., Kananurak, A.,
Young, A., Moore, P.F., Bannasch, D.L.,
and Bevins, C.L. (2012) Activity,
expression and genetic variation of
canine beta-defensin 103: a
multifunctional antimicrobial peptide in
the skin of domestic dogs. Journal of
Innate Immunity, 4, 248-259.

Xiao, Y., Hughes, A., Ando, J., Matsuda,
Y., Cheng, J.-F., Skinner-Noble, D., and
Zhang, G. (2004) A genome-wide screen
identifies a single beta-defensin gene
cluster in the chicken: implications for
the origin and evolution of mammalian
defensins. BMC Genomics, 5, 56.

Lynn, D.J., Lloyd, A.T., Fares, M.A., and
O’Farrelly, C. (2004) Evidence of
positively selected sites in mammalian
o-defensins. Molecular Biology and
Evolution, 21, 819-827.

Belov, K., Sanderson, C.E., Deakin, J.E.,
Wong, E.S.W., Assange, D., McColl,
K.A., Gout, A., de Bono, B., Barrow,
A.D., Speed, T.P., Trowsdale, J., and
Papenfuss, A.T. (2007) Characterization
of the opossum immune genome
provides insights into the evolution of
the mammalian immune system.
Genome Research, 17, 982-991.
Woodburne, M.O., Rich, T.H., and
Springer, M.S. (2003) The evolution of
tribospheny and the antiquity of
mammalian clades. Molecular
Phylogenetics and Evolution, 28, 360-385.
Tran, D., Tran, P., Roberts, K., Osapay,
G., Schaal, J., Ouellette, A., and Selsted,
M.E. (2008) Microbicidal properties and
cytocidal selectivity of rhesus macaque
theta defensins. Antimicrobial Agents and
Chemotherapy, 52, 944-953.

Garcia, A.E., Osapay, G., Tran, P.A,,
Yuan, J., and Selsted, M.E. (2008)

198

19

o

200

201

202

20,

@

204

205

206

References

Isolation, synthesis, and antimicrobial
activities of naturally occurring
theta-defensin isoforms from baboon
leukocytes. Infection and Immunity, 76,
5883-5891.

Stegemann, C., Tsvetkova, E.V,,
Aleshina, G.M., Lehrer, R.I.,
Kokryakov, V.N., and Hoffmann, R.
(2010) De novo sequencing of two new
cyclic theta-defensins from baboon
(Papio hamadryas) leukocytes by
matrix-assisted laser desorption/
ionization mass spectrometry. Rapid
Communications in Mass Spectrometry,
24, 599-604.

Selsted, M.E. (2004) Theta-defensins:
cyclic antimicrobial peptides produced
by binary ligation of truncated alpha-
defensins. Current Protein & Peptide
Science, 5, 365-371.

Yang, C., Boone, L., Nguyen, T.X.,
Rudolph, D., Limpakarnjanarat, K.,
Mastro, T.D., Tappero, J., Cole, A.M.,
and Lal, R.B. (2005) Theta-defensin
pseudogenes in HIV-1-exposed,
persistently seronegative female
sex-workers from Thailand. Infection
Genetics and Evolution, 5, 11-15.
Venkataraman, N., Cole, A.L., Ruchala,
P., Waring, A.]., Lehrer, R.I., Stuchlik,
O., Pohl, J., and Cole, A.M. (2009)
Reawakening retrocyclins: ancestral
human defensins active against HIV-1.
PLoS Biology, 7, €1000095.

Steiper, M.E. and Young, N.M. (2006)
Primate molecular divergence dates.
Molecular Phylogenetics and Evolution, 41,
384-394.

Wilkinson, R.D., Steiper, M.E., Soligo,
C., Martin, R.D., Yang, Z., and Tavare,
S. (2011) Dating primate divergences
through an integrated analysis of
palaeontological and molecular data.
Systematic Biology, 60, 16-31.
Penberthy, W.T., Chari, S., Cole, A.L,,
and Cole, AM. (2011) Retrocyclins and
their activity against HIV-1. Cellular and
Molecular Life Sciences, 68, 2231-2242.
Ding, J., Chou, Y.-Y., and Chang, T.L.
(2009) Defensins in viral infections.
Journal of Innate Immunity, 1, 413-420.
Ruchala, P., Cho, S., Cole, A.L.,
Carpenter, C., Jung, C.L., Luong, H.,
Micewicz, E.D., Waring, A.].,

29



30

207

208

209

210

21

—_

212

21

w

214

215

Cole, A.M., Herold, B.C., and Lehrer,
R.I. (2011) Simplified theta-defensins:
search for new antivirals. International
Journal of Peptide Research and
Therapeutics, 17, 325-336.

Doss, M., Ruchala, P., Tecle, T., Gantz,
D., Verma, A., Hartshorn, A., Crouch,
E.C., Luong, H., Micewicz, E.D., Lehrer,
R.I, and Hartshorn, K.L. (2012)
Hapivirins and diprovirins: novel
theta-defensin analogs with potent
activity against influenza A virus.
Journal of Immunology, 188,

2759-2768.

Das, S., Nikolaidis, N., Goto, H.,
McCallister, C., Li, J., Hirano, M., and
Cooper, M.D. (2010) Comparative
genomics and evolution of the
alpha-defensin multigene family in
primates. Molecular Biology and
Evolution, 27, 2333-2343.

Barreiro, L.B. and Quintana-Murci, L.
(2010) From evolutionary genetics to
human immunology: how selection
shapes host defence genes. Nature
Reviews Genetics, 11, 17-30.

Ghosh, J., Lun, C.M., Majeske, A.].,
Sacchi, S., Schrankel, C.S., and

Smith, L.C. (2011) Invertebrate immune
diversity. Developmental and Comparative
Immunology, 35, 959-974.

Viljakainen, L., Evans, J.D.,
Hasselmann, M., Rueppell, O.,

Tingek, S., and Pamilo, P. (2009) Rapid
evolution of immune proteins in social
insects. Molecular Biology and Evolution,
26, 1791-1801.

Tennessen, J.A. (2005) Molecular
evolution of animal antimicrobial
peptides: widespread moderate positive
selection. Journal of Evolutionary Biology,
18, 1387-1394.

Tennessen, J.A. (2008) Positive selection
drives a correlation between non-
synonymous/synonymous divergence
and functional divergence.
Bioinformatics, 24, 1421-1425.

Peschel, A. and Sahl, H.-G. (2006) The
co-evolution of host cationic
antimicrobial peptides and microbial
resistance. Nature Reviews Microbiology,
4, 529-536.

Stotz, H.U., Thomson, J.G., and Wang,
Y. (2009) Plant defensins: defense,

216

21

~N

218

219

220

22

pr]

222

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

development and application. Plant
Signaling & Behavior, 4, 1010-1012.
Long, M., Betran, E., Thornton, K., and
Wang, W. (2003) The origin of new
genes: glimpses from the young and
old. Nature Reviews Genetics, 4,
865-875.

Hughes, A.L. (2001) Defensins:
evolution, in eLS, Wiley, New York, doi:
10.1002/9780470015902.20006136.pub2.
Hughes, A.L. (1999) Evolutionary
diversification of the mammalian
defensins. Cellular and Molecular Life
Sciences, 56, 94-103.

Hughes, A.L. and Yeager, M. (1997)
Coordinated amino acid changes in the
evolution of mammalian defensins.
Journal of Molecular Evolution, 44,
675-682.

Carvalho, A.D. and Gomes, V.M. (2009)
Plant defensins—prospects for the
biological functions and biotechnological
properties. Peptides, 30, 1007-1020.
Whittington, C.M., Papenfuss, A.T.,
Locke, D.P., Mardis, E.R., Wilson, R.K.,
Abubucker, S., Mitreva, M., Wong,
E.S.W., Hsu, A.L., Kuchel, P.W., Belov,
K., and Warren, W. (2010) Novel venom
gene discovery in the platypus. Genome
Biology, 11, R95.

Warren, W.C., Hillier, L.W., Graves,
J.A.M., Birney, E., Ponting, C.P.,
Grutzner, F., Belov, K., Miller, W.,
Clarke, L., Chinwalla, A.T., Yang, S.-P.,
Heger, A., Locke, D.P., Miethke, P.,
Waters, P.D., Veyrunes, F., Fulton, L.,
Fulton, B., Graves, T., Wallis, |., Puente,
X.S., Lopez-Otin, C., Ordonez, G.R.,
Eichler, E.E., Chen, L., Cheng, Z.,
Deakin, J.E., Alsop, A., Thompson, K.,
Kirby, P., Papenfuss, A.T., Wakefield,
M.]., Olender, T., Lancet, D., Huttley,
G.A., Smit, A.F.A., Pask, A., Temple-
Smith, P., Batzer, M.A., Walker, J.A,,
Konkel, M.K., Harris, R.S., Whittington,
C.M., Wong, E.S.W., Gemmell, N.J.,
Buschiazzo, E., Jentzsch, LM.V., Merkel,
A., Schmitz, J., Zemann, A., Churakov,
G., Kriegs, J.O., Brosius, J., Murchison,
E.P., Sachidanandam, R., Smith, C.,
Hannon, G.J., Tsend-Ayush, E.,
McMillan, D., Attenborough, R., Rens,
W., Ferguson-Smith, M., Lefevre, C.M.,
Sharp, J.A., Nicholas, K.R., Ray, D.A,,



223

224

225

226

227

228

229

230

Kube, M., Reinhardt, R., Pringle, T.H.,
Taylor, J., Jones, R.C., Nixon, B.,
Dacheux, J.-L., Niwa, H., Sekita, Y.,
Huang, X., Stark, A., Kheradpour, P.,
Kellis, M., Flicek, P., Chen, Y., Webber,
C., Hardison, R., Nelson, J., Hallsworth-
Pepin, K., Delehaunty, K., Markovic, C.,
Minx, P., Feng, Y., Kremitzki, C.,
Mitreva, M., Glasscock, J., Wylie, T.,
Wohldmann, P., Thiru, P., Nhan, M.N.,
Pohl, C.S., Smith, S.M., Hou, S.,
Renfree, M.B., et al. (2008) Genome
analysis of the platypus reveals unique
signatures of evolution. Nature, 453,
175-U1.

Whittington, C.M. and Belov, K. (2009)
Platypus venom genes expressed in
non-venom tissues. Australian Journal of
Zoology, 57, 199-202.

Yang, D., Biragyn, A., Kwak, L.W., and
Oppenheim, J.J. (2002) Mammalian
defensins in immunity: more than just
microbicidal. Trends in Immunology, 23,
291-296.

Yang, D., Chertov, O., and Oppenheim,
J.J- (2001) The role of mammalian
antimicrobial peptides and proteins in
awakening of innate host defenses and
adaptive immunity. Cellular and
Molecular Life Sciences, 58, 978-989.
Kai-Larsen, Y. and Agerberth, B. (2008)
The role of the multifunctional peptide
LL-37 in host defense. Frontiers in
Bioscience, 13, 3760-3767.

Kindrachuk, J. and Napper, S. (2010)
Structure—activity relationships of
multifunctional host defence peptides.
Mini-Reviews in Medicinal Chemistry, 10,
596-614.

Metz-Boutigue, M.H., Shooshtarizadeh,
P., Prevost, G., Haikel, Y., and

Chich, J.F. (2010) Antimicrobial peptides
present in mammalian skin and gut are
multifunctional defence molecules.
Current Pharmaceutical Design, 16,
1024-1039.

Zaiou, M. (2007) Multifunctional
antimicrobial peptides: therapeutic
targets in several human diseases.
Journal of Molecular Medicine, 85,
317-329.

Bernard, J.J. and Gallo, R.L. (2011)
Protecting the boundary: the sentinel
role of host defense peptides in the skin.

23

]

232

23

w

234

235

236

237

238

239

240

References

Cellular and Molecular Life Sciences, 68,
2189-2199.

Steinstraesser, L., Kraneburg, U.,
Jacobsen, F., and Al-Benna, S. (2011)
Host defense peptides and their
antimicrobial-immunomodulatory
duality. Immunobiology, 216, 322-333.
Pazgier, M., Hoover, D.M,, Yang, D.,
Lu, W., and Lubkowski, J. (2006)
Human beta-defensins. Cellular and
Molecular Life Sciences, 63, 1294-1313.
Jenssen, H. and Hancock, R.E.W. (2009)
Antimicrobial properties of lactoferrin.
Biochimie, 91, 19-29.

Catania, A., Lonati, C., Sordi, A., Carlin,
A., Leonardi, P., and Gatti, S. (2010) The
melanocortin system in control of
inflammation. TheScientificWorldJournal,
10, 1840-1853.

Eves, P.C. and Haycock, ].W. (2010)
Melanocortin signalling mechanisms, in
Melanocortins: Multiple Actions and
Therapeutic Potential (ed. A. Catania),
Springer, Berlin, pp. 19-28.

Catania, A., Gatti, S., Colombo, G., and
Lipton, J.M. (2003) Alpha-melanocyte
stimulating hormone in modulation of
inflammatory reactions. Pediatric
Endocrinology Reviews, 1, 101-108.
Rousseau, K., Kauser, S., Pritchard, L.E.,
Warhurst, A., Oliver, R.L.,

Slominski, A., Wei, E.T., Thody, A.J.,
Tobin, D.J., and White, A. (2007)
Proopiomelanocortin (POMC), the
ACTH /melanocortin precursor, is
secreted by human epidermal
keratinocytes and melanocytes and
stimulates melanogenesis. FASEB
Journal, 21, 1844-1856.

Catania, A., Colombo, G., Rossi, C.,
Carlin, A., Sordi, A., Lonati, C., Turcatti,
F., Leonardi, P., Grieco, P., and Gatti, S.
(2006) Antimicrobial properties of
alpha-MSH and related synthetic
melanocortins. TheScientificWorldJournal,
6, 1241-1246.

Cutuli, M., Cristiani, S., Lipton, J.M.,
and Catania, A. (2000) Antimicrobial
effects of alpha-MSH peptides. Journal
of Leukocyte Biology, 67, 233-239.
Donnarumma, G., Paoletti, I.,
Buommino, E., Tufano, M.A., and
Baroni, A. (2004) Alpha-MSH reduces
the internalization of Staphylococcus

31



32

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

24

=

242

24

w

244

245

246

247

248

aureus and down-regulates HSP 70,
integrins and cytokine expression in
human keratinocyte cell lines.
Experimental Dermatology, 13, 748-754.
Brogden, K.A., Guthmiller, ].M., Salzet,
M., and Zasloff, M. (2005) The nervous
system and innate immunity: the
neuropeptide connection. Nature
Immunology, 6, 558-564.

Catania, A., Cutuli, M., Garofalo, L.,
Carlin, A., Airaghi, L., Barcellini, W.,
and Lipton, J.M. (2000) The
neuropeptide 0-MSH in host defense.
Annals of the New York Academy of
Sciences, 917, 227-231.

Madhuri, Shireen, T., Venugopal, S.K,,
Ghosh, D., Gadepalli, R., Dhawan, B.,
and Mukhopadhyay, K. (2009) In vitro
antimicrobial activity of alpha-
melanocyte stimulating hormone
against major human pathogen
Staphylococcus aureus. Peptides, 30,
1627-1635.

Singh, M. and Mukhopadhyay, K. (2011)
C-terminal amino acids of alpha-
melanocyte-stimulating hormone are
requisite for its antibacterial activity
against Staphylococcus aureus.
Antimicrobial Agents and Chemotherapy,
55, 1920-1929.

Charnley, M., Moir, A.].G., Douglas,
C.W.I., and Haycock, ].W. (2008)
Anti-microbial action of melanocortin
peptides and identification of a novel
X-Pro-p/1-Val sequence in Gram-
positive and Gram-negative bacteria.
Peptides, 29, 1004-1009.

Durr, M. and Peschel, A. (2002)
Chemokines meet defensins: the
merging concepts of chemoattractants
and antimicrobial peptides in host
defense. Infection and Immunity, 70,
6515-6517.

Charo, I.F. and Ransohoff, R.M. (2006)
The many roles of chemokines and
chemokine receptors in inflammation.
New England Journal of Medicine, 354,
610-621.

Mayer, M.L., Easton, D.M., and
Hancock, R.E.-W. (2010) Fine Tuning
Host Responses in the Face of Infection:
Emerging Roles and Clinical Applications
of Host Defence Peptides, CABI,
Wallingford.

249

250

25

N

253

254

25

v

256

257

258

Diamond, G., Laube, D., and ME, K.-P.
(2004) Mammalian B-defensins, in
Mucosal Defence in Mammalian Host
Defence Peptides (eds R.E.W. Hancock
and D.A. Devine), Cambridge University
Press, Cambridge, pp. 111-138.
Diamond, G., Beckloff, N., and Ryan,
L.K. (2008) Host defense peptides in the
oral cavity and the lung: similarities and
differences. Journal of Dental Research,
87, 915-927.

Diamond, G. and Ryan, L.K. (2011)
Beta-defensins: what are they REALLY
doing in the oral cavity? Oral Diseases,
17, 628-635.

Weichhart, T., Haidinger, M., Horl,
W.H., and Saemann, M.D. (2008)
Current concepts of molecular defence
mechanisms operative during urinary
tract infection. European Journal of
Clinical Investigation, 38, 29-38.
Salzman, N.H., Hung, K.C., Haribhai,
D., Chu, H.T., Karlsson-Sjoberg, .,
Amir, E., Teggatz, P., Barman, M.,
Hayward, M., Eastwood, D., Stoel, M.,
Zhou, Y.J., Sodergren, E., Weinstock,
G.M., Bevins, C.L., Williams, C.B., and
Bos, N.A. (2010) Enteric defensins are
essential regulators of intestinal
microbial ecology. Nature Immunology,
11, 76-Ul.

McDermott, A.M. (2009) The role of
antimicrobial peptides at the ocular
surface. Ophthalmic Research, 41, 60-75.
Selsted, M.E. and Ouellette, A.]. (2005)
Mammalian defensins in the
antimicrobial immune response. Nature
Immunology, 6, 551-557.

Paulsen, F.P., Pufe, T., Schaudig, U.,
Held-Feindt, J., Lehmann, J., Schroder,
J.M., and Tillmann, B.N. (2001)
Detection of natural peptide antibiotics
in human nasolacrimal ducts.
Investigative Ophthalmology & Visual
Science, 42, 2157-2163.

Yang, D., Biragyn, A., Hoover, D.M.,
Lubkowski, J., and Oppenheim, J.J.
(2004) Multiple roles of antimicrobial
defensins, cathelicidins, and eosinophil-
derived neurotoxin in host defense.
Annual Review of Immunology, 22,
181-215.

Garreis, F., Schlorf, T., Worlitzsch, D.,
Steven, P., Brauer, L., Jager, K., and



259

260

261

262

263

264

265

Paulsen, F.P. (2010) Roles of human
beta-defensins in innate immune
defense at the ocular surface: arming
and alarming corneal and conjunctival
epithelial cells. Histochemistry and Cell
Biology, 134, 59-73.

Yang, D., Chertov, O., Bykovskaia, N.,
Chen, Q., Buffo, M.]., Shogan, J.,
Anderson, M., Schroder, ].M., Wang,
J-M., Howard, O.M.Z., and Oppenheim,
J.J- (1999) Beta-defensins: linking innate
and adaptive immunity through
dendritic and T cell CCR6. Science, 286,
525-528.

Brogden, K.A., Heidari, M., Sacco, R.E.,
Palmquist, D., Guthmiller, ].M.,
Johnson, G.K., Jia, H.P., Tack, B.F., and
McCray, P.B. (2003) Defensin-induced
adaptive immunity in mice and its
potential in preventing periodontal
disease. Oral Microbiology and
Immunology, 18, 95-99.

Blanco, P., Palucka, A.K., Pascual, V.,
and Banchereau, J. (2008) Dendritic cells
and cytokines in human inflammatory
and autoimmune diseases. Cytokine &
Growth Factor Reviews, 19, 41-52.
Soruri, A., Grigat, J., Forssmann, U.,
Riggert, J., and Zwirner, J. (2007)
Beta-defensins chemoattract
macrophages and mast cells but not
lymphocytes and dendritic cells: CCR6 is
not involved. European Journal of
Immunology, 37, 2474-2486.

Schutte, B.C. and McCray, P.B. (2002)
B-Defensins in lung host defense.
Annual Review of Physiology, 64,
709-748.

Niyonsaba, F., Iwabuchi, K., Matsuda,
H., Ogawa, H., and Nagaoka, 1. (2002)
Epithelial cell-derived human
B-defensin-2 acts as a chemotaxin for
mast cells through a pertussis toxin-
sensitive and phospholipase
C-dependent pathway. International
Immunology, 14, 421-426.

Garcia, J.-R., Jaumann, F., Schulz, S.,
Krause, A., Rodriguez-Jiménez, J.,
Forssmann, U., Adermann, K., Kliiver,
E., Vogelmeier, C., Becker, D., Hedrich,
R., Forssmann, W.-G., and Bals, R.
(2001) Identification of a novel,
multifunctional -defensin (human
B-defensin 3) with specific antimicrobial

266

267

268

269

270

27

—

272

273

274

References

activity. Cell and Tissue Research, 306,
257-264.

Niyonsaba, F., Ogawa, H., and Nagaoka,
I. (2004) Human beta-defensin-2
functions as a chemotactic agent for
tumour necrosis factor-alpha-treated
human neutrophils. Immunology, 111,
273-281.

McDermott, A.M. (2004) Defensins and
other antimicrobial peptides at the
ocular surface. Ocular Surface, 2,
229-247.

de Jong, H.K,, van der Poll, T., and
Wiersinga, W.J. (2010) The systemic
pro-inflammatory response in sepsis.
Journal of Innate Immunity, 2, 422-430.
Nagaoka, I., Niyonsaba, F., Tsutsumi-
Ishii, Y., Tamura, H., and Hirata, M.
(2008) Evaluation of the effect of human
beta-defensins on neutrophil apoptosis.
International Immunology, 20, 543-553.
Rohrl, J., Yang, D., Oppenheim, J.J., and
Hehlgans, T. (2010) Specific binding
and chemotactic activity of mBD4 and
its functional orthologue hBD2 to
CCRo6-expressing Cells. Journal of
Biological Chemistry, 285, 7028-7034.
Williams, I.R. (2004) Chemokine
receptors and leukocyte trafficking in
the mucosal immune system.
Immunologic Research, 29, 283-291.

Ito, T., Carson, W.F., IV, Cavassani,
K.A., Connett, ].M., and Kunkel, S.L.
(2011) CCR6 as a mediator of immunity
in the lung and gut. Experimental Cell
Research, 317, 613-619.

Wu, Z.B., Hoover, D.M., Yang, D.,
Boulegue, C., Santamaria, F.,
Oppenheim, J.J., Lubkowski, J., and
Lu, W.Y. (2003) Engineering disulfide
bridges to dissect antimicrobial and
chemotactic activities of human
beta-defensin 3. Proceedings of the
National Academy of Sciences of the
United States of America, 100,
8880-8885.

Tyrrell, C., De Cecco, M., Reynolds,
N.L., Kilanowski, F., Campopiano, D.,
Barran, P., Macmillan, D., and Dorin,
J-R. (2010) Isoleucine/leucine(2) is
essential for chemoattractant activity of
beta-defensin Defb14 through
chemokine receptor 6. Molecular
Immunology, 47, 1378-1382.

33



34

275

276

277

27

=

279

280

N
5]
1

282

Taylor, K., Clarke, D.J., McCullough, B.,
Chin, W., Seo, E., Yang, D,
Oppenheim, J., Uhrin, D., Govan,
J.R.W., Campopiano, D.J., MacMillan,
D., Barran, P., and Dorin, J.R. (2008)
Analysis and separation of residues
important for the chemoattractant and
antimicrobial activities of beta-defensin
3. Journal of Biological Chemistry, 283,
6631-6639.

Rohrl, J., Yang, D., Oppenheim, J.J., and
Hehlgans, T. (2008) Identification and
biological characterization of mouse
beta-defensin 14, the orthologue of
human beta-defensin 3. Journal of
Biological Chemistry, 283, 5414-5419.
Taylor, K., Rolfe, M., Reynolds, N.,
Kilanowski, F., Pathania, U., Clarke, D.,
Yang, D., Oppenheim, J., Samuel, K.,
Howie, S., Barran, P., Macmillan, D.,
Campopian, D., and Dorin, J. (2009)
Defensin-related peptide 1 (Defr1) is
allelic to Defb8 and chemoattracts
immature DC and CD4" T cells
independently of CCR6. European
Journal of Immunology, 39, 1353-1360.
Rohrl, J., Yang, D., Oppenheim, J.J., and
Hehlgans, T. (2010) Human beta-
defensin 2 and 3 and their mouse
orthologs induce chemotaxis through
interaction with CCR2. Journal of
Immunology, 184, 6688-6694.

Jin, G., Kawsar, H.I., Hirsch, S.A,,
Zeng, C,, Jia, X., Feng, Z.M.,

Ghosh, S.K., Zheng, Q.Y., Zhou, A.M.,
MclIntyre, T.M., and Weinberg, A. (2010)
An antimicrobial peptide regulates
tumor-associated macrophage trafficking
via the chemokine receptor CCR2, a
model for tumorigenesis. PLoS ONE, 5,
€10993.

Bennett, L.D., Fox, ].M., and Signoret,
N. (2011) Mechanisms regulating
chemokine receptor activity.
Immunology, 134, 246-256.

Struthers, M. and Pasternak, A. (2010)
CCR2 antagonists. Current Topics in
Medicinal Chemistry, 10, 1278-1298.
Froy, O. (2005) Regulation of
mammalian defensin expression by
Toll-like receptor-dependent and
independent signalling pathways.
Cellular Microbiology, 7, 1387-1397.

283

284

285

286

287

288

289

290

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

Akira, S. (2011) Innate immunity and
adjuvants. Philosophical Transactions of
the Royal Society B, 366, 2748-2755.
Funderburg, N., Lederman, M.M., Feng,
Z., Drage, M.G., Jacllowsky, J., Harding,
C.V., Weinberg, A., and Sieg, S.F. (2007)
Human beta-defensin-3 activates
professional antigen-presenting cells via
Toll-like receptors 1 and 2. Proceedings of
the National Academy of Sciences of the
United States of America, 104,
18631-18635.

Biragyn, A., Ruffini, P.A,, Leifer, C.A.,
Klyushnenkova, E., Shakhov, A.,
Chertov, O., Shirakawa, A.K., Farber,
J.M., Segal, D.M., Oppenheim, J.J., and
Kwak, L.W. (2002) Toll-like receptor
4-dependent activation of dendritic cells
by beta-defensin 2. Science, 298,
1025-1029.

Reis e Sousa, C. (2006) Dendritic cells in
a mature age. Nature Reviews
Immunology, 6, 476-483.

Biragyn, A., Coscia, M., Nagashima, K.,
Sanford, M., Young, H.A., and
Olkhanud, P. (2008) Murine beta-
defensin 2 promotes TLR-4/MyD88-
mediated and NF-kappa B-dependent
atypical death of APCs via activation of
TNFR2. Journal of Leukocyte Biology, 83,
998-1008.

Funderburg, N.T., Jadlowsky, J.K.,
Lederman, M.M., Feng, Z.M., Weinberg,
A., and Sieg, S.F. (2011) The Toll-like
receptor 1/2 agonists Pam(3)CSK(4) and
human beta-defensin-3 differentially
induce interleukin-10 and nuclear
factor-kappa B signalling patterns in
human monocytes. Immunology, 134,
151-160.

Niyonsaba, F., Ushio, H., Nakano, N.,
Ng, W., Sayama, K., Hashimoto, K.,
Nagaoka, I., Okumura, K., and

Ogawa, H. (2007) Antimicrobial peptides
human beta-defensins stimulate
epidermal keratinocyte migration,
proliferation and production of
proinflammatory cytokines and
chemokines. Journal of Investigative
Dermatology, 127, 594-604.

Niyonsaba, F., Ushio, H., Nagaoka, I.,
Okumura, K., and Ogawa, H. (2005) The
human beta-defensins (-1,-2,-3,-4) and



29

—_

292

293

294

295

296

cathelicidin LL-37 induce IL-18 secretion
through p38 and ERK MAPK activation
in primary human keratinocytes. Journal
of Immunology, 175, 1776-1784.

Donald, C.D., Sun, C.Q., Lim, S.D.,
Macoska, J., Cohen, C., Amin, M.B.,
Young, A.N., Ganz, T.A., Marshall, F.F.,
and Petros, J.A. (2003) Cancer-specific
loss of beta-defensin 1 in renal and
prostatic carcinomas. Laboratory
Investigation, 83, 501-505.

Niyonsaba, F., Ushio, H., Hara, M.,
Yokoi, H., Tominaga, M., Takamori, K.,
Kajiwara, N., Saito, H., Nagaoka, I.,
Ogawa, H., and Okumura, K. (2010)
Antimicrobial peptides human
beta-defensins and cathelicidin LL-37
induce the secretion of a pruritogenic
cytokine IL-31 by human mast cells.
Journal of Immunology, 184, 3526-3534.
Semple, F., Webb, S., Li, H.N.,

Patel, H.B., Perretti, M., Jackson, L].,
Gray, M., Davidson, D.J., and Dorin, J.R.
(2010) Human beta-defensin 3 has
immunosuppressive activity in vitro and
in vivo. European Journal of Immunology,
40, 1073-1078.

Semple, F., MacPherson, H., Webb, S.,
Cox, S.L., Mallin, L.J., Tyrrell, C,,
Grimes, G.R., Semple, C.A., Nix, M.A,,
Millhauser, G.L., and Dorin, J.R. (2011)
Human beta-defensin 3 affects the
activity of pro-inflammatory pathways
associated with MyD88 and TRIF.
European Journal of Immunology, 41,
3291-3300.

Motzkus, D., Schulz-Maronde, S.,
Heitland, A., Schulz, A., Forssmann,
W.-G., Juebner, M., and Maronde, E.
(2006) The novel beta-defensin DEFB123
prevents lipopolysaccharide-mediated
effects in vitro and in vivo. FASEB
Journal, 20, 1701-+.

Pingel, L.C., Kohlgraf, K.G., Hansen,
C.J., Eastman, C.G., Dietrich, D.E,,
Burnell, K.K., Srikantha, R.N., Xiao, X.,
Belanger, M., Progulske-Fox, A.,
Cavanaugh, J.E., Guthmiller, ].M.,
Johnson, G.K., Joly, S., Kurago, Z.B.,
Dawson, D.V., and Brogden, K.A. (2008)
Human beta-defensin 3 binds to
hemagglutinin B (rHagB), a non-
fimbrial adhesin from Porphyromonas

29

29

299

300

30

30

30,

7

3

=

2

[

References

gingivalis, and attenuates a pro-
inflammatory cytokine response.
Immunology and Cell Biology, 86,
643-649.

Hazrati, E., Galen, B., Lu, W., Wang,
W., Yan, O., Keller, M.]., Lehrer, R.I.,
and Herold, B.C. (2006) Human

alpha- and beta-defensins block multiple
steps in herpes simplex virus infection.
Journal of Immunology, 177, 8658-8666.
Navid, F., Boniotto, M., Walker, C.,
Ahrens, K., Proksch, E., Sparwasser, T.,
Mueller, W., Schwarz, T., and Schwarz,
A. (2012) Induction of regulatory T cells
by a murine beta-defensin. Journal of
Immunology, 188, 735-743.

Ryan, L.K,, Dai, J., Yin, Z., Megjugorac,
N., Uhlhorn, V., Yim, S., Schwartz,
K.D., Abrahams, J.M., Diamond, G., and
Fitzgerald-Bocarsly, P. (2011)
Modulation of human beta-defensin-1
(hBD-1) in plasmacytoid dendritic cells
(PDC), monocytes, and epithelial cells
by influenza virus, Herpes simplex
virus, and Sendai virus and its possible
role in innate immunity. Journal of
Leukocyte Biology, 90, 343-356.
McFarland, K.L., Klingenberg, .M.,
Boyce, S.T., and Supp, D.M. (2008)
Expression of genes encoding
antimicrobial proteins and members of
the toll-like receptor/nuclear factor-
kappa B pathways in engineered human
skin. Wound Repair and Regeneration, 16,
534-541.

Supp, D.M., Karpinski, A.C., and Boyce,
S.T. (2004) Expression of human
beta-defensins HBD-1, HBD-2, and
HBD-3, in cultured keratinocytes

and skin substitutes. Burns, 30,
643-648.

Smiley, A.K., Klingenberg, ].M.,
Aronow, B.]., Boyce, S.T., Kitzmiller,
W.J., and Supp, D.M. (2005) Microarray
analysis of gene expression in cultured
skin substitutes compared with native
human skin. Journal of Investigative
Dermatology, 125, 1286-1301.

Butmarg, J., Yufit, T., Carson, P., and
Falanga, V. (2004) Human beta-
defensin-2 expression is increased in
chronic wounds. Wound Repair and
Regeneration, 12, 439-443.

35



36

304

30,

v

306

307

308

309

310

3n

Roupe, K.M., Nybo, M., Sjobring, U.,
Alberius, P., Schmidtchen, A., and
Sorensen, O.E. (2010) Injury is a major
inducer of epidermal innate immune
responses during wound healing.
Journal of Investigative Dermatology, 130,
1167-1177.

Johnston, A., Gudjonsson, J.E., Aphale,
A., Guzman, A M., Stoll, S.W., and
Elder, J.T. (2011) EGFR and IL-1
signaling synergistically promote
keratinocyte antimicrobial defenses in a
differentiation-dependent manner.
Journal of Investigative Dermatology, 131,
329-337.

McDermott, A.M., Redfern, R.L., Zhang,
B., Pei, Y., Huang, L., and Proske, R.J.
(2003) Defensin expression by the
cornea: multiple signalling pathways
mediate IL-1 beta stimulation of hBD-2
expression by human corneal epithelial
cells. Investigative Ophthalmology &
Visual Science, 44, 1859-1865.

Vongsa, R.A., Zimmerman, N.P., and
Dwinell, M.B. (2009) CCR6 regulation of
the actin cytoskeleton orchestrates
human beta defensin-2-and CCL20-
mediated restitution of colonic epithelial
cells. Journal of Biological Chemistry, 284,
10034-10045.

Baroni, A., Donnarumma, G., Paoletti,
I., Longanesi-Cattani, I., Bifulco, K.,
Tufano, M.A., and Carriero, M.V. (2009)
Antimicrobial human beta-defensin-2
stimulates migration, proliferation and
tube formation of human umbilical vein
endothelial cells. Peptides, 30, 267-272.
Lan, C.C.E., Wu, C.S., Huang, S.M.,
Kuo, H.Y., Wu, L.H., Liang, C.W., and
Chen, G.S. (2012) High-glucose
environment reduces human beta-
defensin-2 expression in human
keratinocytes: implications for poor
diabetic wound healing. British Journal
of Dermatology, 166, 1221-1229.
Sorensen, O.E., Thapa, D.R., Rosenthal,
A., Liu, L.D., Roberts, A.A., and Ganz,
T. (2005) Differential regulation of
beta-defensin expression in human skin
by microbial stimuli. Journal of
Immunology, 174, 4870-4879.

Menzies, B.E. and Kenoyer, A. (2006)
Signal transduction and nuclear
responses in Staphylococcus

312

313

314

315

316

317

318

319

1 Antimicrobial Peptides: Their History, Evolution, and Functional Promiscuity

aureus-induced expression of human
beta-defensin 3 in skin keratinocytes.
Infection and Immunity, 74, 6847-6854.
Sorensen, O.E., Cowland, J.B.,
Theilgaard-Monch, K., Liu, L.D., Ganz,
T., and Borregaard, N. (2003) Wound
healing and expression of antimicrobial
peptides/polypeptides in human
keratinocytes, a consequence of
common growth factors. Journal of
Immunology, 170, 5583-5589.

Lan, C.C.E,, Wu, C.S., Huang, S.M.,
Kuo, H.Y., Wu, I.H., Wen, C.H., Chai,
C.Y., Fang, A.H., and Chen, G.S. (2011)
High-glucose environment inhibits
P38MAPK signaling and reduces human
beta-3 expression in keratinocytes.
Molecular Medicine, 17, 771-779.

Hackl, F., Kiwanuka, E., Nowinski, D.,
and Eriksson, E. (2011) The diabetic
wound: a new experimental wound
healing model in large animals.
Advances in Wound Care, 2, 166-170.
Hirsch, T., Spielmann, M., Zuhaili, B.,
Fossum, M., Metzig, M., Koehler, T.,
Steinau, H.-U., Yao, F., Onderdonk,
A.B., Steinstraesser, L., and Eriksson, E.
(2009) Human beta-defensin-3 promotes
wound heating in infected diabetic
wounds. Journal of Gene Medicine, 11,
220-228.

Wingate, K.V., Torres, S.M., Silverstein,
K.A.T., Hendrickson, J.A., and
Rutherford, M.S. (2009) Expression of
endogenous antimicrobial peptides in
normal canine skin. Veterinary
Dermatology, 20, 19-26.

Erles, K. and Brownlie, J. (2010)
Expression of -defensins in the canine
respiratory tract and antimicrobial
activity against Bordetella bronchiseptica.
Veterinary Immunology and
Immunopathology, 135, 12-19.

van Damme, C.M.M., Willemse, T.,
van Dijk, A., Haagsman, H.P., and
Veldhuizen, E.J.A. (2009) Altered
cutaneous expression of beta-defensins
in dogs with atopic dermatitis. Molecular
Immunology, 46, 2449-2455.

Leonard, B.C., Affolter, V.K., and
Bevins, C.L. (2012) Antimicrobial
peptides: agents of border protection for
companion animals. Veterinary
Dermatology, 23, 177-e3.



320

321

322

323

324

325

Schmutz, S.M. and Berryere, T.G. (2007)
Genes affecting coat colour and pattern
in domestic dogs: a review. Animal
Genetics, 38, 539-549.

Singh, A., Haslach, E., and Haskell-
Luevano, C. (2010) Structure-activity
relationships (SAR) of melanocortin and
agouti-related (AGRP) peptides, in
Melanocortins: Multiple Actions and
Therapeutic Potential (ed. A. Catania),
Springer, New York, pp. 1-18.

Little, C.C. (1957) The Inheritance of Coat
Color in Dogs, Howell Book House, New
York.

Kerns, J.A., Olivier, M., Lust, G., and
Barsh, G.S. (2003) Exclusion of
melanocortin-1 receptor (Mclr) and
Agouti as candidates for dominant black
in dogs. Journal of Heredity, 94, 75-79.
Kerns, J.A., Cargill, E.J., Clark, L.A.,
Candille, S.I., Berryere, T.G., Olivier, M.,
Lust, G., Todhunter, R.]., Schmutz,
S.M., Murphy, K.E., and Barsh, G.S.
(2007) Linkage and segregation analysis
of black and brindle coat color in
domestic dogs. Genetics, 176,
1679-1689.

Kaelin, C.B., Candille, S.I., Yu, B.,
Jackson, P., Thompson, D.A., Nix, M.A.,
Binkley, J., Millhauser, G.L., and Barsh,
G.S. (2008) New ligands for
melanocortin receptors. International
Journal of Obesity, 32, S19-S27.

326

327

328

329

330

References

Candille, S.I., Kaelin, C.B., Cattanach,
B.M.,, Yu, B., Thompson, D.A., Nix,
M.A,, Kerns, J.A., Schmutz, S.M.,
Millhauser, G.L., and Barsh, G.S. (2007)
A beta-defensin mutation causes black
coat color in domestic dogs. Science, 318,
1418-1423.

Anderson, T.M., vonHoldt, B.M.,
Candille, S.I., Musiani, M., Greco, C.,
Stahler, D.R., Smith, D.W.,
Padhukasahasram, B., Randji, E.,
Leonard, J.A., Bustamante, C.D.,
Ostrander, E.A., Tang, H., Wayne, R.K,,
and Barsh, G.S. (2009) Molecular and
evolutionary history of melanism in
North American gray wolves. Science,
323, 1339-1343.

Dreger, D.L. and Schmutz, S.M. (2010)
The variant red coat colour phenotype of
Holstein cattle maps to BTA27. Animal
Genetics, 41, 109-112.

Beaumont, K.A., Smit, D.]., Liu, Y.Y.,
Chai, E., Patel, M.P., Millhauser, G.L.,
Smith, J.J., Alewood, P.F., and Sturm,
R.A. (2012) Melanocortin-1 receptor-
mediated signalling pathways activated
by NDP-MSH and HBD3 ligands.
Pigment Cell & Melanoma Research, 25,
370-374.

de Leeuw, E. and Lu, W. (2007) Human
defensins: turning defense into offense?
Infectious Disorders Drug Targets, 7,
67-70.

37








