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cations during the evolution of these animals. In this review, we place special emphasis on endogenous
host-defence skin peptides from the cuteanous granular glands anuran amphibians (frogs and toads).
The overview on the two broad groups of neuroactive and antimicrobial peptides (AMPs) goes beyond
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a simple itemization in that we provide a new perspective into the evolution and function of anuran
i: Keywords: AMPs. Briefly, these cationic, amphipathic and a-helical peptides are traditionally viewed as being part
8 Neuropeptide of the innate immune system, protecting the moist skin against invading microorganisms through their
" Cytolysin cytolytic action. However, the complete record of anuran species investigated to date suggests that AMPs
20 Host-defence are distributed sporadically (i.e., non-universally) across Anura. Together with the intriguing observa-
21 Skin secretion tion that virtually all anurans known to produce neuropeptides in their granular glands also co-secrete
2 Nomenclature cytolytic peptides, we call the traditional role for AMPs as being purely antimicrobial into question and

present an alternative scenario. We hypothesize AMPs to assist neuroactive peptides in their antipreda-
tor role through their cytolytic action increasing the delivery of the latter to the endocrine and nervous
system of the predator. Thus, AMPs are more accurately viewed as cytolysins and their contribution to
the immune system is better regarded as an accessory benefit.

© 2014 Elsevier Inc. All rights reserved.

2% Contents

25 0T 0T Tat o (o) » L 00
26 Methodology of peptide characterization and recent deVEIOPIMEIITS .. ... .. ...ttt ettt ettt et ettt ettt e ettt ettt teanns 00
27 PaXale LUV TS T (o) s o) B o s BTl Al (o) s D 00
28 High performance liquid ChIOmMatO@IapRY .. .. ..ottt ittt ettt ettt e e et et e e et e e et e e et e e et te e et ee e iaeeeanans 00
29 F YIS U g Yl o) o = 77 Y2 00
30 Sequence determination Of PEPLIAES .. ...ttt ettt ettt ettt ettt ettt et e e et e et e e et e e e e e 00
31 The diversity of anUIAN SKIM PEPIIAES . .. ...ttt ittt ettt ettt ettt e ettt e e et e e et e e et e e e e e e et e e e e e e iae e e e e aaaaeas 00
k) A [ U o Vot A1 <] U [ 00
33 [0 R el 5T 50 1 (3 00
34 Membranolytic MechaniSm Of @CHIOM. ... ...ttt ettt et e e e ettt ettt e e e e et e e et aaas 00
35 Nomenclature of anuran antimicrobial PEPIAES . ... . ... ouu. ittt ittt et e ettt e et e, 00
36 Cytolytic peptides fTom RaNIAae. . ... . oottt ittt ettt ettt et et e e e e, 00
37 Cytolytic peptides from Hylidae.............. ... 00
38 Cytolytic peptides from other anurans....... ... 00
39 Orphan cytolytic peptides across anurans....... .... 00
40 Enzymes, protease inhibitors and other protein classes 00
41 ) 11 T ) 1 00

* Corresponding author. Tel.: +49 441 798 3373; fax: +49 441 798 193965.
E-mail address: koenig.enrico@googl.com (E. K6nig).

http://dx.doi.org/10.1016/j.peptides.2014.11.003
0196-9781/© 2014 Elsevier Inc. All rights reserved.

Please cite this article in press as: Konig E, et al. The diversity and evolution of anuran skin peptides. Peptides (2014),
http://dx.doi.org/10.1016/j.peptides.2014.11.003



dx.doi.org/10.1016/j.peptides.2014.11.003
dx.doi.org/10.1016/j.peptides.2014.11.003
http://www.sciencedirect.com/science/journal/01969781
http://www.elsevier.com/locate/peptides
mailto:koenig.enrico@googl.com
dx.doi.org/10.1016/j.peptides.2014.11.003

43
44
45
46
47
48
49
50
51
52
53

54
55
56
57
58
59

60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

G Model
PEP693721-22

2 E. Konig et al. / Peptides xxx (2014) XxXx—-xxx

An evolutionary perspective on frog skin peptides .................
Defensive compounds ...........covieiiiiiieiiiiieennnnnnns

Targets of amphibian host-defence peptides................

A challenge to the antimicrobial role of AMPs ..............

Cytolysins: a new hypothesis on the function of AMPs......

The origin of the peptide-based defence system....................
Concluding remarks ........oouiiiiiiiiie it
Conflict of INterest.........uueeitii ittt
AcKnowledgments. ... ...oiiiniie it
Supplementary data...........cooiviiiiiiiiiiiinaaiinn..
|30 (2] ¥<) s Lol N

Appendix A.

“The amphibian skin may be regarded as an enormous store-
house of biogenic amines and active polypeptides. Indeed,
no other vertebrate or invertebrate tissue can compare with
amphibian cutaneous tissue in regard to variety and concen-
tration of these active compounds.”

Roseghini, Erspamer, Endean, 1976

Introduction

Extant amphibians (Lissamphibia) represent the modern
descendants of the most ancient tetrapod group, where some well-
known members of the amphibian stem group from the Devonian,
such as Ichthyostega, present some of the first fossil records of
terrestrial vertebrates [207]. With a distribution across all conti-
nents except Antarctica, lissamphibians are remarkably diverse.
Despite the transition from the aquatic environment to a more hos-
tile terrestrial life, lissamphibians have adapted to various habitats
ranging from Arctic tundra to arid deserts, and to altitudes ranging
from sealevel to elevations of 5000 m [80]. Frogs and toads (Anura),
in particular, cover the entire width of these habitats. A total of 7302
amphibian species have been described for the three monophyletic
amphibian orders, with 88% of these being anurans (Fig. 1) [92].

The shift to terrestriality was associated with drastic changes,
particularly many physiological challenges, including maintenance
of water balance, readjustment of respiration in response to altered
oxygen saturation, and higher fluctuations of the daily envi-
ronmental temperature. Accordingly, lissamphibians show many
characteristic evolutionary adaptations in their morphological and
physiological traits, ones that have been conserved throughout
the group. Thus, among the most important adaptations for lis-
samphibians involve those of the skin, which evolved numerous
adaptive characters to overcome the radically modified environ-
mental conditions and related physiological issues.

As the immediate interface with the environment, the skin
needs to protect the animal from the harmful impacts stated
above. Unlike other terrestrial vertebrates (Amniota), lissamphib-
ians lack integumental structures to minimize water loss or
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Fig. 1. The three orders of Lissamphibia with the number of species in each.
Photos taken from www.amphibiaweb.org.

facilitate thermoregulation (e.g., scales, feathers, or hair). Instead,
the more permeable nature of the amphibian skin increases the
risk of desiccation as well as the undesired influx of hostile con-
stituents. Indeed, the latter constitutes a major, current threat
with growing environmental pollution caused by human agricul-
ture and industry leading to the recent worldwide phenomenon
of amphibian decline. Nevertheless, the amphibian integument is
an exquisitely adapted and highly specialized organ that supports
physiological functions (e.g., respiration, osmoregulation, ther-
moregulation) as well as phenotypical color modification by means
of chromatophores. The latter may be the result of antipredator
adaptations that manifest themselves in different ways, ranging
from the inconspicuous appearance of leaf litter frogs (mimicry)
to the eye-catching aposemantic coloration signaling highly toxic
animals (e.g., Dendrobatidae).

The amphibian skin is particularly characterized by its remark-
able cutaneous exocrine apparatus with numerous granular
(serous) and mucous glands [80,254]. These glands are dispersed
largely at the dorsum of the animals and communicate directly
with the external surface by means of secretory ducts. Whereas
the mucous glands constitutively release discrete amounts of
mucopolysaccharides to maintain the moist nature of the skin, the
discharge of the granular secretions with their venomous and nox-
ious compounds is inducible through various stimuli, one of which
is stress (e.g., predatory attack). In addition, clusters of granular
glands in exposed parts of the body with high concentrations of
venom, called macroglands (e.g., parotoids and inguinal glands),
have evolved in several species and reflect an improved defen-
sive mechanism. Interestingly, there are growing indications about
intra-individual variation of secretory products between the dif-
ferent granular gland types [120,144], observations that further
underpin the remarkable plasticity and adaptive value of the cuta-
neous organ system in amphibians.

It has been hypothesized that the cutaneous glands of the first
amphibians initially maintained homeostasis by producing and
releasing key endogenous regulatory molecules as an adaptation to
the new terrestrial environmental conditions (e.g., Na*-K* ATPase
for sodium and water homeostasis) [73]. Various bioactive sub-
stances, such as biogenic amines and neuroactive peptides, which
act as hormones, neurotransmitters and neuromodulators [17,83]
are still being found in the skin of extant amphibians, particu-
larly in anurans, and have counterparts that occur naturally in
the central and peripheral nervous system as well as in the gas-
trointestinal tract of these animals and other vertebrates (e.g.,
serotonin, bradykinin). However, given that the amounts of anuran
skin amines and peptides often exceed the effective, physiologi-
cal threshold required for optimal functioning in a regulatory role,
it was further hypothesized that the compounds were secondarily
recruited for a dose-dependent chemical defence against potential
predators [73]. This development, in turn, gave rise to a variety of
venomous compounds that are stored in the specialized granular
glands, also known as the poison glands.

Although the focus of this review is on the frog skin host-
defence peptides, the chemical defence of amphibians goes beyond
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