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Two families of structurally related C-terminally a-amidated antimicrobial peptides have been identified
in norepinephrine-stimulated skin secretions of the midwife toad Alytes obstetricans (Alytidae). The
alyteserin-1 peptides (Gly-Leu-Lys-(Asp/Glu)-Ile-Phe-Lys-Ala-Gly-Leu-Gly-Ser-Leu-Val-Lys-(Gly/Asn)-
Ile-Ala-Ala-His-Val-Ala-(Asn/Ser).NH;) show limited structural similarity to the ascaphins from the skins
of frogs of the family Leiopelmatidae. Alyteserin-2a (Ile-Leu-Gly-Lys-Leu-Leu-Ser-Thr-Ala-Ala-Gly-Leu-
Leu-Ser-Asn-Leu.NH,) and alyteserin-2b and -2c (Ile-Leu-Gly-Ala-Ile-Leu-Pro-Leu-Val-Ser-Gly-Leu-Leu-
Ser-(Asn/Ser)-Lys-Leu.NH,) show limited sequence identity with bombinin H6, present in the skins of frogs
of the family Bombinatoridae. The alyteserin-1 peptides show selective growth inhibitory activity against
the Gram-negative bacteria Escherichia coli (MIC = 25 wM) whereas alyteserin-2a is more potent against
the Gram-positive bacteria Staphylococcus aureus (MIC = 50 uM). The hemolytic activity against human
erythrocytes of all peptides tested is relatively weak (LCso > 100 wM). The data demonstrate that the frogs
belonging to the family Alytidae are among those producing dermal antimicrobial peptides that may

represent a component of the animal’s system of innate immunity.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Peptides with broad-spectrum antibacterial and antifungal
activities and with the ability to lyse mammalian cells are
synthesized in the skins of species from certain families of Anura
(frogs and toads). These peptides probably represent a component
of the system of innate immunity that defends the animal against
invasion by pathogenic microorganisms [21] and have excited
interest as candidates for development into therapeutically
valuable anti-infective agents [27]. Structural characterization of
the peptides has shown that they comprise between 10 and 48
amino acid residues and a comparison of their amino acid
sequences reveals the lack of any conserved domains that are
associated with biological activity. However, the peptides, with
few exceptions, are cationic and contain at least 50% hydrophobic
amino acids. Circular dichroism and NMR studies have shown that
they generally lack stable secondary structure in aqueous solutions
but have the propensity to form an amphipathic a-helix in the
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environment of a phospholipid vesicle or in a membrane-mimetic
solvent such as 50% trifluoroethanol-water [26]. On the basis of
limited similarities in amino acid sequence, the frog skin
antimicrobial peptides may be grouped together in families, many
of which share a common evolutionary origin [15]. Skin secretions
from a single species frequently contain several members of a
particular peptide family with varying degrees of antimicrobial
potency and selectivity that are presumed to have arisen from
multiple duplications of an ancestral gene [32]. It is speculated that
this molecular diversity may provide a broader spectrum of
defense against pathogenic microorganisms although firm evi-
dence to support this hypothesis is lacking.

It is a common misconception that antimicrobial peptides are
synthesized in the skins of all frog species. At this time, cationic a-
helical antimicrobial peptides have been identified in the skins of
frogs from species belonging to the Bombinatoridae [23], Hylidae
[1,3], Hyperoliidae [24], Leiopelmatidae [11,13], Leptodactylidae
[8], Myobatrachidae [6], Pipidae [35], and Ranidae [9] families but
several well studied species from the Bufonidae, Ceratophryidae,
Dicroglossidae, Microhylidae, Pelobatidae, Pyxicephalidae, Rhaco-
phoridae, and Scaphiopodidae families do not appear to synthesize
these peptides (reviewed in [12]). Prior to this study, no species
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belonging the family Alytidae had been investigated for the
presence of dermal antimicrobial peptides.

The midwife toad Alytes obstetricans (Laurenti, 1768) is a small
(snout-vent length of 55 mm) predominantly nocturnal and
terrestrial anuran that is best known for its male parental care
behavior. Once the oocytes have been fertilized, the male attaches
the egg strings to his hindlegs which are then kept moist and
protected against predators until the newly hatched tadpoles are
released into water. The species was once widely distributed in
western Europe in woodland areas at altitudes between 200 and
700 m [19]. However, populations in many regions have declined
precipitously due to habitat loss, introduction of predator fish into
their breeding waters, and diseases such as chytridiomycosis
arising from infection by the chytrid fungus Batrachochytrium
dendrobatidis [4,5,14]. The present study describes the purification
and characterization of two families of structurally related
peptides with differential antimicrobial activity from norepi-
nephrine-stimulated skin secretions from A. obstetricans that have
been termed alyteserin-1 and alyteserin-2.

2. Experimental
2.1. Collection of skin secretions

All experiments with live animals conform to the ethical and
animal care guidelines issued by the Swiss Academy of Natural
Sciences and were approved by the Veterinary Office of the Canton
Zurich (permit 221/07). Adult specimens of A. obstetricans (n = 12;
weight range 4.1-6.3 g; sex not determined) were collected under
permit in Germany, allowed to reproduce in captivity at the
University of Zurich, and skin secretions were obtained after
breeding in August, 2008. Each animal was injected with
norepinephrine bitartarate (40 nmol/g frog weight) and immersed
in water for 15 min. The solution containing the secretions was
acidified and passed at a flow rate of 2 ml/min through 2 Sep-Pak
C-18 cartridges (Waters Associates, Milford, MA) connected in
series. Bound material was eluted with acetonitrile/water/tri-
fluoroacetic acid (TFA) (70.0:29.9:0.1, v/v/v) and dried under of a
stream of nitrogen for shipment to U.A.E. University.

2.2. Antimicrobial assays

Purification of the peptides was monitored by incubating
lyophilized aliquots of chromatographic effluent in Mueller-
Hinton broth (50 wl) with an inoculum (50 wl of 10° colony
forming units/ml) from a log-phase culture of reference strains of
Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC
25922) in 96-well microtiter cell-culture plates for 18 h at 37 °C in
a humidified atmosphere of air. After incubation, the absorbance at
630 nm of each well was determined using a microtiter plate
reader. In order to monitor the validity and reproducibility of the
assays, incubations with bacteria were carried out in parallel with
increasing concentrations of ampicillin. Minimum inhibitory
concentration (MIC) of the peptides was measured the concentra-
tion range of 3-200 wM by a standard double dilution method [7]
and was taken as the lowest concentration of peptide where no
visible growth was observed. This value was confirmed by
measurement of absorbance at 630 nm.

2.3. Hemolysis assay

Purified peptides (1-200 wM) were incubated in duplicate with
washed human erythrocytes (2 x 107 cells) from a healthy donor
in Dulbecco’s phosphate-buffered saline, pH 7.4 (100 1) for 1 h at
37 °C. After centrifugation (12,000 x g for 15 s), the absorbance at
450 nm of the supernatant was measured. A parallel incubation in

the presence of 1% (v/v) Tween-20 was carried out to determine the
absorbance associated with 100% hemolysis. The LCsq value was
taken as the mean concentration of peptide producing 50%
hemolysis in three independent experiments.

2.4. Peptide purification

The dried skin secretions (total weight 68.2 mg), after partial
purification on Sep-Pak cartridges, were redissolved in 0.1% (v/v) TFA/
water (2 ml)and injected ontoa (2.2 cm x 25 cm)Vydac 218TP1022
(C-18) reversed-phase HPLC column (Separations Group, Hesperia,
CA) equilibrated with 0.1% (v/v) TFA/water at a flow rate of 6.0 ml/
min. The concentration of acetonitrile in the eluting solvent was
raised to 21% (v/v) over 10 min and to 63% (v/v) over 60 min using
linear gradients. Absorbance was monitored at 214 nm and 280 nm,
and fractions (1 min) were collected. The abilities of freeze-dried
aliquots (50 l)ofthe fractions toinhibit the growth of S. aureusand E.
coli were determined as described in the previous section. Fractions
associated with antimicrobial activity were successively chromato-
graphed on a (1 cm x 25 cm) Vydac 214TP510 (C-4) column and a
(1 cm x 25 cm) Vydac 219TP510 (phenyl) column. The concentra-
tion of acetonitrile in the eluting solvent was raised from 21% to 49%
over 50 min for purification of the alyteserin-1 peptides and from 28%
to 56% over 50 min for purification of the alyteserin-2 peptides. The
flow rate was 2.0 ml/min.

2.5. Structural characterization

The primary structures of the peptides were determined by
automated Edman degradation using an Applied Biosystems model
494 Procise sequenator (Foster City, CA). MALDI-TOF mass
spectrometry was carried out using a Voyager DE-PRO instrument
(Applied Biosystems) that was operated in reflector mode with
delayed extraction and the accelerating voltage in the ion source
was 20 kV. The instrument was calibrated with peptides of known
molecular mass in the 2000-4000 Da range. The accuracy of mass
determinations was +0.02%.

3. Results
3.1. Purification of the peptides

The pooled skin secretions from A. obstetricans, after partial
purification on Sep-Pak C-18 cartridges, were chromatographed on
a Vydac C-18 preparative reversed-phase HPLC column (Fig. 1). The
prominent peaks designated 1-7 were collected and subjected to
further purification. Under the conditions of assay, peaks 1-4 were
associated with the ability to inhibit the growth of E. coli only and
peaks 5-7 inhibited the growth of S. aureus only. Subsequent
structural analysis demonstrated that peak 1 contained alyteserin-
1a, peak 2: alyteserin-1b, peak 3: alyteserin-1c, peak 4: alyteserin-
1d, peak 5: alyteserin-2a, peak 6: alyteserin-2b, and peak 7:
alytesin-2c. The peptides were purified to near homogeneity, as
assessed by a symmetrical peak shape and mass spectrometry, by
further chromatography on semipreparative Vydac C-4 and Vydac
phenyl columns. The methodology is illustrated by partial
purification of alyteserin-1c on a Vydac C-4 column (Fig. 2a)
and a final purification on a Vydac phenyl column (Fig. 2b). The
final yields of purified peptides (nmol) were alyteserin-1a 230,
alyteserin-1b 350, alyteserin-1c 170, alyteserin-1d 75, alyteserin-
2a 390, alyteserin-2b 65, and alytesin-2c 75.

3.2. Structural characterization

The primary structures of the antimicrobial peptides isolated
from A. obstetricans skin secretions were established by automated
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Fig. 1. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions
from A. obstetricans after partial purification on Sep-Pak cartridges. The peaks
designated 1-7 displayed antimicrobial activity and were purified further. The peak
designated A contained alytesin [2]. The dashed line shows the concentration of
acetonitrile in the eluting solvent.

Edman degradation and their amino acid sequences are shown in
Fig. 3. MALDI-TOF mass spectrometry was used to confirm the
proposed sequences and to demonstrate that all peptides were C-
terminally a-amidated. As there was some ambiguity with regard
to identification of the C-terminal amino acid residue in the
alyteserin-2 peptides, the sequences were confirmed by amino
acid composition analysis [alyteserin-2a: Asx 1.1 (1), Thr 1.1 (1),
Ser2.1(2),Gly2.2(2),Ala2.2(2),1le 0.8 (1), Leu 5.7 (6),Lys 1.1 (1);
alyteserin-2b: Asx 1.1 (1),Ser 1.1 (1), Pro 1.1 (1), Gly 2.2 (2),Ala 1.1
(1),1le 1.8 (2), Leu 5.8 (6), Lys 1.2 (1); alyteserin-2c: Ser 2.1 (2), Pro
1.1 (1), Gly 2.1 (2), Ala 1.1 (1), Ile 1.8 (2), Leu 5.9 (6), Lys 1.1 (1)
residues/mol peptide]. Figures in parentheses show the number of
residues predicted from the proposed sequences. The molecular
mass of the peptide in the prominent peak designated A in Fig. 1
(1534.8 Da) identified it as the bombesin-like myotropic peptide,
alytesin (<EGRLGTQWAVGHLM.NH,) [2].

3.3. Antimicrobial and hemolytic activities

The abilities of the most abundant peptides in the skin
secretions (alyteserin-1a, -1b, and -1c¢, and alyteserin-2a) to
inhibit the growth of reference strains of S. aureus and E. coli
and to lyse human erythrocytes from a healthy donor are
compared in Table 1.
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Fig. 2. Purification to near homogeneity of alyteserin-1c on semipreparative (a)
Vydac C-4, and (b) Vydac phenyl columns. The arrowheads show where peak
collection began and ended.

4. Discussion

In common with most anuran species, the taxonomy of the frogs
of the Alytidae family has undergone major revision in recent years.
Traditionally, A. obstetricans was included in the family Discoglossi-
dae which was divided into the four genera Alytes, Discoglossus,
Bombina, and Barbourula [16]. However, the monophyletic status of
the Discoglossidae has been called into question [18] and current
taxonomic recommendations restrict the taxon Alytidae to two
genera Alytes (5 species) and Discoglossus (6 species). Bombina (6

M, obs M, calc
Alyteserin-la GLKDIFKAGLGSLVKGIAAHVAN.NH: 2277.3 2277.3
Alyteserin-1b GLKEIFRAGLGSLVKGIAAHVAN.NH: 2291.4 2291.4
Alyteserin-l1c GLKEIFKAGLGSLVKGIAAHVAS . NH 2263.5 2264.3
Alyteserin-1d GLKDIFKAGLGSLVKNIAAHVAN,NH 2334.5 2334.4
Alyteserin-2Za ILGKLLSTAAGLLSNL.NH 1582.1 1582.0
Alyteserin-2b ILGAILPLVSGLLSNKL.NH 1632.1 1632.1
Alyteserin-2c ILGAILPLVSGLLSSKL.NH: 1605.0 1605.1

Fig. 3. Amino acid sequences, observed molecular masses (M; obs), and calculated molecular masses (M, calc) of the antimicrobial peptides isolated from skin secretions of A.

obstetricans.
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Table 1

Minimum inhibitory concentrations (.M) against microorganisms and LCs, values
(M) against human erythrocytes of the endogenous peptides isolated from skin
secretions of A. obstetricans.

E. coli S. aureus LCso
Alyteserin-1a 25 200 >100 (11%)
Alyteserin-1b 25 200 210
Alyteserin-1c 25 100 145
Alyteserin-2a 150 50 135

The value in parentheses shows the % hemolysis at a concentration of 100 M.

species) is united with Barbourula (2 species) in the family
Bombinatoridae [17]. Cladistic analysis based upon the complete
nucleotide sequence of the mitochondrial genomes strongly
supports a sister group relationship between A. obstetricians and
Discoglossus galganoi to the exclusion of Bombina orientalis [30].

The Alytidae are regarded as a phylogenetically ancient group of
frogs and are traditionally placed along with the other “primitive”
frogs belonging to the Discoglossidae, Leiopelmatidae, Pelobatoi-
dea, and Pipoidea within the Archaeobatrachia in order to
distinguish them from the more highly derived Neobatrachia,
such as the Hylidae and Ranidae [16]. The primary structures of the
alyteserin peptides determined in this study are consistent with
this placement. As shown in Fig. 4, the alyteserin-1 peptides show
limited structural similarity (between 37 and 39%) to the C-
terminally a-amidated antimicrobial peptides ascaphin-1 and
ascaphin-8, previously isolated from Ascaphus truei [13] and
Ascaphus montanus [11] belonging to the family Leiopelmatidae.
The tailed frogs Ascaphus spp. (Stejneger, 1899) occupy a uniquely
important position in amphibian phylogeny as the most primitive
extant anurans [20]. Originally classified alone in the family
Ascaphidae as the sister group to the clade of all other living frogs,
Ascaphus is now united with the New Zealand frogs of the genus
Leiopelma (Fitzinger, 1861) in the Leiopelmatidae family [17].
Similarly, the alyteserin-2 peptides show limited structural
similarity (between 41 and 65%) to bombinin H6, previously
identified in the skin secretions of the toads Bombina bombina, B.
orientalis, and B. variegata belonging to the family Bombinatoridae
[23] (Fig. 4). Bombinin H6 is unusual in that isoforms have been
found to contain either p-leucine or p-alloisoleucine instead of L-
leucine at position 2 in the molecule [25] and the enzyme
responsible for effecting this transformation has been isolated
from frog skin [22]. Further work is clearly warranted to determine
whether peptides containing p-amino acids are present in the skin
secretions of A. obstetricans.

Alyteserin-la GLEDIFKAGLGSLVKGIAAHVAN.NH,

Ascaphin-1 GFRDVLKGAAKAFVKTVAGHIAN.NH,

Ascaphin-1M GFRDVLEGAAKEFVKTVAGHIAN. NH,

Ascaphin-8 GFKDLLKGAAKALVKTVLE.NH,

Alyteserin-Za ILGKLLSTAA* ***GLLSNL.NH,

Alyteserin-Zb ILGATLPLVS* ***GLLSNKL.NH,

Bombinin-H6 ILGPILGLVSNALGGLL . NH,

Fig. 4. A comparison of the primary structures of (a) alyteserin-1a with ascaphin-1
and ascaphin-8 from Ascaphus truei[12] and ascaphin-1 M from Ascaphus montanus
[10], and (b) alyteserin-2a and -2b with bombinin H6 from Bombina spp. [22].
Structural similarity is emphasized by the shading.

In common with the vast majority of frog skin antimicrobial
peptides, the alyteserins are cationic with a charge of +3
(alyteserin-1) and +2 (alyteserin-2) at neutral pH. It has been
proposed that the positive charge facilitates transport of the
peptide across the bacterial cell wall and promotes interaction
with the negatively charged bacterial cell membrane [21].
Secondary structure prediction by the method of Rost and Sander
[29] indicates that the (2-21) region of alyteserin-1a and the (2-
13) region of alyteserin-2b have a high probability of forming a
stable a-helical conformation. A Schiffer-Edmunson wheel repre-
sentation [31] of the alyteserin-1a structure illustrates the
amphipathic nature of the helix with the polar residues Lys>,
Asp?, Lys’, and Lys'® segregating together on the hydrophilic face
of the helix (polar angle 6 = 140°) (Fig. 5). However, the presence of
the more hydrophobic Val'# and Ala'® on this hydrophilic face
results in a decrease in the hydrophobic moment (a semi-
quantitative measure of the amphipathicity of a a-helical peptide)
[33]. The alyteserin-1 peptides show relatively potent growth
inhibitory activity against the Gram-negative bacteria E. coli
(MIC =25 uM) together with weak hemolytic activity against
human erythrocytes (LCso> 100 wM) (Table 1) so that these
peptides show potential for development into therapeutically
useful anti-infective agents [10]. Hemolytic activity is strongly
dependent upon amphipathicity and small increases in the
hydrophobic moment may produce major changes in potency
[33]. It is suggested, therefore, that the low hemolytic activity of
the alyteserin-1 peptides is a consequence of the decreased
amphipathic character of the a-helical conformation compared
with that of many frog skin antimicrobial peptides. The alyteserin-
2 peptides are comparable in size to the a-helical temporin
peptides present in skin secretions of the majority frogs of the
Ranidae family [23]. In common with those temporin peptides
with a charge +2 at pH 7, alyteserin-2a shows more potent growth
inhibitory activity against Gram-positive bacteria (Table 1).

Although this study has demonstrated that the skin secretions
of A. obstetricans contain peptides with antimicrobial activity
against two bacteria with clinical relevance, it is unclear to what
extent the alyteserins provide the animal with protection against
pathogens it may encounter in the wild. The emergence in almost
all parts of the world of the pathogenic chytrid fungus B.
dendrobatidis has led, or has contributed, to widespread declines
in frog populations [14,28]. The fungus parasitizes the mouthparts
of larvae and the keratinized epidermis of post-metamorphic
amphibians which may produce electrolyte depletion and osmotic
imbalance leading to death. Studies in vitro have shown that a wide

A19
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K’ L13
V14 F¢
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Fig. 5. A Schiffer-Edmundson helical wheel representation of the alyteserin-1a
structure illustrating the amphipathic nature of the a-helical conformation.
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range of frog skin peptides will inhibit the growth of B.
dendrobatidis [28,34]. However, chytridiomycosis has largely
extirpated A. obstetricans in mountainous areas of central Spain
whereas populations of Bufo bufo, whose skin secretions do not
contain cationic a-helical antimicrobial peptides (unpublished
data) had not declined in the same region [4]. However,
chytridiomycosis-related mortalities of B. bufo in other regions
of Spain have been reported [5]. Consequently, it is not possible at
this time to draw a firm conclusion regarding the importance of the
alyteserins in the animal’s system of innate immunity. Similarly,
the smooth muscle-stimulating peptide alytesin [2] represented
the most abundant peptide in the Sep-Pak concentrated skin
secretions (Fig. 1) but it is unclear to what extent, if any, this
peptide provides a deterrent to ingestion by predators. It is
tempting to speculate that alytesin may activate gastrointestinal
smooth muscle and cause the prey to be vomited from the mouths
of predators but evidence to support this idea is lacking.
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