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Abstract

Antimicrobial peptides in the skin secretions of anurans constitute a component of the innate immunity that protects the
organism against invading pathogens. Four peptides with antimicrobial activity were isolated in high yield from
norepinephrine-stimulated skin secretions of the Northern red-legged frog Rana aurora aurora and their primary structures
determined. Ranatuerin-2AUa (GILSSFKGVAKGVAKNLAGKLLDELKCKITGC) showed potent growth-inhibitory activity
against a range of Gram-positive and Gram-negative bacteria (minimum inhibitory concentrations <20 nM) but low hemolytic
activity against human erythrocytes (50% hemolysis at 290 uM). Brevinin-1AUa (FLPILAGLAAKLVPKVFCSITKKC)
and brevinin-1AUb (FLPILAGLAANILPKVFCSITKKC) also showed potent antimicrobial activity but were strongly
hemolytic (HCsp < 10 uM). Temporin-1AUa (FLPIIGQLLSGLL.NH,) atypically lacked a basic amino acid residue and
showed very weak antimicrobial and hemolytic activity. Its biological function remains to be established. The primary
structures of the antimicrobial peptides are consistent with a close phylogenetic relationship between R. aurora, Rana boylii and
Rana luteiventris.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Peptides with antimicrobial activity play an

Abbreviations: MIC, minimum inhibitory concentration; HCso, important role in the innate immunity that constitutes
concentration producing 50% hemolysis. the first-line def inst i di th f
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located in the skin is a feature of several anuran
(frog and toad) species, particularly those belonging
to the families Bombinatoridae, Hylidae,
Hyperoliidae, Myobatrachidae, Pipidae, and Ranidae
(reviewed in Refs. [2—4]). Frogs of the genus Rana,
comprising at least 250 species worldwide, produce a
remarkably diverse array of antimicrobial peptides
with virtually no single peptide from one species
being found with an identical amino acid sequence in
another [4]. This molecular heterogeneity is
considered important in protecting the organism
against invasion by a wide range of pathogenic
microorganisms [5]. The peptides from ranid frogs
comprise between 12 and 48 amino acid residues and
can be grouped on the basis of limited structural
similarity into families, many of which are believed to
be evolutionarily related having arisen as a result of
multiple gene duplication events [6]. Although,
lacking any consensus amino acid sequences that are
associated with biological activity, the Rana skin
peptides, with few exceptions, are cationic, relatively
hydrophobic and have the propensity to form an
amphipathic a-helix in a membrane-mimetic solvent
such as trifluoroethanol [7].

The red-legged frog Rana aurora is the largest
native ranid frog in California and is divided into two
subspecies based on morphological and behavioral
characteristics but the precise systematic relationship
between them is unclear [8]. The smaller Northern
red-legged frog Rana aurora aurora occupies the
northwestern region of California, north to southern
British Columbia. The California red-legged frog
Rana aurora draytonii traditionally occupied central
and southern portions of the state but the subspecies
has disappeared from 75% of its historic range and has
now been declared a threatened species by the fish and
wildlife services [9]. The habitat of R. aurora aurora
is generally cool, well-vegetated areas near deep pools
and intermittent streams, although the frogs may
leave riparian zones for upland forests during the
non-breeding season.

In the laboratory (or in the field), skin secretions
may be collected from ranid frogs under non-invasive
conditions that do not appear to cause major
discomfort or long-term harm to the animal.
Mild electrical stimulation [10] or injection of
norepinephrine into the dorsal lymph sac [11] is
generally effective. The aim of the present study is

the purification and structural characterization of the
antimicrobial peptides present in norepinephrine-
stimulated skin secretions from R. aurora aurora
and an investigation of their growth-inhibitory
properties against a range of pathogenic
microorganisms and their hemolytic activities against
human erythrocytes.

2. Methods
2.1. Collection of skin secretions

Three adult male specimens of R. aurora aurora
were collected in the neighbourhood of Korbel,
Humboldt County, Northern California (California
Department of Fish and Game permit number
801134-5). Skin secretions were collected as
previously described [12]. In brief, the animals were
injected bilaterally with norepinephrine (2 nmol/g
body wt) and placed in a solution (100 ml) of
composition 25 mM sodium chloride/25 mM
ammonium acetate, pH 7.0 for 15 min. The combined
secretions and washings were acidified by addition of
trifluoroacetic acid (1 ml) and passed at a flow rate of
2mlmin~' through 4 Sep-Pak C-18 cartridges
(Waters Associates, Milford, MA) connected in
series. Bound material was eluted with acetonitrile/
water/trifluoroacetic acid (70.0:29.9:0.1, v/v/v) and
freeze-dried. All animals were released unharmed at
the exact sites of collection within 24 h.

2.2. Antimicrobial assays

Standard strains were purchased from the
American Type Culture Collection (Rockville, MD)
and from the Hungarian National Type Culture
Collection (Budapest, Hungary). Purification of the
peptides was monitored by incubating lyophilized
aliquots of chromatographic effluent in Mueller—Hin-
ton broth (50 wl) with an inoculum (50 wlof 10° colony
forming units ml~') from a log-phase culture of
Staphylococcus aureus (NCTC 8325) 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
platereader. Minimum inhibitory concentrations (MIC)
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for E. coli, S. aureus, Staphylococcus epidermidis
(RP62A), Enterococcus faecalis (ATCC 29212),
Streptococcus Group B(HNTCC 80130), Enterobacter
cloacae (NHTCC 53001), Klebsiella pneumoniae
(KK3 9904), Proteus mirabilis (ATCC 25933), Pseu-
domonas aeruginosa (ATCC 27853) were measured by
astandard microdilution method [13] and were taken as
the lowest concentration of peptide where no visible
growth was observed. Incubations with the yeast
Candida albicans (ATCC 90028) were carried out in
RPMI 1640 medium for 48 h at 35 °C. In order to
monitor the validity of the assays, incubations with
bacteria were carried out in parallel with increasing
concentrations of the broad-spectrum antibiotic, baci-
tracin and incubations with C. albicans in parallel with
amphotericin B.

2.3. Hemolytic assay

Peptides in the concentration range 1-300 uM
were incubated with washed human erythrocytes
(2% 107 cells) from a healthy donor in Dulbecco’s
phosphate-buffered saline, pH 7.4 (100 wl) for 1 h at
37 °C. After centrifugation (12,000 X g for 15s),
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 HCs( value was taken as the mean concentration
of peptide producing 50% hemolysis.

2.4. Peptide purification

The skin secretions, after partial purification on
Sep-Pak cartridges, were redissolved in 0.1% (v/v)
trifluoroacetic acid/water (2 ml) and injected onto a
(1 X 25-cm) Vydac 218TP510 (C-18) reverse-phase
HPLC column (Separations Group, Hesperia, CA)
equilibrated with 0.1% (v/v) trifluoroacetic acid/water
at a flow rate of 2.0 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 and
280 nm and fractions (1 min) were collected.
The ability of freeze-dried aliquots (50 wl) of the
fractions to inhibit the growth of S. aureus and E. coli
was determined as described in Section 2.3. Fractions
with antimicrobial activity were successively

chromatographed on a (1 X 25-cm) Vydac 214TP510
(C-4) column and a (1 X 25-cm) Vydac 219TP510
(phenyl) column. The concentration of acetonitrile in
the eluting solvent was raised from 21 to 56% over

50 min and 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.
Mass spectrometric analysis was performed on a
Voyager RP MALDI-TOF instrument (Perspective
Biosystems Inc.) equipped with a nitrogen laser
(337 nm). The instrument was operated in reflector
mode with delayed extraction and the accelerating
voltage in the ion source was 25 kV. The accuracy of
mass determinations was within 0.1%.

3. Results
3.1. Peptide purification

The elution profile on a semipreparative Vydac
C-18 column of the skin secretions, after partial
purification on Sep-Pak C-18 cartridges, is shown in
Fig. 1. The prominent peaks designated 1
(subsequently shown to contain ranatuerin-2AUa), 2
(brevinin-1AUa), and 3 (brevinin-1AUb) contained
components that inhibited the growth of E. coli and
S. aureus. The peak designated 4 (temporin-1AUa)
contained material that inhibited the growth of
S. aureus only. The peptides were purified to near
homogeneity, as assessed by a symmetrical peak shape
and by mass spectrometry, by further chromatography
on Vydac C-4 and Vydac phenyl columns.
The purification of ranatuerin-2AUa is illustrated in
Fig. 2. The final yields of purified peptides were
ranatuerin-2AUa 810 nmol, brevinin-1AUa 495 nmol,
brevinin-1AUb 1420 nmol, and temporin-1AUa
450 nmol.

3.2. Structural characterization
The primary structures of the antimicrobial

peptides were established without ambiguity by
automated Edman degradation and are shown in
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Fig. 1. Reverse-phase HPLC on a semipreparative Vydac C-18 column of skin secretions of R. aurora aurora after partial purification on
Sep-Pak cartridges. Peak 1 contained ranatuerin-2AUa; peak 2, brevinin-1AUa; peak 3, brevinin-1AUb; and peak 4, temporin-1AUa.
The dashed line shows the concentration of acetonitrile in the eluting solvent.

Fig. 3. The presence of an intramolecular
disulfide bridge in ranatuerin-2AUa, brevinin-1AUa
and brevinin-1AUDb and the presence of a C-termin-
ally a-amidated leucine residue in temporin-1AUa
were demonstrated by mass spectrometry.

3.3. Antimicrobial and hemolytic properties

The MIC of ranatuerin-2AUa, brevinin-1AUa, and
brevinin-1AUb against a range of reference strains
of Gram-positive and Gram-negative bacteria
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and the HC;, values against human erythrocytes are
shown in Table 1. Temporin-1AUa was tested only
against the Gram-positive bacteria and MIC values
were >80 wM. The HCsq value of temporin-1AUa
was >300 pM.

4. Discussion

This study has identified in the skin secretions of
R. aurora aurora a peptide (ranatuerin-2AUa)

25, B - 60
L 50
L 40

< - L 30

20

ABS,,
\
‘\
% ACRTONITRIIF

J\{ &
v T T T T 0
20 30 40
TIME (min)

0 T T T
0 10

Fig. 2. Purification of ranatuerin-2AUa from R. aurora aurora skin secretions on semipreparative (A) Vydac C-4 and (B) Vydac phenyl
columns. The peak containing the active peptide is denoted by (+) and the arrowheads show where peak collection began and ended.
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Ranatuerin-2AUa
Brevinin-1AUa
Brevinin-1AUb

Temporin-1AUa

GILSSFKGVAKGVAKNLAGKLLDELKCKITGC

FLPILAGLAAKLVPKVFCSITKKC
FLPILAGLAANILPKVFCSITKKC

FLPIIGQLLSGLL.NH,

87
Mr (obs) M (calc)
3261.2 3260.8
2559.5 2559.5
2559.4 2559.5
1382.7 1382.7

Fig. 3. Primary structures, observed molecular masses M, (obs) and calculated molecular masses M, (calc) of the antimicrobial peptides isolated

from R. aurora aurora skin secretions.

belonging to the ranatuerin-2 family of antimicrobial
peptides that shows relatively high potency against
several species of Gram-positive (S. aureus,
S. epidermidis, Streptococcus Group B) and Gram-
negative (E. coli, E. cloacae, P. aeruginosa,
K. pneumoniae) bacteria but has very low hemolytic
activity (Table 1). In common with all other frog skin
peptides that have been studied in the investigator’s
laboratory [14—16], the peptide was not active against
P. mirabilis at the maximum concentration tested
(40 wM). The microorganisms selected for study are
those that are most commonly found in infected
external lesions, such as foot ulcers in diabetic
patients [17]. The ranatuerin-2 family, first identified
in the skin of the bullfrog Rana catesbeiana [18], is
widely distributed in ranid frogs of North American
origin and members of the family have been isolated
from skin secretions and/or skin extracts of Rana
grylio [19], Rana clamitans [20], Rana boylii [21],

Table 1

Rana berlandieri [22], Rana pipiens [22], Rana
luteiventris [22], Rana tarahumarae [12], Rana
palustris [23], and Rana aerolata [24]. At this time,
ranatuerin-2 has been identified in only one Eurasian
species, Rana pirica [15]. The primary structure of the
peptide has been poorly conserved across species
with several residue deletions and only five amino
acids (Gly], Alals, Lyszz, Cy523, and Cys28 in the
R. catesbeiana sequence) invariant. This variation in
amino acid sequence is matched by a correspondingly
wide range of antimicrobial potencies but, in general,
the previously studied ranatuerin-2 peptides are only
weakly active against Gram-positive bacteria and
activity against C. albicans is generally very low or
absent [4].

The present study has also led to the isolation of
two structurally closely related peptides belonging
to the brevinin-1 family that showed particularly
high potency against Gram-positive bacteria

Antimicrobial and hemolytic activities of peptides isolated from the skin secretions of Rana aurora aurora

Ranatuerin-2AUa

Brevinin-1AUa

Brevinin-1AUb Temporin-1AUa

E. coli 5 13 25 ND
P. aeruginosa 5 25 25 ND
E. cloacae 5 13 25 ND
K. pneumoniae 10 50 >50 ND
P. mirabilis >40 >50 >50 ND
S. aureus 20 3 3 >80
S. epidermidis 20 6 6 >80
E. faecalis >40 13 6 >80
Streptococcus Group B 20 13 13 >80
C. albicans >40 3 3 ND
HCs 290 5 7 >300

Data for microorganisms show minimum inhibitory concentrations (nM); HCsg, concentration (wM) producing 50% hemolysis of human

erythrocytes; ND, not determined.
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and against C. albicans (Table 1). However, the
peptides were strongly hemolytic towards human
erythrocyes, which severely limits their therapeutic
potential. Brevinin-1 peptides, first identified in the
skin of the Asian frog Rana brevipoda porsa [25],
are the most widely distributed family of antimi-
crobial peptides among the ranid frogs, occurring in
most Eurasian and N. American species [4].
Brevinin-1AUa showed greater potency than brevi-
nin-1AUb against Gram-negative bacteria. As
shown in Fig. 3, Lys''-Leu'*Val'® in brevinin-
1AUa is replaced by Asn-Ile-Leu in brevinin-1AUb
resulting in a decrease in cationicity (a net charge of
+2.73 compared with 3.73 at pH 7.5). The cationic
residues in an antimicrobial peptide are considered
to be important in the initial binding to the
negatively charged phospholipids in the cell mem-
branes of Gram-negative bacteria, and up to a
certain limit, there is a good correlation between

Ranatuerin-2AUa

peptide cationicity and antimicrobial potency for
several peptides that have been investigated [26].

A comparison of the amino acid sequences of the
brevinin-1 and ranatuerin-2 peptides from R. aurora
with orthologs from other ranid frogs demonstrates
closest structural similarity with peptides from the
foothill yellow-legged frog R. boylii [21] and the
Columbia spotted frog, R. luteiventris (formerly Rana
pretiosa) [22] (Fig. 4). By way of comparison, this
figure depicts the sequences of the orthologous
peptides from the bullfrog R. catesbeiana [18]. This
observation is consistent with the conclusion based
upon the nucleotide sequences of mitochondrial DNA
that R. aurora, R. boylii, Rana cascadae, Rana
muscosa and R. pretiosa form a well-defined mono-
phyletic group that is approximately 8 million years
old [27].

The antimicrobial properties of ranatuerin-2AUa
and ranatuerin-2BYa (from R. boylii) were measured

G*ILSSFKGVAKGVAKNLAGKLLDELKCKITGC

Ranatuerin-2Lb e B V-AQ---T---———--
Ranatuerin-2BYa -*-—-T---L------D---N---KF-------
Ranatuerin-2Ca -LF-DTL--A--D-—-****GKL*EG-—-—-—-—-~— KLP

Brevinin-1AUa FLPILAGLAAKLVPKVFCSITKKC

Brevinin-1AUb = ---------- NIL----=-=----
Brevinin-1La —==M------ SM---LV-L-----
Brevinin-1Lb -=-M------ SM---FV-L-----
Brevinin-1BYa = ------ S----FG--L--LV----
Brevinin-1BYb = ------ S----- G--L--LV----
Brevinin-1BYc ------8---T-G--LL-L-----
Brevinin-1Ca ---FI-R----VF-SII--V----

Temporin-1AUa FLPIIGQLLSGLL.NH;

Temporin-1La V--L-SMA-GK--.NH,
Temporin-1BYa
Temporin-1Ca ~ISA-ASM-GKF-.NH,

Fig. 4. A comparison of the primary structure of antimicrobial peptides of the brevinin-1, ranatuerin-2 and temporin families from R. aurora
(AU), R. luteiventris (L), R. boylii (BY) and R. catesbeiana (C). [—] denotes residue identity. In order to maximize structural similarity, gaps
denoted by [*] have been introduced into the ranatuerin-2 sequences.
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under identical conditions and potencies against
E. coli and S. aureus are comparable. Neither peptide
was active against the yeast opportunistic pathogen,
C. albicans. Ranatuerin-2AUa, however, was appreci-
ably less hemolytic than ranatuerin-2BYa
(HCsp =290 pM compared with 120 wuM). Rana-
tuerin-2AUa contains six amino acid substitutions
compared with ranatuerin-2BYa (Thr5 — Ser,
Leu’ — Val, Asp'®— Asn, Asn®® — Lys, Lys** —
Glu, and Phe® — Leu) (Fig. 4). These substitutions
do not affect the cationicity of the peptides, which
have a predicted net charge of +3.73 at pH 7.5 in both
cases (EMBL WWW gateway to isoelectric point
service; http://www.embl-heidelberg.de/cgi/
pi-wrapper.pl). A good correlation between increasing
hydrophobicity and mammalian cell toxicity has been
demonstrated for several antimicrobial peptides [7,28]
and so it is suggested that the decreased hemolytic
activity of ranatuerin-2AUa is a consequence of
replacement of Thr, Leu, Asn and Phe by less
hydrophobic amino acids.

The biological role of the peptides present in the
skin secretions of R. aurora is a matter for
speculation. Peptides of the ranatuerin-2 [12,29] and
brevinin-1 [12] families are active at relatively low
concentrations against Batrachochytrium dendrobati-
dis, the chytrid fungus associated with global
amphibian declines and ranatuerin-2P (from
R. pipiens) will inactivate frog virus 3, a potentially
pathogenic iridovirus infecting anurans [30]. Thus,
these peptides may be important in protecting the frog
against the kind of pathogen to which it might be
exposed in the wild. The biological role of temporin-
1AUa, which was present in the skin secretions in
high concentration, is unclear. Peptides of the
temporin family were first isolated from the skin of
the Eurasian frog, Rana temporaria [31] and are
widely distributed among ranid species [4]. Tem-
porin-1AUa lacks measurable activity against E. coli
and has only very weak activity against the Gram-
positive bacteria tested (MIC >80 wM). Unlike the
active orthologs from R. boylii [21] and R. luteiventris
[22] (Fig. 4), temporin-1AUa lacks a basic residue
(isoelectric point 7.85), which is probably the factor
responsible for the low antimicrobial activity. Pep-
tides of the temporin family have been shown to be
active against B. dendrobatidis but all peptides tested
were strongly cationic [32]. Consequently, it seems

unlikely that the temporin isolated in this study has a
direct role in defense against invading microorgan-
isms and an alternative biological function should be
sought.
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