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Three antimicrobial peptides were 1solated from skin secretion of the European frog, Rana esculenta. Two of them show similarity to brevimin-1

and brevinin-2, respectively, two antimicrobial peptides recently isolated from a Japanese frog [Morikawa, N., Hagiwara, K. and Nakajima. T.

(1992) Biochem. Biophys. Res. Commun 189, 184-190]. The third one, named esculentin, is 46 residues long and represents a different type of

peptide. All these peptides have as a common motif an intramolecular disulfide bridge located at the COOH-terminal end. The peptides from R.

esculenta show distinctive antibacterial activity against representative Gram-negative and Gram-positive bacterial species. In particular, esculentin
is the most active against Staphviococcus aureus, and has a much lower hemolytic activity.

Antibacterial peptide; Hemolysis; Amphibian skin; Rana esculentu

1. INTRODUCTION

As has been known for quite some time, skin extracts
of frogs contain peptides with antimicrobial activity.
The first observations were made in Bombina [1.2], al-
though a thorough description of the structure and ac-
tivity of the bombinins and their precursors has only
recently been achieved [3,4]. The magainins, another
class of potent antimicrobial peptides, were isolated
from skin secretion of Xenopus luevis [5]. Dermaseptin
is an antimicrobial peptide which was isolated from skin
of Phyllomedusa sauvagei [6]. All these molecules have
since been the subject of intense multidisciplinary re-
search in order to clarify their mechanism of action,
biosynthesis, activity towards different microorganisms
and potential therapeutical applications [7.8].

In the course of a research project aimed at the isola-
tion and pharmacological characterization of bradyki-
nin-like peptides in methanolic extracts from the skin of
the European green frog, Rana esculenta, we have iso-
lated a family of hydrophobic peptides which possessed
cytolytic activity [9]. Preliminary structural analysis of
these peptides aroused suspicion about their numerosity
as being at least in part originated from artifacts due to
the relatively crude extraction procedure. We therefore
decided to investigate the possibility of obtaining a pep-
tide fraction using a more physiological procedure and
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to undertake a detailed study of both its structural and
lytic properties.

Here we present our results on the structure and the
antimicrobial and hemolytic activities of three different
peptides isolated from skin secretion of Rana esculenta.
While this paper was in preparation, the sequence of
two related peptides was presented which were isolated
from skin extracts of the Japanese frog Rana brevipoda
porsa [10].

2. MATERIALS AND METHODS

2.1. Collection and purification of skin secretion

The peptide-containing secretion, induced by mild electrical shock,
was collected from the surface of the skin of 1 specimen of R esculenta
by washing the dorsal region of the frog with 120 ml of 0.9% NaCl.
The solution was then lyophilized and redissolved in 12 ml bidistilled
water. 1-ml aliquots were filtered and fractionated by HPCL on a
Beckman model 332 system using a reverse-phase column (Aquapore
RP-300. 7 mm x 250 mm, Brownlee Labs, Applied Biosystems) eluted
with a 35 min-gradient of 10-70% acetonitrile/isopropanol (4:1) 1n
0.2% (by vol ) trifluoroacetic acid, at a flow rate of 2.0 ml/min. Elution
was monitored on a Beckman 165 spectrophotometer at 220 nm. The
effluent from three such HPLC separations, developed under identical
experimental conditions, was collected in 2-ml fractions in the same
set of tubes and lyophilized. A 1% aliquot of the material from each
tube was then used for assay of biological activity.

2.2, Antibacterial assays

The antibactenal activity was tested using an inhibition zone assay
on agarose plates seeded with Escherichia coli D21, Bacilus
megateruom Bml1 or Staphylococcus aureus Cowan 1[11]. The peptide
fractions (3 ul) were placed in small wells of thin agarose plates con-
taming rich medium and about 1 x 10° bactenial cells. The plates were
incubated overnight at 30°C. The zones of inhibition were measured,
and the lethal concentration (LC, the lowest concentration that inhib-

159



Volume 324, number 2

1ts growth) was calculated from the diameter of the zones obtained in
serial dilutions of the test substance by using the formula given in [11].

2.3. Hemolytic activity

The hemolytic activity was recorded by an adaptation of the anti-
bacterial nhibition zone assay on agarose plates with human red
blood cells according to [12]. Sterile agarose plates contained 6 m! of
medium with 1% agarose, 0.9% NaCl and 10% human red cells ob-
tained according to [13]. The plates were incubated at 30°C for 24 h.
Clear zones were measured and lytic concentration values calculated
as described above.

2.4. Structural analysis

Amino acid analyses were performed with a Pharmacia Alpha Plus
4151 analyzer after vapor phase hydrolysis of the peptides (1-2 nmol)
in 6 N HCl for 24 h Pepuide sequences were determined by automated
Edman degradation with Applied Biosystems model 475A or 476A
sequencers, Cysteme residues were identified after alkylation with
4-vinylpyridine [14] of peptides coupled to Sequelon-AA membranes
(Millipore) via carbodiimide activation according to the manufac-
turer's instructions. After coupling of the peptides (about 1 nmol), the
membranes were wetted with 40 ul of 0 5 M Tris-HCI. pH 7.5 (contain-
ing 2 mM EDTA and 1.4 umol dithiothreitol) and incubated for 2 h
at room temperature. Then, 4-vinylpyridine (9 ymol, 1 xl) was added
and after 10 min incubation, the membrane was washed in bidistilled
water, dried and then placed in the blott-cartridge (Applied Brosys-
tems) for sequencing.

3. RESULTS AND DISCUSSION

A typical chromatogram obtained by RP-HPLC of
the peptide fraction collected from the skin secretion of
Rana esculentu is presented in Fig. 1. An aliquot corre-
sponding to 1/12 of the total material secreted after
electrical stimulation by a single frog was loaded onto
the column. Two-ml fractions were collected and tested
for different cytolytic activities. Fractions displaying the
highest hemolytic activity or antimicrobial activities
against Escherichia coli or Staphylococcus aureus (Fig.
1) were further purified by RP-HPLC using different
experimental conditions. Three peptides were investi-
gated further by amino acid analysis, which showed the
presence of cysteine/cystine in all of them, and by

Table 1

Antibiotic and lytic activity of Rana esculenta peptides

Peptide Lethal concentration (4M)
E colr B megaterum S aureus Red blood

D21 Bmil Cowan 1 cells
Brevinin-1E 1.8 0.4 06 05
Brevinin-2E 0.5 0.2 2.0 >100
Esculentin 0.2 0.1 0.4 >100
Al >50 18.3 >200 ~20
Bombinin® 3.0 0.8 14.0 >50
Cecropin A" 0.3 05 >200 >400
Melittin 0.8 0.6 0.2 0.9

# Bombinin 1s used as a reference molecule, since the same LC values
were obtained 1n this study and in the Department of Microbiology,
University of Stockholm.

" Data from [17].
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Fig 1. Reverse-phase HPLC of skin secretion of R esculenta. Antim-

icrobial activity against E colt is expressed in cecropin A units (x 107%).

Activity agamst S aureus and hemolytic activity are expressed in
diameter® (cm) of growth mhibition or lytic zone.

Edman degradation, where the sequencing yield was
progressively decreasing in the COOH-terminal part of
each peptide. Therefore, Edman degradation was car-
ried out after reduction and treatment with 4-viny-
Ipyridine [14] of peptides coupled to Sequelon-AA
membranes via carbodiimide activation. Using this
method, the complete sequence of the peptides was ob-
tained and it could be shown that each peptide contains
two cysteine residues, which were detected as the PTH-
derivative of S-pyridylethylcysteine. These experiments
also demonstrated that the peptides were not amidated
at the COOH-terminus. If Edman degradation was per-
formed without prior reduction, the cysteine derivative
could not be detected. This indicates that the two cys-
teines present in each peptide form a disulfide bridge.

The structure of the three peptides from skin secre-
tion of R. esculenta is shown in Fig. 2. The shortest
peptide contains 24 amino acids and has a net charge
of +4. The two cysteines, of which one is the COOH-
terminal residue, are separated by five amino acids. Its
sequence is similar to the sequence of brevinin-1, an
antimicrobial peptide recently isolated from the skin of
another Rana species [10]. The two peptides have 16
amino acids in common, including the position of the
two cysteines. Accordingly, we named this peptide
brevinin-1E (E for esculenta).

The second peptide is comprised of 33 amino acids,
including two cysteines which are positioned like in
brevinin-1E. This peptide is homologous to brevinin-2,
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Brevinin-lE FLPLLAGLAANFLPKIFCKITRKC

Brevinin-1 FLPVLAGIAAKVVPALFCKITKK&
Al FLPATAGILSQLF ~NH2

B9 FLPLIAGLLGKLF-NH2
33
|l — |
Brevinin-2E GIMDTLKNLAKTAGKGALQSLLNKASCKLSGQC
[ —
Brevinin-2 GLLDSLKGFAATAGKGVLQSLLSTASCKLAKTC
46

Esculentin GIFSKLGRKKIKNLLISGLKNVGKEVGMDVVRTGIDIAGC KIKGE&

Fig. 2. Amino acid sequence of antimicrobial peptides from skin secre-

tion of R. esculenta. The sequences of brevinin-1E and brevinin-2E are

compared with those of brevinin-1 and brevinin-2, respectively, from

Rana brevipoda porsa [10). 1dentical residues are boldfaced. The se-

quences of peptides Al and B9 from methanol skin extracts of R.
esculentq [9] are also reported for comparison.

with which it has 21 residues in common (see Fig. 2). We
have thus termed it brevinin-2E.

Finally, a third antimicrobial peptide composed of 46
amino acids was detected in skin secretion of R es-
culenta. This apparently represents a new type of pep-
tide whose sequence is not related to any known one.
However, like the brevinins, it also contains two cyste-
ine residues located at position 1 and 6 from the COOH-
end (see Fig. 2). This peptide has been named es-
culentin.

Also included in Fig. 2 are the amino acid sequences
of the peptides Al and B9 from skin extracts of R
esculenta, which have been described earlier [9]. The
amino-terminal sequences of these tridecapeptides are
similar to those of brevinin-1 and brevinin-1E.

The antimicrobial and hemolytic activities of these
three peptides are shown in Table I compared to those
of bombinin from skin of Bombina variegata [3]. ce-
cropin A from moth hemolimph [15], and melittin from
bee venom [16). It is evident that the three peptides from
skin secretion of R. esculenta all show high antimicro-
bial activity against the two Gram-positive and one
Gram-negative bacteria tested, with esculentin being the
most potent one. Moreover, brevinin-1E shows a very
high hemolytic activity, being more potent than melit-
tin. The peptide A1l described earlier [9] has only fow
antimicrobial but some hemolytic activity (see Table I).

Like other antimicrobial peptides from amphibian
skin, the ones from R. esculenta also have a positive net
charge. Interspersed between lysine and arginine resi-
dues are sequences containing primarily amino acid
with hydrophobic side chains. These structural features
may be necessary for the interaction with phospholipid
bilayers. Many of these antimicrobial peptides from di-
verse sources can form amphipatic helices. This is also
true for those segments of brevinin-2E and esculentin
which precede the first cysteine residue. On the other
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hand, brevinin-1E contains, besides the common
COOH-terminal disulfide loop, two proline residues
separated by ten amino acids. Therefore, in this peptide
only a short a helix of about three turns could poten-
tially be formed.

It is now becoming apparent that antimicrobial pep-
tides with very different amino acid sequences are pres-
ent in frogs of different families. This has now been
shown for Bombina variegata and Bombina orientalis
(family Discoglossidae) [3.4], Xenopus laevis (family
Pipidae) [5], Phyllomedusa sauvagei (family Hylidae) [6],
and two Rana species (family Ranidae) [10 and present
work]. It can thus be expected that many additional
peptides with antimicrobial activity will be found in
other amphibian species.

Acknowledgements. This work was supported in part by grants from
the Italtan Ministerio dell’Universita e della Ricerca Scientifica e
Tecnologica and Consiglio Nazionale delle Ricerche no.
92.02146.CT14. Part of this work will be submitted in partial fulfill-
ment of the requirements of a Ph.D. degree at the Universita La
Sapienza, Roma (by G M.) We thank Prof. Vittorio Erspamer and
Prof. Gunther Kreil for continued encouragement and helpful discus-
sions. The support and advice of Prof. Hans G. Boman to M S. during
the EMBO sponsored visit to the Department of Microbiology, Uni-
versity of Stockholm. was invaluable.

REFERENCES

[1] Csordas, A. and Michl, H (1969) Toxicon 7, 103-108.

[2] Croce. G., Giglioli, N. and Bolognani, L. (1973) Toxicon 11,
99-100.

[3] Simmaco, M., Barra, D., Chiarini, F., Noviello, L., Melchiorri,
P., Kreil, G. and Richter, K. (1991) Eur. J. Biochem 199, 217-
222.

4] Gibson, B.W., Tang, D., Mandrell, R., Kelly, M. and Spindel,
E R. (1991) J. Biol. Chem. 266, 23103-23111

[5] Zasloff, M. (1987) Proc. Natl. Acad. Sct. USA 84, 5449-5453.

6] Mor, A., Nguyen, V.H., Delfour, A . Migliore-Samour, D. and
Nicolas, P. (1991) Biochemistry 30, 8824-8830.

[7] Bevins, C.L. and Zasloff, M. (1990) Annu. Rev. Biochem. 59,
395-414.

[8] Boman, H.G (1991) Cell 65, 205-207.

9] Simmaco, M., De Biase, D., Severini, C., Aita, M., Falconieri
Erspamer, G., Barra, D and Bossa, F. (1990) Biochim. Biophys.
Acta 1033, 318-323.

[10] Morikawa, N., Hagiwara, K. and Nakajima, T. (1992) Biochem.
Biophys. Res. Commun. 189, 184-190.

[11] Hultmark, D., Engstrom, A., Andersson, K., Steiner, H., Ben-
nich, H. and Boman, H G. (1983) EMBO J. 2, 571-576.

[12] Wade, D., Andreu, D., Mitchell, S.A., Silveira, A.M.V,, Boman,
A., Boman, H.G. and Merrifield, R.B. (1992) Int. J. Peptide
Protein Res. 40, 429-436.

[13] Argiolas, A. and Pisano, J.J. (1984) J. Biol. Chem. 259, 10106-
10111.

[14} Friedman, M., Krull, L.H. and Cavins, J.F. (1970) J. Biol. Chem.
245, 3868-3871.

[15] Steiner, H., Hultmark, D., Engstrom, A., Bennich, H. and
Boman, H.G. (1981) Nature 292, 246-248.

[16] Habermann, E. and Jentsch, J. (1967) Hoppe-Seyler’s Z. Physiol.
Chem. 348, 37-50

[17] Andreu, D., Ubach, J., Boman, A., Wahlin, B., Wade, D., Mer-
rifield, R.B. and Boman, H.G. (1992) FEBS Lett. 296, 190-194.

161



