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ABSTRACT We have previously reported the isolation of
two broad-spectrum antimicrobial peptides ("magainins")
from the skin of the African clawed frog Xenopus laevis. These
natural peptides are active against many species ofbacteria and
fungi and also induce osmotic lysis of protozoa. In this report
we demonstrate that synthetic magainin peptides appear to be
indistinguishable from the natural products with respect to
chromatographic properties and biological activity. These
studies demonstrate conclusively that the magainin peptides
are potent antimicrobial substances.

We have previously reported the isolation of two broad-
spectrum antibiotic peptides called "magainins" from the
skin of the African clawed frog Xenopus laevis (1). The
natural peptides were shown to be active against a broad
range ofmicroorganisms including Gram-negative and Gram-
positive bacteria, fungi, and protozoa (1). Recently, Giovan-
nini et al. (2) have shown that the magainin peptides (called
PGS in ref. 2) are stored within the granular glands of
Xenopus skin and are among the most abundant of the skin
peptides of this amphibian.

In this report we demonstrate that the exceptionally broad
range of antimicrobial activity exhibited by the magainin
peptides recovered from Xenopus skin can be reproduced
with synthetic analogues of the corresponding peptides. We
show that the natural and synthetic peptides appear to be
indistinguishable with respect to both biological and chro-
matographic properties. In addition, through the synthesis of
several truncated analogues, we provide some insight into the
structural requirements for the antimicrobial activity of the
magainin peptides.

MATERIALS AND METHODS
Purification of Magainin Peptides. Magainin peptides were

purified from the skin of the ventral surface of a female X.
laevis as previously described (1).
Assay of Magainin Antibacterial Activity. The standard

assay has been described (1).
Amino Acid Sequencing. Peptides were sequenced on an

Applied Biosystems gas-phase protein sequencer (model
470A; Applied Biosystems, Foster City, CA) by the Edman
degradation procedure. A standard version 3.0 program was
followed, and all reagents used in the instrument were
supplied by the manufacturer.
Carboxyl-Terminal Analysis of Peptides. Between 2 and 4

nmol of peptide was incubated with 1 ,g ofcarboxypeptidase
Y (122 units/mg; Sigma) in 55 ,ul of 0.1 M pyridine/acetate
(pH 5.5) for 15 min at 21°C. Reactions were stopped by the
addition of 50 .ul of 1 M acetic acid, and the solutions were
then lyophilized to dryness. Amino acids were subsequently
analyzed on a Beckman model 121 MB analyzer.

Solid-Phase Peptide Synthesis. Peptides were synthesized
on an Applied Biosystems peptide synthesizer using the
manufacturer's reagents. Deprotection and cleavagefrom the
resin by anhydrous HF followed standard procedures (3, 4).
Methionine sulfoxides were reduced by incubation of the
peptides in the presence of dithiothreitol (5). Peptides were
purified to homogeneity by HPLC as described in Fig. 1.

RESULTS
As we have reported previously, several chromatographically
distinct peptides with antimicrobial activity can be recovered
from Xenopus laevis skin (1). The purification that resulted in
successful recovery of antimicrobial activity involved homog-
enization of the skin of an anesthetized female Xenopus in
acetate buffer at pH 4.0, step elution chromatography on
carboxymethylcellulose, followed by size fractionation on Bio-
Gel P-30. The active fraction was pooled and further resolved
by reverse-phase HPLC. At least five majorcomponents eluting
between 28 and 32 min could be reproducibly distinguished by
HPLC (Fig. 1). Each of these components exhibited antibac-
terial activity and had a minimal inhibitory concentration of less
than 10 ,ug/ml when assayed against Escherichia coli D31.
Based on the semiquantitative antibacterial assay utilized in the
purification (1), we estimated that these fractions together
approximately accounted for the total activity subjected to
HPLC fractionation.
Each of the five components was sequenced separately by

the Edman degradation procedure using an Applied Bio-
systems gas-phase protein sequencer. The primary se-
quences are listed in Table 1 with the corresponding peak
designations. Components 1 and 2 appear to be identical in
sequence; differences in mobility might possibly represent
physical conformers. (The proportion of both peaks varied
considerably among assays of identical samples.) Component
3 is identical in sequence to components 1 and 2 but is longer
by one serine residue at the carboxyl terminus. Component
4 is also 22 amino acids long and has substitutions in
comparison to component 1 at positions 10 (lysine to glycine)
and 22 (asparagine to lysine). Component 5 is 23 amino acids
long (i.e., longer by one serine residue than component 4 at
the carboxyl terminus). The carboxyl terminus of each
peptide was confirmed by the identification of amino acids
released after a limited carboxypeptidase Y digestion (Table
2). Thus, the sequences of components 3 and 5 are identical
to the sequences of magainin 2 and 1, respectively, deduced
from the partial cDNA sequence (1). The other components
appear to be derivatives of the two parent peptides.

Peptides representing components 1, 3, and 5 were synthe-
sized by the standard solid-phase method ofMerrifield (3) on an
Applied Biosystems synthesizer (4). After complete deprotec-
tion and cleavage by anhydrous HF, the product was reduced
in the presence of dithiothreitol and was desalted (5). The
peptides were further purified by HPLC, as described in Fig. 1.
The sequences of the synthetic peptides were confirmed by
sequence analysis on the automated sequencer as described
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FIG. 1. HPLC profiles of native and synthetic magainin peptides. Natural refers to the final stage of purification of X. laevis antibacterial
peptides. About 100 ,ug of the Bio-Gel P-30 fraction (1) in 70 ,.l of 30o buffer B (acetonitrile/trifluoroacetic acid/water, 70:0.1:30) was applied
to a 0.46 x 25 cm Vyadec C4 column (214TP54) (Separations Group, Hesperia, CA). Buffer A was 0.1% trifluoroacetic acid in H20. Gradient
elution was programmed as follows: 0 min, 20% buffer B; 30 min, 50% buffer B; 45 min, 80%o buffer B. Flow rate was 0.5 ml/min at 400C. Injection
volume was 50 s.d The absorbance at 224 nm was monitored. Peaks (components 1-5) were collected manually, and fractions were dried under
vacuum. Synthetic components 1, 3, and 5 were chromatographed under identical conditions in separate runs.

above. Synthetic components 1, 3, and 5 were found to elute
with retention times on HPLC identical to those of the native
peptides (Fig. 1), supporting the identity of the -peptide se-
quences of the natural and synthetic products.

Antimicrobial activities of the synthetic peptides were
assayed against a panel of Gram-positive and Gram-negative
bacteria and one fungal species (Table 3). Organisms were
inoculated in trypticase soy broth containing various con-
centrations of magainin 1 (component 5), magainin 2 (com-
ponent 3), and truncated magainin 2 (residues 1-22 of
component 3, which is identical to component 1). As seen in
Table 3, magainin 2 demonstrated a broad antimicrobial
spectrum. Removal ofthe carboxyl-terminal serine residue of
magainin 2 reduced the potency against the organisms tested
by a factor of 5-10. Magainin 1, which differs from magainin
2 by two substitutions (see Table 1) had a potency in vitro,
which was also about 5-10 times lower than magainin 2.
Magainin 1 and 2 did not show significant synergism when
added together to an in vitro assay (data not shown). Limited
comparison of the native and synthetic peptides against
several of the same organisms (Table 2) suggest that they
represent equivalent activities.

Previously, we have reported that the natural magainin 2
peptide induced apparent osmotic lysis of several protozoan

species (1). This activity was exhibited by the synthetic peptide
as shown in Fig. 2. When Paramecium caudatum was exposed
to synthetic magainin 2 at 10 ,ug/ml in pond water (or 1%
trypticase soy broth in distilled water), immediate swelling ofits
contractile vacuoles was observed followed by subsequent
osmotic rupture ofthe organism (Fig. 2). Since the synthetic and
natural peptides exhibit comparable specific activities againstP.
caudatum (1) and induce apparently indistinguishable effects on
this organism, the experiments confirm that the synthetic
magainin peptides possess the antiprotozoan activity attributed
previously to the natural product.
To further explore the sequence requirements for antimi-

crobial activity of the magainins, a series of synthetic
peptides truncated successively from the amino-terminal end
of magainin 2 were synthesized. A representative antimicro-
bial assay is presented in Fig. 3. Fifty micrograms of each
peptide was applied directly to a freshly prepared lawn of E.
coli on the surface of an agarose plate containing standard
trypticase soy broth. After 15 hr at 37°C, antimicrobial
activity of the peptide series was assessed. The amino-
terminal residues Gly-Ile-Gly could be removed from
magainin 2 without significantly altering antimicrobial activ-
ity (peptide 1-23 represents full length magainin 2; 2-23, 3-23,
etc. represent shortened derivatives). Removal of lysine at

Table 1. Amino acid sequences of the magainin peptides
1 5 10 15 20 22 23

Components 1 and 2 G I G K F L H S A K K F G K A F V G E I M N
Component 3 (magainin 2) K - N S
Component 4 G - - - K
Component 5 (magainin 1) G - _ K S
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Table 2. Carboxyl-terminal analysis of magainin peptides

Residues released, no.

Component A F V G E I M N/S-OH K/S-OH
1 0 0.52 0.83 0.90 0.94 1.00 1.00 0.37
2 0 0.47 0.80 0.89 0.92 1.00 1.00 0.30
3 0 0.52 0.81 0.81 0.89 1.00 1.00 1.36
4 0 0.69 0.85 0.92 0.97 1.00 1.00 0.97
5 0 0.68 0.89 0.92 0.95 1.00 1.07 1.07 0.97

Carboxyl-terminal analysis was performed and the number of residues ofeach amino acid released was based on the yield
of isoleucine = 1.00. Asparagine and serine were not separated in the amino acid analysis system employed. The amino
acid residues correspond to residues 15-23 of the magainin peptides.

residue four reduces activity strikingly (peptide 5-23). Fur-
ther truncation of the peptide at the amino-terminal end
eliminated activity almost entirely (peptides 6-23 and 7-23).
Similarly, when the minimal inhibitory concentration ofthese
peptides was assayed quantitatively against Saccharomyces
cerevisiae in liquid media (as described in Table 2), it
remained at about 20 ,ug/ml with removal of the first three
residues. It rose to about 200 ,ug/ml on removal of Lys-4 but
lost growth inhibitory activity at concentrations up to 1
mg/ml for species shortened by removal of five and six
residues from the amino terminus. A qualitatively similar
activity profile for this peptide series was also noted with
respect to their capacity to induce swelling of P. caudatum,
as described above. Thus, whereas removal of the first three
residues from the amino terminus does not appear to reduce
the potency of these peptides with respect to swelling
activity, the species shortened by six residues does not
exhibit this activity at concentrations up to 100 ,ug/ml. The
data suggest that a general loss of antimicrobial function
occurs upon removal of the first five or six amino-terminal
residues of magainin 2.

DISCUSSION
In this report we have shown that synthetic magainin peptides
have chromatographic and biological properties similar or

identical to the natural peptides purified from Xenopus skin.

The broad spectrum of action exhibited by these sub-
stances reflects intrinsic properties of these peptides and can-

not be attributed to potent heterogeneous contaminants. The
identity of the natural and synthetic peptides further suggests
that the active natural peptides are generated by proteolysis
from their precursor without additional posttranslational mod-
ification.
The population of antimicrobial peptides isolated from

Xenopus skin by our published procedure (1) included the
two 23-residue species and the corresponding peptides of 22
residues, which are shorter by a single residue at the carboxyl
terminus. We have previously described the structure of a

cDNA encoding a portion ofthe magainin precursor (1). Both
magainin 1 and magainin 2 are present in a precursor, which
is at least 160 amino acids long and contains at least one copy
of magainin 1 and two copies of magainin 2. Both 23-amino
acid magainin peptides are bracketed in the precursor by
putative proteolytic cleavage sequences, an arginine adjacent
to the amino-terminal glycine and a lysine-arginine dipeptide
adjacent to the carboxyl-terminal serine (1). The heteroge-
neity observed at the carboxyl terminus presumably reflects
proteolytic action on the 23-residue peptide, either occurring
naturally or obtained through purification. Since the 23-
residue magainin 2 peptide exhibits higher specific activity
than the corresponding 22-residue species, we assume that

Table 3. Antimicrobial spectrum of synthetic magainin peptides
Minimal inhibitory concentration, Ag/ml

Organism (ATCC no.) Magainin 1 Magainin 2 Magainin 2 (residues 1-22)
Escherichia coli D31 1-7 (1-7) 1-7 (1-7) 1-7 (1-7)
Acinetobacter caloaceticus (19606) 7-35 1-7 7-35
Shigella sonnei (25931) 7-35 1-7 7-35
Enterobacter cloacae (23355) 7-35 1-7 7-35
Escherichia coli (25922) 7-35 (7-35) 1-7 (1-7) 7-35 (7-35)
Streptococcus pyogenes (19615) 7-35 1-7 7-35
Saccharomyces cerevisiae (X2180) 35-70 (35-70) 7-35 (7-35) 7-35
Shigella flexneri (12022) 35-70 7-35 7-35
Citrobacterfreundii (8090) >100 (>100) 7-35 (7-35) 35-70 (35-70)
Enterobacter aerogenes (13048) >100 7-35 35-70
Klebsiella pneumoniae (13883) >100 7-35 >100
Staphylococcus epidermidis (12228) >100 7-35 35-70
Streptococcus faecalis (19433) >100 35-70 >100
Pseudomonas aeruginosa (27853) >100 35-70 (35-70) 35-70
Salmonella typhimurium (14028) >100 35-70 35-70
Staphylococcus aureus (25923) >100 35-70 >100
Proteus vulgaris (13315) >100 >100 >100
Serratia marcescens (8100) >100 >100 >100

Minimal inhibitory concentrations were determined as described (1, 2). Each organism was inoculated into standard
trypticase soy broth to a concentration of about 10W colony-forming units per milliliter from a midlogarithmic-phase liquid
culture. Either synthetic or natural peptides were introduced, and the cultures were incubated for 5 hr at 37°C, except for
Saccharomyces, which was assessed after 12 hr at 30°C. Microbial growth was determined by an increase in OD6 over
this interval. Peptides were introduced at concentrations of 1, 7, 35, 70, and 100 ,ug/ml in separate cultures. The minimal
inhibitory concentrations listed denote the concentration range within which growth suppression was noted. The values
measured for the corresponding natural peptides are noted in parentheses.
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FIG. 2. Effect of synthetic magainin 2 on P. caudatum. Four microliters of a solution of synthetic magainin 2 (0.5 mg/ml) in water was added
to 200 MA1 of 1% trypticase soy broth- in distilled water containing P. caudatum. (Left) Prior to addition. (Middle) Five minutes after addition;
note the massively enlarged contractile vacuoles. (Right) Ten minutes after addition; the organism has begun to burst following massive swelling
and distortion of its pellicle. (x75.)

the longer peptides represent the "mature" species, whereas
the shorter ones represent degradation products.
Although the mechanism ofaction ofthe magainin peptides

remains to be defined, their action on protozoa suggests that
they can very rapidly disturb certain membrane functions.
The magainin peptides can be configured as amphiphilic
a-helices (1) and are of sufficient length to span a lipid bilayer,
which is estimated to require at least 20 residues in an
a-helical structure (6, 7). Although such structural features
frequently characterize peptides with membrane-disruptive
properties (6), such as mellitin (6) and Bombinin (8), the
magainin peptides do not lyse human erythrocytes (1).
Furthermore, since they do not physically disrupt the various
membrane-bounded organelles in Paramecium, but rather
interfere more subtly with functions affecting water flux, they
do not appear in this system, either, to behave as simple
detergents. The dramatic loss of activity of the magainin 2
peptide as it is shortened below 19 residues in length is
compatible with a mechanism of action that requires the
peptide to span the lipid bilayer ofa membrane as an a-helical
structure. The loss of activity of these shortened synthetic
peptides in all systems ranging from bacteria to yeast to

FIG. 3. Antibacterial activity of magainin 2 derivatives prores-

sively shortened at the amino terminus. Synthetic peptides were
prepared as described in Fig. 2. Fifty micrograms of each peptide in
10 Al ofdistilled water was applied directly to a freshly prepared lawn
ofE. coli strain D31 (1) containing about i01 colony-forming units per
milliliter within a top layer of0.7% agarose. Both the bottom agarose
layer (1.5%) and top layer contained standard trypticase soy broth,
as previously described (1). After incubation for 15 hr at 370C, the
plate was photographed. The complete magainin 2 sequence is
represented as (1-23); peptides formed by successive truncation of
the amino terminus of magainin 2 are represented as 2-23, 3-23, etc.

protozoa suggests that in each organism a common mecha-
nism is utilized in the expression of antimicrobial action.
The granular glands of the amphibian skin are a rich source

of peptides, some of which have been shown to be analogues
of hormones present within the neurosecretory cells of
mammalian gut and brain (9). However, many of these
peptides present in considerable abundance in gland secre-
tions have no assigned biological activities. These include
PGLa (2, 10-14) and the peptide fragments that derive from
the precursor of caerulein and xenopsin (2, 10-14). The
potential amphiphilicity of many of these amphibian skin
peptides has been previously noted, and they have been
recognized as probable membrane-active molecules (2, 10-
14). The magainin peptides, which are membrane-active,
nonhemolytic antimicrobial peptides, perhaps represent a
subset of yet a larger family of functionally similar peptides
present in Xenopus skin secretions.
The studies reported here demonstrate conclusively that

the magainin peptides are potent antimicrobial substances.
The availability of active synthetic magainin peptides should
facilitate both basic studies and clinical applications.
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