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A cDNA,library from the skin of Kuna temporaria has been screened using a cDNA fragment probe 
that encodes the signal peptide of the precursor of esculentin from the skin secretion of Rana esculentu. 
With this approach, the cDNAs encoding the precursors of three peptides were isolated. Subsequently, 
the peptides predicted from the sequence of the cloned cDNAs as well as several structurally related 
peptides could be isolated from the skin secretion of R. temporuria. These peptides, which were named 
temporins, have a length of 10-13 residues and show some sequence similarity to hemolytic peptides 
isolated from Vespu venom [Argiolas, A. & Pisano, J. J.  (1984) J. Bid .  Chem. 259, 10106-10111). 
Natural and synthetic temporins have antibacterial activity against gram-positive bacteria, but they are 
not hemolytic. Temporins are the smallest antibacterial peptides hitherto found in nature. 
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Skin secretions of frogs contain many different types of anti- 
bacterial peptides (see Barra and Simmaco, 1995. for a recent 
review). In particular, a variety of such peptides has been iso- 
lated from several Rana species. They all contain two cysteine 
residues close to the C-terminus, which form an intramolecular 
disulfide bridge. Four different groups of these peptides can be 
discerned. One is the brevinin 1 Family, which includes brevinin 
1 from Rana brevipodu porsa (Morikawa et al., 1992), brevinin 
1E from Ranu esculentu (Siminaco et al., 1994), ranalexin from 
Ranu catesbeiuna (Clark et al., 1994) and gaegurins 5 and 6 
from Runu rugosu (Park et al., 1994). These peptides are com- 
posed of 20-24 amino acid residues. In addition to their anti- 
bacterial action, brevinin 1E and ranalexin also have high hemo- 
lytic activity. A second group consists of the brevinin 2 peptides, 
which contain 29-34 amino acids. Besides brevinin 2 from R. 
brevipoda porsa (Morikawa et al., 1992), several peptides from 
R. esculenta (Simmaco et al., ‘l994), the gaegurins 1-3 (Park et 
al., 1994) and rugosins A and B from R. rugosa (Suzuki et al., 
1995) belong to this family. A third group consists of the 37- 
residue peptides esculentin 2 from R. esculentu (Simmaco et al., 
1994) and gaegurin 4 (Park et al., 1994) and rugosin C from R. 
rugosa (Suzuki et al., 1995). Lastly, a group that consists of 
esculentin 1 from the skin secretion of R. esculenta (Simmaco 
et al., 1994), a 46-amino-acid peptide that has the highest anti- 
bacterial activity of all the Rana peptides characterized so far, 
has also been reported. In addition, this peptide is also active 
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against Cundida albicans, Sacchuromyces cerevisiue and Pseu- 
dornonas aeruginosa. 

It was also noted that in skin secretions of some of these 
frogs, such as R a m  erythruea (Yasuhara et al., 1986) and R. 
esculenta (Simmaco et al., 1990a), short hydrophobic peptides 
containing only 13 amino acids were present. These were re- 
ferred to as ‘vespa-like’ peptides, because of their structural sim- 
ilarity to some peptides present in venom of different wasp spe- 
cies (Miroshnikov et al., 1982; Argiolas and Pisano, 1984). It 
has been reported that some of these peptides act as chemotactic 
agents for human leucocytes and also possess hemolytic activity 
(Yasuhara et al., 1986; Simmaco et al., 1990a). However, it is 
not known whether they also have antimicrobial activity. 

The sequence of the precursors of some antimicrobial pep- 
tides from Rnna species has been determined via cDNA cloning 
(Simmaco et al., 1994; Clark et al., 1994). Surprisingly, the sig- 
nal sequences of these precursors were very similar to those 
of the precursors of peptides with different biological activities 
isolated from Phyllornedusa species. These include the precur- 
sors of several opiate peptides (Richter et al., 1987, 1990a) and 
of the antifungal peptides dermaseptin and adenoregulin 
(Amiche et al., 1994). We decided to exploit this observation to 
search for the precursors of new peptides in the skin of Rana 
temporuria, a red frog found in many parts of Central Europe. 
A cDNA library prepared from the skin of this frog was screened 
with a DNA fragment encoding the signal peptide of the precur- 
sor of esculentin 1 from R. esculentu. With this approach, sev- 
eral clones could be isolated with inserts that potentially coded 
for the precursors of new peptides. subsequently, peptides pre- 
dicted from cloned cDNA sequences as well as additional mem- 
bers of this group could be isolated from skin secretion of R. 
tewzpnrnria. Some of these peptides, which were termed tempo- 
rins, were found to have antibacterial activity. 

MATERIALS AND METHODS 
Enzymes and reagents. Analytical grade chemicals were 

from Merck, HPLC-grade solvents from Carlo Erba, sequenal- 
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grade chemicals from Perkin Elmer. Media for antimicrobial 
assays were from Difco; agarose (A6013) was from Sigma. The 
composition of medium E is 0.8 mM magnesium sulfate, 14 mM 
citric acid, 57 mM dipotassium hydrogen phosphate and 
0.27 mM sodium ammonium hydrogen phosphate (Vogel and 
Bonnert, 1956). Restriction enzymes and DNA modifying en- 
zymes were from Boehringer Mannheim ; deoxyribonucleotides 
were from Pharmacia. DNA sequences were determined with 
a Sequenase kit (version 2.0, U.S. Biochemicals) using [CX-'~S]- 
dATP[S]. Synthetic peptides were purchased from Tana 
laboratories (Huston, USA). 

Isolation of RNA and cloning procedure. For these studies, 
the skin of two specimens of R. temporaria was used. The isola- 
tion of poly(A)-rich RNA by affinity chromatography over oli- 
go(dT)-cellulose and the preparation of the cDNA library were 
performed according to Richter et al. (1990b). 

A cDNA library comprising about 10000 clones was 
screened with a 240-bp fragment obtained by digestion of the 
esculentin 1 cDNA with HindIII (Simmaco et al., 1994). This 
fragment encodes the prepro region of the esculentin 1 precursor. 
The probe was labelled by random priming (Boehringer Mann- 
heim). Hybridization was performed at 55°C for 16 h in 
100 mM sodium phosphate, pH 7.2, containing 850 mM NaCl, 
1 mM EDTA, 10XDenhardt's solution, 0.1 % SDS, and 100 pg! 
ml yeast tRNA. Filter papers (Whatman 541, 11 c m X l l  cm) 
were washed twice for 15 min at 50°C with NaCl/P,/EDTA 
(0.3 M NaCI, 20 mM sodium phosphate, 2 mM EDTA, pH 7.4) 
that included 0.2% SDS. Positive clones were selected and ana- 
lysed by cleavage with restriction enzymes and nucleotide se- 
quencing. 

Northern blot analysis. Poly(A)-rich RNA ( 5  pg) was frac- 
tionated by electrophoresis in 1.2% agarose gels containing 
0.8 M formaldehyde (Arrand, 1985) and blotted directly onto 
Nytran sheets (Schleicher & Schull). The insert of clone Rt-17 
was labelled by random priming and used for probing the North- 
ern blot. Filters were washed at 55°C in O.lXNaCl/P,IEDTA/ 
0.1 % SDS, and were used for autoradiography. 

Collection and purification of skin secretions. Three speci- 
mens of R. temporaria (30-35 g each) were captured near Salz- 
burg (Austria). They were maintained in a terrarium in our labo- 
ratory for 1 year and feed larvae of Tenebrio molitor. Skin secre- 
tions were collected at intervals of three weeks by a mild electri- 
cal shock (12 V, feet to head). The secretion was collected from 
the surface of a single frog by washing its dorsal region with 
10 ml 0.05% (by vol.) acetic acid. The secretions of the three 
frogs were combined and lyophilized. Suitable aliquots were 
fractionated by HPLC on a Beckman model 332 system using a 
reverse-phase column (Aquapore RP-300, 7 mmX250 mm, Ap- 
plied Biosystems) eluted with a gradient of 10-70% acetoni- 
trile/isopropanol (4: 1, by vol.) in 0.2% (by vol.) trifluoroacetic 
acid, at a flow rate of 1.8 ml/min. Elution of the peptides was 
monitored on a Beckman 165 spectrophotometer at 220nm. 
Peak fractions were collected and lyophilized. A small aliquot 
of each peak was subjected to N-terminal analysis following 
derivatization with dansyl chloride and reverse-phase HPLC 
separation (Simmaco et al., 1990b). Further purification of pep- 
tides was achieved using a macroporous C,, column (4.6 mm 
X 150 mm, Supelco) developed with an appropriately modified 
gradient of the same solvent system as described above. 

Structural analysis. Amino acid analyses were performed 
with a Beckman System Gold analyzer, equipped with an ion- 
exchange column and ninhydrin derivatization, after vapor phase 
hydrolysis of the peptides (1 - 2  nmol) in 6 M HCl for 24 h. Pep- 
tide sequences were determined by automated Edman degrada- 
tion with a Perkin-Elmer model AB476A sequencer. In some 
cases, information on the amidation state of the C-terminus was 

confirmed by mass spectral analysis and/or carboxypeptidase Y 
digestion (Simmaco et al., 1990b). 

Antimicrobial assay. The antibacterial activity was tested 
against Bacillus megaterium BMI 1, Staphylococcus uureus 
Cowanl , Yersinia pseudotubercolosis, Streptococcus pyogenes 
hemolytic group A, Pseudonzonas aeruginosa ATCC 15692, 
Escherichia coli D21, E. coli D21e7, E. coli D21f1, E. coli 
D21f2 and E. coli D22, using an inhibition zone assay on Luria- 
Bertani broth/l % agarose plates seeded with 2X 10' viable bac- 
teria, according to Hultmark et al. (1983). 

The antifungal activity was determined on Candida albicans 
ATCC 10261 ; fresh cell cultures were inoculated in WB broth, 
pH 6.5, and grown at 37°C to an A,,), of approximately 0.6. 
Before plating, cells were diluted 300-fold and incubated over- 
night at 30°C in the presence of the test peptide. 

The concentration of the peptides was established by amino 
acid analysis. Inhibition zones were measured and the lethal con- 
centration (LC, the lowest concentration that inhibits the growth) 
was calculated from the diameter of the zones obtained in serial 
dilutions of the test substance by using the formula given in 
Hultmark et al. (1983). Values are expressed as the mean of at 
least five experiments with a divergence of not more than one 
dilution step. 

RESULTS 

Analysis of cDNA clones encoding the precursors. A 240-bp 
HindIII fragment encoding the signal peptide and the propart of 
the esculentin 1 precursor was used as a probe to screen the 
cDNA library prepared from skin of R. temporaria. Six positive 
clones were detected. The sequences of the inserts present in 
clones Rt-5, Rt-6, and Rt-17 are shown in Fig. 1. Excluding the 
poly(A) tail, these cDNAs comprise 323, 356, and 329 nucleo- 
tides, respectively. After the first methionine codon, they contain 
open reading frames that can be translated into polypeptides 
containing 58 (Rt-6) or 61 amino acids (Rt-5 and Rt-17). The 
deduced sequences all have the typical features of peptide pre- 
cursors. They start with a signal peptide containing a cluster of 
hydrophobic residues. The cleavage site for signal peptidase is 
most likely located after the cysteine residue at position 22 (Von 
Heijne, 1983). The sequences of the putative mature peptides are 
preceded by a Lys-Arg, a typical processing site for prohormone 
convertases. All these precursor polypeptides terminate with the 
sequence Gly-Lys. Hydrolysis by carboxypeptidases would ex- 
pose a C-terminal glycine, which is required for the formation 
of C-terminal amides. The predicted end products would be ami- 
dated peptides containing 13 amino acids for clones Rt-5 and 
Rt-17, while Rt-6 has a 9 bp deletion in this region, and thus 
codes only for a decapeptide. 

Northern blot analysis. In poly(A)-rich RNA from skin of R. 
temporaria, the probe derived from clone Rt-17 recognized an 
abundant message, detected as a single, rather broad band in the 
range 400-500 nucleotides. Under the same conditions, no sig- 
nal could be obtained from the skin of other amphibian species 
such as R. esculenta, Xenopus laevis and Bufo viridis. 

Isolation and analysis of peptides from skin secretion. After 
electrical stimulation of three specimens of R. temporaria, about 
20 mg lyophilized material could be obtained. After a prelimi- 
nary HPLC purification (Fig. 2), each fraction was subjected to 
N-terminal analysis, to identify those with N-terminal leucine or 
phenylalanine as predicted from the cDNA sequences. The rele- 
vant fractions were further purified by HPLC and subjected to 
amino acid and sequence analysis. Following this approach, the 
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Clone Rt-5 

1 ACAATTCTGAGCCAACTGAACCACCCGAGCCCAAAGATGTTCACCTTGAAGAAATCCCTG 
M F T L X K S L  

61 TTACTCCTCTTTTTCCTTGGGACCATCAACTTATCTCTCTGTGAGG,UGAGAGA&ATGCA 
L L L F F L G T I N L S L C E E E R N A  

9 
12 1 GAAWVLGAAAGUGAGATWCCAGATGAAAGGGATGTTCAAGTGGAAAAACGACTTTTA 

E E E R R D E P D B R D V Q V E K R U  

181 CCAATTGTTGGAAACCTGCTCAAGAGCTTGTTGGGWTAACCAAAAhTGTTAAGAATG 
P I V G N L L K S L L G K +  

241 GAATTGGAAATCATCTGATGTGGAATATCATTTAGCTAAATGAGCAACAGATGTCTTATT 

301 Tm-TATGTTCCATC 

Clone Rt-6 
1 GCTTTGTAGGATAGACCTGTGAFLGTCTTCCAGCCGTCTA~TTCTGAGCACCAACTG 

61 AACTACCCGAGCCCAAAGATGTTCACCTTGAAGAAATCCCTGTTACTCCTCTTTTTCCTT 
M F T L K K S L L L L F F L  

121 GGGACCATCAACTTATCTCTCTGTGAGGUGAGAGAAATGCAGAAGAFLGAAAGAAGAGAT 
G T I N L S L C E E E R N A E E E R R D  c 

181 GAACCAGATGARAGGGATGTTCAAGTGGAAAAACGACTTTCACCAEXCTGCTCAAGAGC 
E P D E R D V Q V E K R G S  P N L L K S  

241 TTGTTGGGAAAATAACCAAAAATGTTAAGAATGGBATTGGUATCATCTGATGTGGAATA - L L G K +  

301 TCATTTAGCTAAATGCGCAACAGATGTCTTATTTWSTATGTTGCATAC 

Clone Rt-17 
1 

61 

121 

181 

241 

301 

CCCCTCCAGCTGTCTACATTCTCATAACCAACTGAACCACCCGAGCCCAAAGATGTTCAC 
M F T  

C T T W V L G A A A T C C C T C T T A C T C C T T T T C T T C C T T G G G A C C  
L K K S L L L L F F L G T I N L S L C E  

GGAAGAGAGAGATGCCGATGAAGARAGAAWLGATGATCTCGAAG~GGGATGTTGAAGT 
E E R D A D E E R R D D L E E R D V E V  

mGCGATTTTTTCCAGTGATTGGAAGGATACTCAATGGTATTTTGGAAAATAACC 

9 

E K R F F P V I G R I L N G I L G K +  

AAAAAAAGTTARRRCTTTGGAAATGGAATTGGAAATCATCTAATGTGGAATGTCATTTAG 

CTAAATGCACATCAAATGTCTT- 

Fig. 1. Nucleotide sequence of the insert present in the clones Rt-5, 
Rt-6, and Rt-17 and deduced amino acid sequence of the precursor 
polypeptides. The sequence of the mature peptides is underlined, as is 
the potential polyadenylation site at the 3’-end. Vertical arrows denote 
the probable site of cleavage by the signal peptidase. 

three predicted peptides were found to be present in the secre- 
tion. Other molecules, structurally related to these peptides, were 
also isolated. The sequences of these peptides, which are termed 
temporins, are shown in Table 1. In Table 1, the amount of each 
peptide recovered from the secretion is also included. Along the 
HPLC profile reported in Fig. 2, the elution position of the vari- 
ous peptides is indicated. The structure of temporin E, with va- 
line at its N-terminus, and which coeluted in part with temporin 
D, is also shown in  the same table. Temporins are all amidated 
at their C-terminus. as predicted from the structure of the precur- 
sors (see above), and contain a pi-evalence of hydrophobic amino 
acids. Each of these peptides contains 13 residues, with the ex- 
ception of temporins H and K, which are 10 residues long. Ex- 
cept for temporins C, D, and E, all of these peptides have at 
least one basic residue (either lysine or arginine). In the course 
of this analysis, a 22-residue peptide was also found in the skin 
secretion (see Table 1 ) .  Its sequence shows some similarity with 

Time (min) 

Fig.2. Reverse-phase HPLC of skin secretion of R. temporaria. The 
elution position of the peptides reported in Table 1 is indicated by the 
corresponding letters. For details, see the Materials and Methods section. 

Table 1. Sequences of R. temporaria skin peptides and relative 
amount in the secretion. Peptides for which the structure of the corre- 
sponding precursor has been predicted from cDNAs are marked (*). a 
indicates an amidated C-terminus. MLP, meiittin-like peptide. Identical 
residues are in bold face. Gaps (-) were inserted to maximize identities. 

Peptide Sequence Yield 

Temporin A 
Temporin B * 
Temporin C 
Temporin D 
Temporin E 
Temporin F 
Temporin Ci * 
Temporin H * 
Temporin K 
Temporin L 
MLP 
Melittin 

nmol/nig 

FLPLIGRVLSGILa 14.5 
LLPIVGNLLKSLLa 19.4 
LLPILGNLLNGLLa 31.5 
LLPIVGNLLNSLLa 
VLPIIGNLLNSLLa 
FLPLIGKVLSGILa 
FFPVIGRILNGILa 
LSP---NLLKSLLa 
LLP---NLLKSLLa 
FVQWFSKFLGRILa 

FIGSALKVLAGVLPSVISWVK----Qa 
GIGAVLKVLTTGLPALISWIKRKRQQa 

1 .I 
1.2 

13.5 
16.8 
8.7 
9.8 
3.6 
5.1 

that of melittin, a hemolytic peptide from bee venom (Haber- 
mann, 1972). It was thus named melittin-like peptide. 

Assays for biological activity. The antimicrobial activity of the 
purified temporins was first tested against B. rneguteriurn and E. 
coli D21. Temporins A, B, F, G, and L were active on both 
bacterial strains, whereas temporins C, D, E, H, and K only 
showed some activity against B. nzeguleriurn, the most sensitive 
bacterium. 

The recovery of some of the temporins was too low to allow 
a detailed characterization of their biological properties. To con- 
firm the structure and to obtain more material, temporins A, B, 
D, and H were chemically synthesised. The antimicrobial activ- 
ity of synthetic temporins A and B, expressed as lethal concen- 
tration values, is reported in Table 2, together with the results 
obtained on red blood cell lysis. As reference, the activities of 
esculentin 1 from R. esculrntu (Simmaco et al., 1994), cecropin 
from insect hernolymph (Steiner et al., 1981 ), and melittin from 
honeybee venom (Habermann, 1972) are also included in 
Table 2. 

Synthetic temporins A and B showed the same activities as 
their natural counterparts, while both natural and synthetic temp- 
orins D and H were found to be without any biological activity 
of their own or as enhancers of other Rann peptides. Temporin 
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Table 2. Antimicrobial and lytic activity of R. temporaria peptides. Lethal concentrations were calculated from inhibition zones on agarose plates 
seeded with the respective organisms. The data for cecropin are from Hultmark et al. (1983). S. pyogenes /3 hem. group A and P. aeruginosa 
ATCC15692 are clinical isolates kindly provided by Dr Paolo Visca, Institute of Microbiology, University of Rome La Sapienza. n.t., not tested. 

Organism and strain Lethal concentration of 

temporin A temporin B esculentin 1 cecropin A MLP melittin 

B. megateriurn Bml I 
S. aureus Cowanl 
Y. pseudotuhercolosis 
S. pyogenes /3 hem. group A 
E. toli D21 
P: aeruginosa ATCC15692 
C. alhicans 
Human red cells 

1.2 
2.3 
2.0 
2.0 

11.9 

3.4 
>360 

>120 

2.8 
6.0 
7.0 
7 .0 

21 .0 

4.0 
>360 

>I20 

0.1 
0.4 
n. t. 
n. t. 
0.2 
0.7 
0.5 

>200 

0.5 
>200 

n. t. 
n. t. 

n. t. 
n. t. 

>400 

0.3 

n. t. 
n. t. 
n. t. 
n. t. 
n. t. 
n. t. 
n. t. 
0.5 

0.6 
0.2 
n. t. 
n. t. 
0.8 
n. t. 
n. t. 
0.9 

Table 3. Antibacterial activity of temporins A and B against E. coli 
D21 and related lipopolysaccharide-modified strains. Assays were 
performed in Luria-Bertani brothll % agarose, in the absence or in the 
presence of medium E (Vogel and Bonner, 1956). Bacterial strains were 
kindly provided by Prof. H. G. Boman, University of Stockholm. 

Compound Lethal concentration for 

D21 D21e7 D21fl D21f2 D22 

I.tM 

Temporin A 11.9 1.4 0.9 4.8 3.4 
Temporin A + medium E 5.3 1.4 3.0 2.0 0.4 
Temporin B 21.0 13.2 10.0 3.3 11.2 
Temporin B + medium E 3.4 4.2 3.5 9.3 12.2 

A is about three times more active than temporin B against S. 
aureus and S. pyogenes. In contrast, these two temporins were 
poorly active against E. coli D21 and completely inactive against 
R aeruginosu. This indicates that temporins A and B act specifi- 
cally against gram-positive bacteria. 

Linear sulfur-free antibacterial peptides like cecropins are 
inactive against fungi, while the defensins (with three S-S 
bridges) show antifungal activity. Temporins A and B are active 
against C. ulhicans and their potency is of the same order as 
reported for dermaseptin from the South American frog Phyl- 
lomedusa sauvagei (Mor et al., 1994). 

The antibacterial activity of temporins A and B was also 
tested against three cell-wall defective mutant strains of E. coli 
D21, i.e. D21e7, D21f1, and D21f2, which have lost increasing 
amounts of sugar residues of their lipopolysaccharide chain 
(Prehm et al., 1976). Strain D22 has a permeable outer mem- 
brane due to a mutation in the envA gene (Normark et al., 1969). 
The activities of the temporins were tested in the absence or in 
the presence of the basal medium E (Vogel and Bonner, 1956). 
From the results shown in Table 3, medium E was found to 
increase the activity of temporins in all strains tested. However, 
no similar effects were observed with gram-positive bacteria 
(data not shown). CD spectra showed that the increase in activity 
was correlated to an increased helix formation, as previously 
found for FALL-39 (Ageberth et al., 1995). Another likely ex- 
planation is that the citrate in the medium (unpublished results 
with citrate alone) can chelate divalent cations present in the 
outer membrane and thereby increase the sensitivity to tempo- 
rins. 

DISCUSSION 

Cloning of cDNAs encoding the precursors of frog skin pep- 
tides yielded an unexpected result. Peptides with different se- 
quences and biological function are sometimes derived from pre- 
cursors with very similar signal sequences. Examples are opiate 
peptides/dermaseptins/adenoregulin/esculentin (Richter et al., 
1987, 1990a; Amiche et al., 1994; Simmaco et al., 1994) and 
PGLa/xenopsin/caerulein (Kuchler et al., 1989). In the latter 
case, it was shown that a separate export exon encodes the signal 
peptide and part of the proregion. 

We have used a cDNA fragment encoding the signal peptide 
and part of the proregion of esculentin from R. esculentu to 
screen a cDNA library prepared from skin of R. temporuriu. 
Using this approach, we could isolate three cDNAs encoding 
new precursor polypeptides. The signal sequence and the prore- 
gion of temporin B and H precursors are identical, while those 
of temporin G differ in five positions. These precursors contain 
signal peptides very similar to the esculentin precursor (73 % 
identity), yet the predicted end products are not related to escu- 
lentin. Rather, these are new peptides that contain 10 or 13 
amino acids. These peptides and several related ones could sub- 
sequently be isolated from skin secretions of R. temporaria. 
These are hydrophobic peptides with a free N-terminal group 
and an amidated C-terminus. Skin secretion of these frogs also 
contain other peptides, such as bradykinin and some peptides 
related to the brevinins (Simmaco et al., 1994), but these have 
not been investigated in detail. 

Temporins are related to peptides earlier isolated from wasp 
venoms (Miroshnikov et al., 1982; Argiolas and Pisano, 1984). 
Wasp peptides have hemolytic and chemotactic activities. Most 
of the temporins have antibacterial activity, in particular those 
that contain a positively charged amino acid and thus a net 
charge of + 2 .  When the basic residue is replaced by an aspara- 
gine (like in temporins C, D, and E), the molecule becomes 
inactive. The activity is also lost when three residues inside the 
molecule are deleted, despite the fact that a basic residue is re- 
tained (temporins H and K). However, as opposed to the related 
peptides from wasp venom, the temporins are not hemolytic. 

Temporins are the shortest natural antibacterial peptides that 
have been found to date. Five 13 - 15-residue cecropin-melittin 
hybrids were found to be almost equally active as the longer 
parental molecules (Merrifield et al., 1995). It seems that the 
minimal requirement for antibacterial activity is 13 residues and 
a net basic charge is also needed. To obtain specificity, that is 
to avoid self-damage, there must be other requirements, because 
a 13-residue helical fragment of seminalplasmin is both antibac- 
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terial and hemolytic (Sitaram et al., 1993, as also applies to 
several frog peptides. 

Longer linear peptides have in several cases been found to 
form ionic channels in artificial membranes (reviewed by 
Boman, 1995). Membrane-spanning peptide channels would re- 
quire a minimum length of about 23 residues. Thus, the tempo- 
rins could only form channels if they were in a N-terminal tail- 
to-tail dimeric form. This is not known so far, but the activities 
recorded for the mutants of E. coli (Table 3) are consistent with 
a target inside the outer membrane. Additional support for this 
interpretation comes from the high activity against C. albicarzs 
and several gram-positive bacteria. 

The in vivo role of the temporins remains to be elucidated: 
in particular, the possible synergistic effect of suitable combina- 
tions of the various peptide forms should be investigated. It will 
also be important to investigate the ability of the temporins 
to control microorganisms that normally interact with R. tempo- 
mriri. 
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