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Leishmaniasis encompasses a wide range of infections
caused by the human parasitic protozoan species be-
longing to the Leishmania genus. It appears frequently
as an opportunistic disease, especially in virus-infected
immunodepressed people. Similarly to other pathogens,
parasites became resistant to most of the first-line
drugs. Therefore, there is an urgent need to develop
antiparasitic agents with new modes of action. Gene-
encoded antimicrobial peptides are promising candi-
dates, but so far only a few of them have shown anti-
protozoa activities. Here we found that temporins A and
B, 13-amino acid antimicrobial peptides secreted from
the skin of the European red frog Rana temporaria,
display anti-Leishmania activity at micromolar concen-
trations, with no cytolytic activity against human eryth-
rocytes. To the best of our knowledge, temporins repre-
sent the shortest natural peptides having the highest
leishmanicidal activity and the lowest number of posi-
tively charged amino acids (a single lysine/arginine) and
maintain biological function in serum. Their lethal
mechanism involves plasma membrane permeation
based on the following data. (i) They induce a rapid
collapse of the plasma membrane potential. (ii) They
induce the influx of the vital dye SYTOXTM Green. (iii)
They reduce intracellular ATP levels. (iv) They severely
damage the membrane of the parasite, as shown by
transmission electron microscopy. Besides giving us ba-
sic important information, the unique properties of tem-
porins, as well as their membranolytic effect, which
should make it difficult for the pathogen to develop
resistance, suggest them as potential candidates for the
future design of antiparasitic drugs with a new mode
of action.

Leishmaniasis includes a wide variety of clinical symptoms
caused by infection with different species of the genus Leish-
mania, a human protozoan parasite with a worldwide incidence

of 12–14 million people affected. The disease is widespread
mostly in tropical and subtropical countries (1). Leishmania is
a digenetic parasite with two major stages, differing widely in
their antigenic pattern, metabolism, and plasma membrane
composition (2): (i) the flagellated promastigote, and (ii) the
intracellular nonflagellated amastigote. The promastigote
dwells in the gut of the insect vector, the sandfly, and is
transmitted by bite into the mammalian host. Then it invades
the cells of the mononuclear phagocytic system and transforms
into the amastigote, the pathological form of the parasite for
vertebrates.

At present, the only available treatment is based on chemo-
therapy with organic pentavalent antimonials as the first-line
drugs (3, 4). However, their efficacy is rapidly eroding because
of the increasing appearance of resistant clinical isolates (5, 6)
and the severe side effects associated with the treatment (7).
Despite the availability of alternative drugs, such as ampho-
tericin B or miltefosine, there is a real need for the develop-
ment of new agents with new modes of action (4). Among them,
eukaryotic antimicrobial peptides (AMPs)1 constitute a prom-
ising alternative. They are ubiquitous in pluricellular orga-
nisms, where they kill a wide variety of pathogens. Accordingly,
they are located at the anatomical sites primarily involved in
contact with microorganisms, such as mucosal, epithelial, or
phagocytic cells (reviewed in Ref. 8). Skin secretions from Am-
phibia represent one of the richest sources for these molecules,
because every species synthesizes its own particular set of
defense peptides (9–12). Although AMPs differ significantly in
their sequences, most of them share some features, such as a
high positive charge and a potential to adopt an amphipathic
�-helix and/or �-sheet structures upon their interaction with
membranes. To date, there is compelling evidence that a com-
mon step in the microbial killing mechanism is their electro-
static interaction with the negatively charged cell membrane
followed by its permeation/disruption (13, 14).

During the last few years, a considerable number of studies
have been carried out with AMPs on bacteria (15, 16), fungi (17,
18), viruses (19, 20), and tumor cells (21, 22) in an attempt to
understand the parameters responsible for their activity. Nev-
ertheless, reports on the activity and the mode of action of
AMPs toward protozoan and metazoan parasites are very
scarce (23). For Leishmania, these include dermaseptins (24)
and skin polypeptide tyrosine-tyrosine (25), both isolated from
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Scienze Biochimiche, Università La Sapienza, Piazzale Aldo Moro 5,
00185 Rome, Italy. Tel.: 39-06-8034-5457; Fax: 39-06-8034-5405;
E-mail: marialuisa.mangoni@uniroma1.it.

1 The abbreviations used are: AMP, antimicrobial peptide; bisoxonol,
bis-(1,3-diethylthiobarbituric) trimethine oxonol; CA(1–8)M(1–18),
cecropin A-melittin hybrid (KWKLFKKIGIGAVLKVLTTGLPALIS-
NH2); DMNPE-luciferin, D-luciferin-(1-(4,5-dimethoxy-2-nitrophenyl)-
ethyl ester); HIFCS, heat-inactivated fetal calf serum; LPS, lipo-
polysaccharide; LPG, lipophosphoglycan; MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 280, No. 2, Issue of January 14, pp. 984–990, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org984

 at C
SIC

 - C
entro de Investigaciones B

iológicas on M
arch 19, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


the skin of frogs, gomesin, from the hemocytes of the tarantula
spider, Acanthoscurria gomesiana (26), and indolicidin (27),
from granules of bovine neutrophils. In 1998, Diaz-Achirica et
al. (28) and, more recently, Chicharro et al. (29) and Luque-
Ortega et al. (30) investigated the leishmanicidal activity of
highly positively charged cecropin A-melittin hybrid peptides.
Their data suggested that the killing of the parasite was
strongly correlated with plasma membrane permeabilization.
Conversely, autophagic cell death has been described for in-
dolicidin-treated parasites (27).

Here we report the biological function and the mode of action
of temporin A (FLPLIGRVLSGIL-NH2) and temporin B
(LLPIVGNLLKSLL-NH2), both isolated from the frog Rana
temporaria, against Leishmania promastigotes and amastig-
otes. Temporins are short (13-residue) peptides, with an ami-
dated C terminus and with only one positively charged amino
acid. They were first identified in R. temporaria skin secretions
(31) and further detected in several North American Rana
species, such as Rana clamitans (32), Rana luteiventris (33),
Rana pipiens (33), and Rana grylio (34). Temporins, together
with indolicidin, are among the smallest AMPs isolated so far
from animal sources. However, in contrast with indolicidin,
temporins are nonhemolytic (35, 36). Previous studies indi-
cated that these molecules are active mainly against Gram-
positive bacteria, Candida albicans, and some human tumor
cell lines (12). Our data show that temporins A and B have
leishmanicidal activity at concentrations that are not toxic to
human red blood cells. In addition, in contrast to most AMPs,
temporins preserve biological function in serum. Furthermore,
studies on their mode of action suggest that they act directly on
the membrane of the parasite and destroy its integrity; there-
fore, it should make it difficult for the pathogen to develop
resistance. Besides providing important basic information, the
small size of temporins, their destructive mode of action, and
their ability to maintain activity in serum suggest them as
attractive templates for further development of new antipara-
sitic drugs.

EXPERIMENTAL PROCEDURES

Reagents—Bis-(1,3-diethylthiobarbituric) trimethine oxonol (bisoxo-
nol), SYTOXTM Green, D-luciferin, 1-(4,5-dimethoxy-2-nitrophenyll)
ethyl ester (DMNPE-luciferin) were obtained from Molecular Probes
(Leiden, The Netherlands). Other reagents of the highest quality were
purchased from Sigma or Merck.

Parasites—Promastigotes of L. donovani (MHOM/S.D./00/1S-2D)
were grown in RPMI 1640 medium (Invitrogen) supplemented with 10%
heat-inactivated fetal calf serum (HIFCS), antibiotics, and 2 mM gluta-
mine in a Bellco roller device (Ace Glass, Vineland, NJ) at 26 °C. The
mutant R2D2 strain, defective in the biosynthesis of the repetitive
phosphorylated disaccharide unit of lipophosphoglycan (LPG), was
kindly provided by S. J. Turco (University of Kentucky School of
Medicine). For this strain, 5 �g/ml of lectin ricin agglutinin (Ricinus
communis) was added to the growth medium (37). Promastigotes of the
3-Luc L. donovani strain were obtained from the aforementioned parental
strain by transfection with the pX63NEO-3Luc expression vector encod-
ing the gene for a cytoplasmic form of Photinus pyralis luciferase (30).
These parasites were grown under the same conditions as the parental
strain, except for the additional supplement of 50 �g/ml geneticin to the
growth medium. Leishmania pifanoi axenic amastigotes were grown at
32 °C in M199 medium (31100, Invitrogen) supplemented with 20%
HIFCS, 5% trypticase, and 50 �g/ml hemin, pH 7.2 (38).

Peptide Synthesis—Temporin A and temporin B were synthesized by
the standard N�-Fmoc (N-(9-fluorenyl)methoxycarbonyl) amino acid de-
rivatives with a [5-(4-Fmoc-aminomethyl-3,5-dimethoxy-phenoxy)]valeric
acid polyethyleneglycol resin on an automated peptide synthesizer (Pio-
neer, Applied Biosystems, Foster City, CA). The purity of the peptides was
confirmed by high pressure liquid chromatography analysis, and their
sequence was determined by both automated Edman degradation, using
a protein sequencer (Applied Biosystems, model AB476A), and mass spec-
tral analysis with a matrix-assisted laser desorption ionization time-of-
flight Voyager DE (Applied Biosystems). The concentration of the pep-
tides was determined by quantitative amino acid analysis after acid

hydrolysis using a Beckman System Gold instrument, equipped with an
ion-exchange column and ninhydrin derivatization.

Antibacterial Activity—The antibacterial activity of the peptides was
tested by using an inhibition zone assay on agarose plates seeded with
viable bacteria, according to Hultmark et al. (39). 2-Fold serial dilution
of the peptides in 20% ethanol (v/v) and in 33% heat-inactivated human
serum was used (40).

Activity of the Peptides on Leishmania Promastigotes and Amastig-
otes—Procyclic promastigotes and amastigotes were harvested at a late
exponential phase, whereas metacyclic promastigotes were from cul-
tures at a stationary phase. Parasites were then washed twice with
Hanks’ medium (136 mM NaCl; 4.2 mM Na2HPO4; 4.4 mM KH2PO4; 5.4
mM KCl; 4.1 mM NaHCO3), pH 7.2, supplemented with 20 mM D-glucose
(Hanks-Glc) (41) and resuspended in the same buffer at a final concen-
tration of 2 � 107 parasites/ml. Aliquots of this suspension (120 �l) were
incubated with the peptides for 60 min at 26 and 32 °C for promastig-
otes and amastigotes, respectively, and subsequently divided into 2
further aliquots (100 and 10 �l), which were used in the following two
assays (29).

(i) Inhibition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction to insoluble formazan by mitochondrial re-
ductases was used as a short term viability parameter of the parasites
and assayed immediately after peptide incubation (28). To the 100-�l
aliquot of parasite suspension, 1 ml of Hanks-Glc was added to slow
down peptide activity. The parasites were then collected by centrifuga-
tion, resuspended in 100 �l of a 0.5 mg/ml MTT solution in Hanks-Glc,
transferred into a 96-well culture microplate, and incubated for 2 h at
26 or 32 °C for promastigotes or amastigotes, respectively. The reduced
formazan was solubilized by the addition of an equal volume of 10%
(w/v) SDS, incubated overnight at 26 °C, and measured in a 450 Bio-
Rad Microplate Reader equipped with a 595-nm filter.

(ii) To measure inhibition of promastigotes proliferation, the 10-�l
aliquot was added to 100 �l of RPMI medium, devoid of phenol red, and
supplemented with 10% HIFCS. The surviving parasites were allowed
to proliferate for 72 h; then 100 �l of MTT solution (1 mg/ml in Hanks-
Glc) was added, and its reduction was measured as described above. For
amastigotes, the inhibition of proliferation was performed in M199
growth medium. After 5 days, the cells were centrifuged, washed with
Hanks’, and resuspended in 0.5 mg/ml MTT solution. All assays were
performed in triplicate, and the experiments were repeated twice. The
results were normalized to those of the corresponding controls in the
absence of the peptide.

Modification of Bioenergetic Parameters—We carried out two differ-
ent assays.

(i) The collapse of membrane potential was estimated by the poten-
tially sensitive anionic dye bisoxonol, as its fluorescence increases after
its insertion into the membrane, once the cell is depolarized. Assays
were performed under standard conditions, in the presence of 0.1 �M

bisoxonol. Peptides were added at different concentrations, and changes
in fluorescence were recorded continuously for about 30 min using a
Fluorostat Galaxy microplate reader (BMG Labotechnologies, Offen-
burg, Germany), equipped with excitation and emission filters at 540
and 580 nm, respectively. Maximal depolarization was considered as
that obtained with 2.5 �M CA(1–8)M(1–18) cecropin A-melittin hybrid
(28). All assays were done in triplicate.

(ii) For in vivo monitoring of intracellular ATP variation, the varia-
tion of intracellular ATP level was monitored as described previously
(30). Briefly, promastigotes transfected with the pX63NEO-3Luc ex-
pression vector were incubated for 15 min at 26 °C with 25 �M DMNPE-
luciferin, a free membrane-permeable caged luciferase substrate.
Changes in luminescence were measured in the Fluorostat Galaxy
microplate reader fitted with luminescence optics, with readings aver-
aging every 10 s. Peptides were added once the luminescence reached a
plateau. This point was considered as time 0, and its luminescence
value was taken as 100%. The decrease in luminescence was monitored
continuously for 60 min. All assays were performed in triplicate, and
the luminescence values were normalized to those of the corresponding
controls in the absence of the peptide.

Permeation of the Plasma Membrane of the Promastigotes and
Amastigotes—We adapted the procedure described by Thevissen et al.
(42) to assess the permeability of the Leishmania membrane. Briefly,
the parasites were incubated with 1 �M SYTOXTM Green in Hanks-Glc
for 15 min in the dark. After peptide addition, the increase in fluores-
cence, due to the binding of the dye to intracellular DNA, was measured
in the same microplate reader described above, using 485- and 520-nm
filters for excitation and emission wavelengths, respectively. Maximal
membrane permeation was defined as that obtained after the addition
of 0.1% Triton X-100 (29).
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Electron Microscopy—Parasites were incubated with the peptides for
1 h and washed twice with phosphate-buffered saline. Afterward, par-
asites were fixed for 1 h with 5% (w/v) glutaraldehyde in phosphate-
buffered saline, included with 2.5% (w/v) osmium tetraoxide, and grad-
ually dehydrated in ethanol (30, 50, 70, 90, and 100% (v/v) for 30 min
each) and propylene oxide (1 h). Finally, they were embedded in Epon
812 resin and observed with a Philips 2200 electron microscope as
described previously (28).

Other Methods—Hydrophobicity was calculated according to the nor-
malized scale of Eisenberg (43). LC50 (the concentration of peptide
required to inhibit half of the maximum MTT reduction) and its 95%
confidence limits were determined by the Litchfield and Wilcoxon pro-
cedure using the PHARM/PCS version 4 software package for PCs. The
number of experiments analyzed was indicated in the legend of each
figure.

RESULTS

Leishmania Killing by Temporins A and B

Temporins were tested for their activity and plausible mode
of action on both promastigote and amastigote stages of Leish-
mania. The ability of a drug to kill the mammalian intracellu-
lar stage of the parasite is crucial for its potential to be devel-
oped as a therapeutic agent. Note that this form has been
shown to be more resistant to other cationic AMPs than the
corresponding form present in the insect host (29).

Killing of Promastigotes

Inhibition of MTT Reduction in Promastigotes by Temporins
A and B—Temporins A and B were tested for their ability to
inhibit MTT reduction in Leishmania promastigotes at a con-
centration range of 5–25 �M. The assay was done either after
1-h incubation of the parasites with the peptides (short term
effect) or after proliferation of the remaining viable protozoa at
a 72-h incubation, as described under “Experimental Proce-
dures.” The results are given in Fig. 1. The data shown in Fig.
1A reveal that, at a given peptide concentration, the percentage
of inhibition for the short time effect was practically similar to
the inhibition of proliferation, without taking into account the
S.D. Moreover, both peptides exhibited a similar antiparasitic
effect as indicated also by their corresponding LC50 values
(Table I). The lethal concentrations against three bacterial
strains (the Gram-negative Escherichia coli D21, the Gram-pos-
itive Bacillus megaterium Bm11, and Staphylococcus aureus
Cowan I) as well as human erythrocytes are included in Table I
for comparison. These results indicate that although the antibac-
terial potency of temporin A was �2-fold higher than that of
temporin B, both peptides were similarly active toward the pro-
mastigotes, and at least 5-fold more efficient than cecropin A, a
potent 36-residue AMP (44). Most interestingly, we found that, in
contrast to most natural AMPs (40), temporins maintained high
activity in serum (Table I). Furthermore, temporins inhibited
MTT reduction of the metacyclic promastigotes (Fig. 1B), the
circulating form of the parasite in the blood of an infected mam-
mal for about 24 h before becoming amastigote, to a slightly lower
extent than that found for the procyclic promastigotes (Fig. 1A).

The Influence of External Parameters on the Activity of Tem-
porins on Leishmania Promastigotes—�o better understand
the interaction of these peptides with the surface of the para-
site, we carried out a systematic variation of the conditions
used in the short term standard assay for determining the
ability of temporins to inhibit MTT reduction.

(i) To study the role of electrostatic interactions, we tested
temporins in the absence and presence of 50 �g/ml heparin, a
strongly anionic polysaccharide. Temporin A, at 15 �M, caused
90.8 � 2.3% inhibition of MTT reduction in the absence of
heparin (Fig. 1A), while after a 15-min incubation with hepa-
rin, prior to the addition of the peptide to the promastigotes,
the inhibition was 78.4 � 3.2%. This effect was clearly weaker
than that obtained for other peptides having a higher cationic

character such as CA(1–8)M(1–18) (28). In another assay, tem-
porin A was assayed at 10 �M for its ability to inhibit the MTT
reduction using two isosmotic incubation media as follows: the
standard Hanks’ medium (140 mM NaCl) and the same medium
but containing 280 mM D-sorbitol instead of NaCl. Only a small
difference in the activity was detected under the two condi-
tions: the percentage of inhibition increased from 59.4 � 1.7 in
the standard assay to 66.7 � 2.9 in D-sorbitol medium.

(ii) Temperature is a main factor that affects membrane
fluidity. We noticed that the leishmanicidal activity of tempor-
ins, tested at 15 �M peptide concentration, decreased from
90.8 � 2.3 (Fig. 1A) under standard conditions (26 °C) to 32.7 �
4.1% when assayed at 4 °C.

Permeabilization of the Plasma Membrane of Leishmania
Promastigotes—Previous studies (45) have shown that tempor-
ins A and B alter the permeability of bacterial and artificial
membranes in a dose-dependent manner. To determine
whether the promastigote membrane is a potential target for
temporins, we performed a peptide-induced membrane depo-
larization assay using the membrane potential sensitive dye
bisoxonol. Both temporins caused rapid dissipation of the mem-
brane potential in a concentration-dependent manner (Fig. 2).
In the case of temporin A, which displayed a slightly stronger
effect than temporin B, the depolarization induced at 20 �M, a
concentration that inhibited more than 97% of the parasite
proliferation, was identical to that found for CA(1–8)M(1–18)
when tested at 2.5 �M. Under these conditions, the hybrid
peptide killed all the parasites through a membrane-permeabi-
lization mechanism (28). Thus, our findings suggest a similar
mode of action for temporins.

FIG. 1. Activity of temporins A and B on promastigotes. L. don-
ovani promastigotes (2 � 107parasites/ml) were incubated with differ-
ent concentrations of temporins at 26 °C for 60 min, and inhibition of
MTT reduction was assayed immediately (solid symbols) or after
proliferation for 72 h of the surviving promastigotes (open symbols). A,
procyclic promastigotes; B, metacyclic promastigotes. Peptide designa-
tion: temporin A, circles; temporin B, triangles. Data points represent
the mean of triplicate samples � S.D. from a single experiment, repre-
sentative of three different experiments.
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The data revealed also that the membrane perturbation in-
duced by temporins leads to a strong collapse of the bioener-
getic metabolism of the parasite. This was monitored by the
fast and dose-dependent decrease of luminescence in parasites
expressing a cytoplasmic luciferase, when incubated with DM-
NPE-luciferin (Fig. 3). This means that the intracellular level
of ATP diminishes concomitantly with the decrease in lumines-
cence, because the intracellular ATP concentration is the lim-
iting step for the bioluminescence reaction in 3-Luc promastig-
otes (30, 46). Also under these conditions, temporin B displayed
a slightly lower efficacy compared with temporin A at the same
peptide concentration.

To get a better insight into the extent of membrane damage
caused by temporins, we measured fluorimetrically the influx
of SYTOXTM Green (Mr � 900) into the parasites, as its fluo-
rescence is enhanced when bound to intracellular nucleic acids.
The influx of the dye was prevented in intact membranes but
not in those parasites having lesions with a size large enough to
allow the entrance of the dye (42). Here the effect caused by
temporin A was significantly higher than that for temporin B
(Fig. 4, A and B).

Transmission Electron Microscopy—To detect morphological
changes in peptide-treated parasites, we carried out transmis-
sion electron microscopy experiments on promastigotes after
their incubation with temporins. As illustrated in Fig. 5 (A–C),
a severe disruption of the membrane structure, accompanied
by a loss of electron dense intracytoplasmic material, was ob-
served for both peptides at 20 �M.

Killing of Amastigotes

Inhibition of MTT Reduction and Plasma Membrane Perme-
abilization of Leishmania Amastigotes by Temporins A and B—
The ability of temporins to kill Leishmania amastigotes was
tested by measuring the inhibition of MTT reduction after

incubation with the peptides, similarly to what we performed
with promastigotes. The results are shown in Fig. 6. The data
reveal that both temporins preserve their activity against the
mammalian intracellular form of the parasite.

We further investigated whether the mode of action of tem-
porins against Leishmania amastigotes was similar to that
found for promastigotes. To this end, we tested the peptide
ability to induce the permeation of the amastigote membrane
by using three assays, and we found that both temporins
caused the following: (i) the plasma membrane depolarization,
as measured with bisoxonol (data not shown); (ii) the intracel-
lular influx of SYTOXTM Green (measured fluorimetrically) in
a dose-dependent manner and in agreement with the potencies
of the peptides; temporin B was more active than temporin A
(Fig. 4, C and D); and (iii) the damage to the cell membrane,
visualized as blebs and local disruptions at concentrations
causing �80–90% killing (Fig. 5, D–F). Altogether, the results
obtained with these three assays revealed that both temporins
induced the permeation of the membrane of amastigotes simi-
larly to the promastigotes.

DISCUSSION

Temporins A and B differ from most AMPs isolated from
Amphibia by being very short (13 residues) and having only one
basic amino acid (lysine or arginine). They adopt an am-
phipathic �-helical structure in hydrophobic environments and
increase the permeability of bacterial membranes and lipo-
somes (47, 48). Here we show that temporins A and B are active
on both the insect and the mammalian stages of Leishmania
with complete inhibition of parasite viability at 15–25 �M. Note
that indolicidin, another 13-amino acid antimicrobial peptide,
completely inhibits the proliferation of promastigotes at a mi-
cromolar range higher than that for temporins. However, the
LC50 of indolicidin is much lower than that of temporins, i.e.

TABLE I
Antimicrobial and hemolytic activity of temporin A, temporin B, and cecropin A

Peptide L. donovania E. coli D21b B. megaterium Bm11c S. aureus Cowan Ic Human erythrocytesb

LC50 (�M)

Temporin A 8.4 (7.5–9.4) 11.9 1.1 (1.8) 2.7 (3.4) �120
Temporin B 8.6 (7.2–8.9) 21.0 1.3 (2.5) 6.2 (6.7) �120
Cecropin A �50d 0.3 0.5 (not active) �300 �400

a L. donovani promastigotes were incubated with the corresponding peptides at different concentrations, and viability was evaluated by MTT
reduction as described under “Experimental Procedures.” Values are expressed as LC50. 95% confidence limits determined by the Litchfield and
Wilcoxon procedure are included in parentheses.

b Values are taken from Ref. 31.
c Numbers in parentheses were obtained in 33% human serum. S. aureus Cowan I is resistant to 33% human serum, whereas B. megaterium

Bm11 is only slightly sensitive. Controls were done in 33% human serum without peptide.
d Values are taken from Ref. 28.

FIG. 2. Promastigotes plasma membrane depolarization by temporins. Parasites (2 � 107 cells/ml) were equilibrated with 0.1 �M

bisoxonol at 26 °C. Peptides were then added (t � 0 min) at the corresponding concentrations, and changes in fluorescence (arbitrary units) were
monitored continuously (�exc � 540 nm; �ems � 580 nm). A, temporin A; B, temporin B. Control parasites (●). The peptide concentrations were 10
(f), 15 (Œ), and 20 �M (ƒ). The arrow indicates the addition of peptide. The values represent the mean of triplicate samples from a single
experiment, representative of three different experiments.
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3.5 � 10�5 and �8.5 �M, respectively (27). Furthermore, we
demonstrate here that temporins function at physiological salt
concentrations and in 33% human serum, whereas many AMPs
are inactive under these conditions. In addition, they preserve
their activity on the mammalian stage of the parasite. Prelim-
inary experiments have also shown that both temporins are
devoid of cytotoxic effects on murine macrophages (RAW 264.7
line), which are capable of acting as host cells for Leishmania at
the maximal concentration tested (80 �M). In addition, treat-
ment of the infected macrophages with 15 �M temporin B also
resulted in a lethal effect on the parasites, as the macrophage
population remained apparently unharmed and fully viable,
whereas the ratio amastigote:macrophage, assessed by Giemsa
staining, was reduced by a half (data not shown).

Previous studies reported that short cecropin-melittin hybrid
peptides possess potent leishmanicidal activity (30). Neverthe-

less, in contrast with temporins, they are high positively
charged molecules (4 basic amino acids).

Our data envisage that the lethal concentrations of tempor-
ins against Leishmania are similar to those found against
Candida (12). However, they are higher than those obtained
against Gram-positive bacteria, but much lower than the val-
ues obtained against Gram-negative ones (31, 49). This sug-
gests that the outer membrane of Gram-negative bacteria,
which is composed predominantly of hydrophobic and nega-
tively charged moieties, namely lipopolysaccharides (LPS), acts
as a barrier against temporins. The finding that E. coli strains
deficient in the number of LPS or with a reduced amount of
sugar residues in their LPS chain are more sensitive to these
peptides (47) supports this notion.

Leishmania promastigotes are surrounded by a glycocalix
layer, formed mainly by LPG, a highly anionic molecule bound
to the membrane through a glycosylphosphatidylinositol an-

FIG. 3. Intracellular ATP decrease in L. donovani 3-Luc promastigotes following temporin addition. Promastigotes (2 � 107 cells/ml)
of the 3-Luc L. donovani strain, expressing a cytoplasmic form of P. pyralis luciferase, were incubated with 25 �M DMNPE-luciferin, a free
membrane-permeable luciferase substrate, and luminescence was monitored until it reached a constant value. At a certain point (t � 0 min),
temporins were added at the corresponding concentrations, and luminescence decay was measured and normalized to that of control parasites. A,
temporin A; B, temporin B. The peptide concentrations were 10 (f), 15 (Œ), and 20 �M (ƒ). The arrow (t � 0 min) indicates the addition of peptide.
Values represent the mean of triplicate samples from a single experiment, representative of three different experiments.

FIG. 4. Influx of the vital dye SYTOXTM Green into Leishmania
promastigotes and amastigotes following temporin addition.
Parasites (2 � 107 cells/ml) were incubated according to the standard
assay with 1 �M SYTOXTM Green in Hanks-Glc. Once basal fluores-
cence reached a constant value, temporins at the corresponding concen-
trations were added (t � 0) and the increase in fluorescence (arbitrary
units) was monitored (�exc � 485 nm; �ems � 520 nm). A and B,
temporins A and B on promastigotes; C and D, temporins A and B on
amastigotes. Control parasites (●). The peptide concentrations were 7.5
�M (�), 10 �M (f), 15 �M (Œ), 20 �M (ƒ). The 1st arrow (t � 0 min)
indicates the addition of peptide; the 2nd arrow (t � 45 and 17 min for
promastigotes and amastigotes, respectively) indicates the addition of
0.1% (final concentration) Triton X-100, as a complete permeabilization
of the parasites. The values represent the mean of triplicate samples
from a single experiment, representative of three different experiments.

FIG. 5. Electron microscopy of Leishmania promastigotes and
amastigotes treated with temporins. Promastigotes and amastig-
otes were incubated for 1 h under standard conditions with 20 or 15 �M

temporin A, respectively (A and D), 20 or 10 �M temporin B, respec-
tively (B and E), or media without peptide (C and F). Membrane
disruption (indicated by arrows), membrane blebbing, and breakages as
well as depletion of electron-dense cytoplasmic material can be ob-
served for the two temporins (bar � 0.5 �m).
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chor, which covers more than 40% of the total surface of the
parasite (50). We found that temporins A and B do not differ
significantly (p � 0.1) in their activity against the parental
strain of L. donovani and its R2D2 mutant (data not shown).
This is despite the fact that the mutant strain is defective in
the biosynthesis of the repetitive units of LPG (37). Conversely,
R2D2 is at least 2-fold more susceptible to other AMPs, such as
CA(1–8)M(1–18) (28), compared with its parental strain. The
small size and the low net positive charge of temporins could
make it easier for these peptides to diffuse through the glyco-
calix of the promastigotes and permeate the cytoplasmic mem-
brane, compared with other AMPs that have a higher net
positive charge, and therefore can stick easily to the negatively
charged components of the glycocalix. This indicates that elec-
trostatic interactions between the peptide and the parasite do
not contribute significantly to the activity of temporins. This
argument is also supported by the following: (i) the similar
activity obtained against the procyclic and the metacyclic
L. donovani promastigotes, despite the fact that the number of
repetitive units of LPG was double on the metacyclic stage of
the parasite (51); (ii) the marginal decrease in their potency in
the presence of heparin; (iii) the invariant peptide activity
under marked changes in the ionic strength of the incubation
media; (iv) the strong activity on the amastigote form of the
parasite where the LPG layer is replaced by glycosylphosphati-
dylinositol of neutral or zwitterionic character (52).

Most interestingly, in contrast with temporins and other
AMPs (29, 53), indolicidin exhibits a consistently reduced ac-
tivity against parasites defective for LPG biosynthesis, such as
the R2D2 mutant (27). However, as reported by Bera et al. (27),
because indolicidin produces an autophagic cell death, we can-
not exclude the possibility of a receptor-mediated pathway for
the induction of autophagy via LPG. Nevertheless, if the killing
mechanism of indolicidin is associated to the interaction with a
receptor, this might limit its antiparasitic potency compared
with that of temporins.

Overall, our results indicate the Leishmania membrane as
being the major target for temporins A and B based on the
following data: (i) the rapid induction of the collapse of the
membrane potential as well as the lowering of the intracellular
ATP levels and the permeation of the membrane simulta-
neously with the inhibition of parasite proliferation. All of
these findings also correlate with the extent of this inhibition
and are in contrast with the transient and slow effects caused
by peptides that traverse the membrane and act intracellu-
larly. Because maintenance of the trans-membrane potential
depends mainly on the gradient of K� and Na� across the
membrane, temporins probably promote plasma membrane
permeability to these ions: (ii) the fast kinetics of the drop in
the intracellular ATP level and the irreversibility of the proc-

ess. The hypothesis that the decrease in the intracellular ATP
level is because of its release from the parasite is reasonable;
indeed, if it happened because of the inhibition of the oxidative
phosphorylation, which represents the major source for ATP
production in Leishmania (54), we should expect a slower ini-
tial kinetic; (iii) the increase in SYTOXTM Green fluorescence,
which reflects the membrane perturbation; (iv) the pattern of
injured parasites as visualized by transmission electron mi-
croscopy. The photographs show damage in the plasma mem-
brane of the parasites in the form of blebs and breakages, as
well as a partial depletion in the intracytoplasmic content. A
similar effect on the Leishmania morphology was also detected
with other membrane-active leishmanicidal peptides such as
dermaseptins (55), cecropin A-melittin hybrids (28–30), or ma-
gainins (56). In addition, temporin-treated parasites were de-
void of the extensive cytoplasmic vacuolation as found with
indolicidin, which does not affect the integrity of the plasma
membrane (27); (v) the gap between the concentration values
for a short term effect (MTT reduction assayed after 1 h of
incubation of the parasites with peptides) and those for inhibi-
tion of proliferation, which are significantly lower than those
achieved for peptides with an intracellular target (57, 58); (vi)
note also the previously observed alteration of model mem-
brane structure by forming transient peptide-phospholipid
membrane-spanning pores, as described by the two-states
model (12, 45, 47, 48); and (vii) the fact that all-D-amino acid-
containing temporins A and B enantiomers preserved the an-
tibacterial activity of the natural peptide, indicating that chiral
targets are not involved (49, 59).

Most interestingly, although against promastigotes, both
temporins are almost equally efficient in the inhibition of pro-
liferation, in their capacity to depolarize the membrane poten-
tial, and their ability to reduce the intracellular ATP levels,
they have distinct effects on the influx of vital dyes such as the
SYTOXTM Green. For example, at a given concentration, tem-
porin B was substantially less active than temporin A in pro-
moting the intracellular influx of the dye. Conversely, a rever-
sal in potency was manifested against amastigotes (Figs. 4, C
and D, and Fig. 6) and in the calcein leakage assay from
liposomes (47), where temporin B was the most active peptide.
This suggests that the size of the membrane breakages and the
kinetics of their formation differ for the two molecules and that
both phenomena depend on the type of the phospholipid of the
target system. Indeed, the calcein leakage experiments were
done with liposomes containing phosphatidylglycerol and phos-
phatidylserine (47). However, phosphatidylglycerol is almost
absent in the plasma membrane of L. donovani promastigotes
(60), whereas phosphatidylserine is mainly located at its cyto-
plasmic leaflet. Furthermore, promastigotes contain an LPG
layer that is absent in amastigotes as well as in the liposomes,

FIG. 6. Activity of temporins A and B on amastigotes. L. pifanoi amastigotes (2 � 107parasites/ml) were incubated with different
concentrations of temporins at 32 °C for 60 min, and inhibition of MTT reduction was assayed immediately (A) or after proliferation for 5 days of
the remaining viable amastigotes (B). Peptide designation: temporin A, circle; temporin B, triangles. Data points represent the mean of triplicate
samples � S.D. from a single experiment, representative of three different experiments.
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and therefore, the ability to traverse this layer is also a crucial
parameter and might be different for the two peptides.

In summary, our results demonstrate that temporins A and
B are among the smallest highly active natural antiparasitic
peptides reported so far that act directly on membranes. This
should make it difficult for the parasite to develop resistance.
In addition, the small size of temporins and the finding that, in
contrast to many natural AMPs, they maintain activity in
physiological salt concentration as well as in serum makes
them as attractive lead compounds for the future development
of antiparasitic drugs with a new mode of action.
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