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Abstract

Different peptides have been isolated from a wide range of animal species. It is has become increasingly clear that due to the

development of antibiotic-resistant microbes, antibacterial and antifungal peptides have attracted the attention in recent years,

in order to find new therapeutic agents. In this work, a novel peptide with high inhibitory activity against fungi growth have

been isolated from the venom of the Brazilian snake Bothrops jararaca. A Sephacryl S-100 gel filtration column was employed

for further separation of proteins. The FV fraction with high antifungal activity was named Pep5Bj, pooled and submitted to

reverse-phase chromatography in HPLC. The fraction containing the isolated peptide inhibited the growth of different

phytopathogenic fungi (Fusarium oxysporum and Colletotrichum lindemuthianum) and yeast (Candida albicans and

Saccharomyces cerevisiae). The peptide minimal inhibitory concentration is comparable to other known antifungal peptides,

like insect defensins and cecropins, found in the last years in a large diversity of animals. We investigate F. oxysporum cells

membrane permeabilization using SYTOX Green uptake, an organic compound that fluoresces upon interaction with nucleic

acids after penetration in cell with compromised plasma membranes. When viewed under fluorescence optical microscopy,

F. oxysporum cells exposed to Pep5Bj display strong SYTOX Green fluorescence in the cytosol, especially in the nuclei. The

SYTOX Green data suggested that this effect is related to membrane permeabilization. The molecular masses of this peptide

was obtained by MALDI-TOF spectrometry and corresponded to 1370 Da.

q 2004 Published by Elsevier Ltd.
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1. Introduction

Antimicrobial peptides (AMPs) are an extremely diverse

group of small proteins that are considered together because
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of their native antimicrobial activity. The existence of

AMPs has been known for several decades, but only

recently has it been recognized that their function is

essential to the animal immune response. They participate

primarily in the innate immune system and are used as a first

line of immune defence by many organisms, including

plants, insects, bacteria, and vertebrates (Broekaert et al.,

1997; Bulet et al., 1999; Metz-Boutigue et al., 2003).
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As effectors of innate immunity, AMPs directly kill a broad

spectrum of microbes, including Gram-positive and Gram-

negative bacteria, fungi, and certain viruses. In addition,

these peptides interact with the host itself, triggering events

that complement their role as antibiotics. Combined, the

functions of the AMPs suggest that they are an important

and previously under-appreciated component of the animal

immunology (Gallo et al., 2002).

Steiner et al. (1981) identified the first antibacterial

peptides from the moth Hyalophora cecropia, the cecropins.

In the following years, such peptides with antibacterial

activity have been found in the whole animal and vegetal

kingdom, from bacteria, different insect orders to amphi-

bians, mammals and humans (Boman, 1991; Broekaert

et al., 1997; Stefanie et al., 2000). Different groups of AMPs

can be made based on structural differences (Haeberli et al.,

2000), for example: the cecropins (Boman, 1991); the insect

and plant defensins (Lehrer et al., 1991; Hofmann et al.,

1992; Commue et al., 1992); two proline-rich peptides, the

apidaecin and abaecin (Casteels et al., 1989, 1990); different

inducible antibacterial polypeptides: attacin (Kockum et al.,

1984), sarcotoxin, diptericin (Dimarcq et al., 1988),

coleoptericin (Bulet et al., 1991); and magainin, from

Xenopus laevis (Duclohier et al., 1989; Matsuzaki et al.,

1997).

Simultaneously to the finding of native AMPs in

different animal classes, analogue and hybrid peptides

were synthesized, which are even more potent (Chen et al.,

1988). They all share common features like cationic charge

and the ability to form amphipathic structures (Maloy and

Kari, 1995). They either act as a first line of defence of the

immune system to bacterial challenge as an induced

response, like insect defensins (Hofmann et al., 1992), or

they are constitutively present, like magainins on the skin of

Xenopus laevis (Zaslof, 1987).

Bothrops jararaca snake is responsible for the majority

of the ophidic accidents in Brazil. In humans and

experimental animals the envenomation induces systemic

haemorrhage and blood incoagulability (Rosenfeld, 1971;

Cardoso et al., 1993; Kamiguti and Sano-Martins, 1995;

Ribeiro and Jorge, 1997), in addition to intense tissue

damage at the site of injection. Symptoms are due to the

presence of a variety of toxins in the venom (Rosenfeld,

1971; Gutiérrez and Lomonte, 1989; Ribeiro and Jorge,

1997; Farsky et al., 1999). Snake venoms in general and

viperid venoms in particular have long been recognized for

the complexity of their molecular composition. More

recently, with the advent of proteomics, the extent of the

venom complexity has been more clearly illustrated.

Kanashiro et al. (2002) have demonstrated that typical

viperid venom may contain as many as several thousand

proteins with different properties. For example, previous

papers on the bactericidal effect of several basic myotoxic

PLA2s from Bothrops venoms have been showed by several

authors (Páramo et al., 1998; Soares et al., 2000; Rodrigues

et al., 2004). One example is a BnpTX-I, from Bothrops
neuwiedi pauloensis snake venom, that induced neurotoxic

effect on mouse neuromuscular preparations and bacteri-

cidal activity on Eschericia coli and Staphylococcus aureus

(Soares et al., 2000).

In this paper, we report on the isolation and character-

ization of a novel peptide from B. jararaca venom and the

inhibitory activity of this peptide against different fungi.
2. Materials and methods

2.1. Snake venoms

Venoms from adult specimens of B. jararaca were

provided by the Laboratório de Herpetologia, Instituto

Butantan. The venoms were filtered through a 0.22 mm
membrane, lyophilized and stored at K20 8C.

2.2. Fungi

Fungal isolates utilized were: Fusarium oxysporum and

Colletotrichum lindemuthianum were kindly supplied by

CNPAF/EMBRAPA, Goiania, Goiás, Brazil. Candida

albicans and Saccharomyces cerevisiae (1038) were

obtained from the Departamento de Biologia, Universidade

Federal do Ceará, Fortaleza, Brazil. The fungi were

maintained on Agar Sabouraud (1% peptone, 2% glucose

and 1.7% agar–agar).

2.3. Peptides purification

Initially, 50 mg from snake crude venom were submitted

to one cycle of gel filtration chromatography in Sephacryl

S-100 column (1.5!50 cm) equilibrated and developed

with 20 mM Tris–HCl plus 300 mM NaCl, pH 8.0 for

separation of proteins. The chromatography was developed

at a flow rate of 1.0 mL minK1. Protein peaks (2.0 mL

fractions) were collected and recovered after dialysis. The

column was calibrated with several proteins of known

molecular masses (bovine serum albumin, ovalbumin,

soybean trypsin inhibitor and ribonuclease). The peak

containing antifungal activity was collected and diluted in

0.1% (v/v) TFA and injected onto an HPLC Vydac C4

reverse phase column. The chromatography was developed

at a flow rate of 0.7 mL minK1 with 100% solvent A (0.1%

TFA in water) for 10 min, 80% solvent B (80% acetonitrile

containing 0.1% TFA) over 55 min and finally 100% solvent

B over 10 min. Proteins were monitored by on-line

measurement of the absorbance at 220 nm.

2.4. Mass spectrometry analysis

The molecular masses of the fractions obtained from

reverse phase chromatography were determined by spec-

trometer analysis. MALDI-TOF spectrometry was per-

formed with a Voyager-DE STR Bioworkstation in
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a linear mode using alpha cyano-4-hidoxycinnamic acid as a

proton donor matrix.

2.5. Effect of proteins on fungi growth

For the preparation of yeast cell cultures (C. albicans

and S. cerevisiae), inoculum was transferred to Petri

dishes containing Agar Sabouraud and allowed to grow

at 28 8C for 2 days; after this period the cells were

transferred to sterile 0.15 M saline solution (10 mL).

Yeast cells were quantified in a Neubauer chamber for

further calculation of appropriate dilutions. For the

preparation of conidia of F. oxysporum and C. linde-

muthianum the fungal cultures were transferred to Petri

dishes containing Agar Sabouraud for 12 days; after this

period saline solution (10 mL) was added to the dishes

and these were gently agitated for 1 min for spore

liberation with the help of a Drigalski loop. Conidia were

quantified in a Neubauer chamber for appropriate

dilutions.

Quantitative assay for fungal growth inhibition was

performed following the protocol developed by Broekaert

et al. (1990) with some modifications. To assay the effect

of different fractions on the fungi growth, the cells and

conidia (20,000 cells mLK1 in 1 mL of saline solution)

were incubated at 28 8C in 200 mL microplates in the

presence of different concentrations from peptide sol-

utions (12.5–200 mg mLK1 for total venom and

8 mg mLK1 for purified FV fraction). Optical readings

at 620 nm were taken at zero time and at each 6 h for the

following 44 or 60 h (Broekaert et al., 1990). Cell growth

control without addition of peptides was also determined.

After period growth the cells were pelleted by centrifu-

gation, washed in 0.1 M Tris–HCl, pH 8.0 and observed

in an optical microscope at 400! magnifications. All

experiments were run in triplicate and the data were used

for a calculation of the reading averages, the standard

errors and coefficients of variation.

2.6. Inhibition of the glucose-stimulated acidification

of the medium by yeast

The Sabouraud broth (100 mL) S. cerevisiae culture was

shaken for 16 h at 30 8C with good aeration. The culture

(A660Z0.250) was pelleted by centrifugation at 2000!g

(5 min, 4 8C), followed by three water-washing steps.

Inhibitory activity of snake venom was determined by

incubation of S. cerevisiae cells (4!107) with 5 mL of

5 mM Tris–HCl, pH 7.1. Snake venom (FV fraction) was

added to final concentrations of 25 mg mLK1. After 30 min

time incubation, a 0.5 M glucose solution (1 mL) was added

to give a final concentration of 0.1 M and pH measurements

were taken at each subsequent minute for the 30 min.

Negative (no venom added) was run in order to evaluate the

influence of venom on HC extrusion by yeast (Gomes et al.,

1998).
2.7. SYTOX Green uptake assay

Permeabilization was measured by SYTOX Green

uptake as described previously by Thevissen et al. (1999)

with some modifications. F. oxysporum was grown in the

presence of peptide solutions (5 mg mLK1). After 60 h of

growth, the cells were pelleted by centrifugation and

hyphae were washed in 0.1 M Tris–HCl, pH 8.0. One

hundred-microliter aliquots of the suspension of

F. oxysporum hyphae were incubated with 0.2 mM

SYTOX Green in white 96-well microplates for 30 min

at 25 8C with periodic agitation. After incubation time,

fluorescence was viewed with a fluorescence microscope

(Axiophoto Zeiss) equipped with a filer set for fluor-

escein detection (excitation wavelength, 450–490 nm;

emission wavelength, 500 nm).
2.8. Scanning electron microscopy

For scanning electron microscopy, the yeast cells

grown for 60 h in Sabouraud broth in the presence or

absence of venom fraction were fixed for 30 min at room

temperature in a solution containing 2.5% glutaraldehyde,

2.0% formaldehyde in 0.1 M phosphate buffer, pH 7.3.

Subsequently, the materials were rinsed three times with

the above buffer, post-fixed for 30 min at room

temperature with 1.0% osmium tetroxide diluted in the

same buffer and rinsed with distilled water. After this

procedure, the fungi were dehydrated in acetone, critical

point dried in CO2, covered with 20 nm gold and

observed in a Zeiss 962 scanning electron microscope.

Cell growth control without addition of peptides was also

determined.
3. Results
3.1. Purification and characterization of the venom peptides

Peptide(s) from snake venom were purified using a

combination of gel filtration and phase-reverse chromatog-

raphy. The proteins from snake crude venom was separated

in eight different fractions named FI, FII, FIII, FIV, FV,

FVI, FVII and FVIII by means of gel filtration chromatog-

raphy in Sephacryl S-100 column (Fig. 1(A)). The FV

fraction, with the strongest antifungal activity (see below),

was further fractionated by reverse-phase chromatography.

This fraction was loaded on a C4 column and the proteins

were eluted using a linear acetonitrile gradient. Only one

major peak called FV-RP could be detected when either FV

was analysed (Fig. 1(B)).

FV fraction was also submitted to mass spectrometer

analysis which shows the presence of one peak and revealed

that their molecular masses are equal to 1370 Da (Fig. 2).



Fig. 1. Purification of the antifungal peptides from snake venom. (A) Sephacryl S-100 chromatography. Column was equilibrated and eluted

with 20 mM Tris–HCl buffer plus 300 mM NaCl, pH 8.0. The flow rate was 60 mL hK1 and 2.0 mL fractions were collected; (B) RP-HPLC

chromatography. PepBj (FV) fraction was load on a reverse-phase column and run in a Shimadzu apparatus. Elution was carried out as

described in Section 2. The dark line represents the blanck and the dash line one the protein elution profile at 220 nm.
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3.2. Effect of snake venom on fungi growth

Our screening indicated that snake venom proteins

display antifungal activities against a wide range of fungi.

Fig. 3 shows the patterns of growth for F. oxysporum and

C. lindemuthianum in the presence of crude venom and in

control medium. We noticed a high inhibitory effect on

growth for both fungi tested in the concentration used
the 25 mg mLK1. For and S. cerevisiae we decided to

analyse the growth inhibition in the presence of different

crude venom concentrations (12.5–200 mg mLK1). We can

also see a high inhibitory effect on yeast growth using

12.5 mg mLK1 with total inhibition of the growth at

200 mg mLK1 (Fig. 3(C)). Photomicrographs of the

mycelia of the F. oxysporum (Fig. 4(A) and (B)) and

C. lindemuthianum (Fig. 4(C) and (D)) fungi were taken



Fig. 2. MALDI-TOF spectrometry of PepBj (FV) fraction: the peptide sample was diluted in a saturated solution of a-cyano-4-hidoxycinnamic

acid in acetonitrile. The spectrum was obtained in a Voyager-DE STR operating in linear mode under an acceleration of 20,000 V and laser

intensity of 2160. The molecular weight peaks were determined in a similar manner.
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after the 44 h growth period. Normal hyphal development

(Fig. 4(A) and (C)) was observed in control treatment but in

the venom containing fraction there was a noticeable

inhibition of conidial germination and hyphal development

(Fig. 4(B) and (D)).

During the purification process, we have also tested

different proteins fractions from Sephacryl S-100 against

the phytopathogenic fungi, C. lindemuthianum and

F. oxysporum and against the yeast S. cerevisiae and

C. albicans, but only those for FV fraction, named now

Pep5B, is shown. Fig. 5 shows the growth patterns of

these microorganisms in the presence of the 8 mg mLK1

from Pep5B fraction. We observed a notable inhibitory

effect of the Pep5B fraction on growth for all fungi

tested, especially when observed the yeast growth

inhibition (Fig. 5(C) and (D)).

We further analysed through scanning microscopy

possible alterations in yeast morphology caused by peptide

of the Pep5B fraction. Photomicrographs of the yeast

were taken after the 60 h growth period. Normal growth

development was observed in control cells treatment
(Fig. 6(A) and (C)). However, cultures treated with

proteins of the Pep5B fraction showed a notable inhibition

of S. cerevisiae growth and cell swelling as compared with

the control (Fig. 6(B)). For C. albicans, we could also see in

cultures treated with FV fraction a notable growth inhibition

as well morphological alterations with the formation of

many pseudo-hyphae in the medium, no observed in control

(Fig. 6(D)).
3.3. Effect on the glucose-stimulated acidification of the

medium by yeast and permeabilization of F. oxysporum cells

To test whether venom proteins could interact with the

fungal plasma membrane we monitored their effect on the

glucose-stimulated acidification of the incubation medium

by S. cerevisiae yeasts. We found that total snake venom

was able to inhibit the glucose-stimulated acidification of

the incubation medium by fungal cells. The FV fraction, in

the case of 25 mg mLK1 demonstrated 60% of the

inhibition (Fig. 7). We also tested the ability of Pep5B

fraction to permeabilize F. oxysporum hyphae. SYTOX



Fig. 3. The effect of total venom on fungal growth. Fungal growth was monitored by measuring the density of fungal culture at 620 nm.

(&) Control; (:) 12.5; (C) 25; (%) 50; (6) 100; (B) 200 mg mLK1. (A) Colletotrichum lindemuthinum; (B) Fusarium oxysporum;

(C) Saccharomyces cerevisiae. Experiments were performed in triplicate and the standard errors (coefficients of variation were less than 20%)

were omitted for clarity.
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Green permeabilization was assessed 60 h after growth

period in presence of peptides and 30 min after the addition

of SYTOX Green. When viewed with a fluorescence

microscope, F. oxysporum cells showed strong SYTOX

Green fluorescence in the cytosol, especially in the nuclei

(Fig. 8).
4. Discussion

In the last years, several AMPs have been found in

different venoms from different animals and these are

traditionally linked to defence mechanisms (Gallo et al.,

2002). In this study, the low molecular proteins from snake

venom, referred to here as FV-RP, derived from the FV

fraction by Sephacryl S-100, were purified after reverse-

phase chromatography (Fig. 1). When screening new

peptides in snake crude venom by MALDI-TOF-MS, we

found one principal short peptide with molecular weight of

1370 Da (Fig. 2). One supposition was that they might be

fragments coming from proteins or polypeptides since the

existence of proteases in the crude venom (Dai et al., 2002).
However, the characterization of two cytotoxic short

peptides IsCT and IsCT2, from scorpions’ venom, and

especially the further gene analysis results showed that some

of them are original biological peptides in the crude venom

(Dai et al., 2002). The values for the isolated peptide lie in

the range of molecular masses found by several authors for

these peptides isolated from other venom (Haeberli et al.,

2000; Konno et al., 2001; Dai et al., 2002)

It is generally accepted that different venoms have

several thousand proteins with different properties. How-

ever, it was recently shown that the peptides present in

venoms from wasp, spider and scorpions were identified, for

the first time, as a novel class of antifungal proteins

(Haeberli et al., 2000; Konno et al., 2001; Moerman et al.,

2002). In our study, the FV fraction that contain one major

peptide, named PepBj, displayed inhibitory activity against

several fungi tested, C. lindemuthianum, C. musae,

F. oxysporum and S. cerevisiae. The peptide minimal

inhibitory concentration is comparable to other known

antifungal peptides, like insect defensins and cecropins,

found in the last years in a large diversity of animals

(Sitaram and Nagaraj, 1999; Moerman et al., 2002). We also



Fig. 5. The effect of peptides (FV fraction) on fungal growth. Fungal growth was monitored by measuring the density of fungal culture at

620 nm. (&) Control; (C) 10 mg mLK1. (A) Colletotrichum lindemuthinum; (B) Fusarium oxysporum; (C) Saccharomyces cerevisiae;

(D) Candida albicans. Experiments were performed in triplicate and the standard errors (coefficients of variation were less than 20%) were

omitted for clarity.

Fig. 4. Light micrographs of Fusarium oxysporum (A, B) and Colletotrichum lindemuthinum (C, D) mycelia after 44 h of fungi growth in the

(A, C) control medium or presence of (B, D) total venom (25 mg mLK1). Magnification barsZ15 mm.
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Fig. 7. The effect of FV Fraction on the glucose dependent

acidification of the medium by Fusarium oxysporum cells. (&)

Control; (C) FV fraction (25 mg mLK1). Glucose was added after

30 min of cell incubation with the FV fraction to a final

concentration of 100 mM.

Fig. 6. Scanning electron microscopy of Saccharomyces cerevisiae (A, B) and Candida albicans (C, D) cells after 60 h of fungi growth in the

(A, C) control medium or presence of (B, D) FV fraction (10 mg mLK1). Magnification bars: (A and B) 10; (C and D) 5 mm.
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showed from optical and scanning electron microscopy that

peptides derived from FV fraction induced various hyphal

morphological alterations in these fungi. The total venom

fraction also inhibited the glucose-stimulated acidification

of the medium by F. oxysporum by up to 40%. We have

observed that the partial inhibitory effect of the peptides on

the glucose dependent acidification of the medium by fungi

cells correlated well with the inhibition of fungal growth.

This fact can be taken as an indication that the fungi growth

inhibition by this fraction may be mediated by either an

inhibition of the HC-ATPase of the fungal plasma

membrane or an increase in the HC permeability of this

membrane. At present, the information on the mechanism of

action of antifungal proteins is very limited.

Peptide antibiotics which are hydrophobic in nature such

as gramicidin A and alamethicin have been extensively used

to delineate peptide–membrane interactions (Sitaram and

Nagaraj, 1999). Their small size and easy availability have

made it possible to study lipid–peptide interactions in depth

by a variety of biophysical techniques. Different peptides

were found to have the ability to modulate ion flux across

membranes and hence became popular models for under-

standing how ion channel proteins function (Sitaram and

Nagaraj, 1999). Since the early 1980s, it has become evident

that peptides are an important constituent of the host-

defence mechanism against microbes in species right across

the evolutionary scale from insects to mammals (Steiner

et al., 1981, James et al., 1994; Konno et al., 2001; Gallo

et al., 2002). The amino acid composition of these peptides,



Fig. 8. Fluorescence microscopy of fungal cells in the presence of SYTOX Green and FV fraction. F. oxysporum cells were suspended in buffer

containing 0.2 mM SYTOX Green and treated for 30 min in the absence (A, B) or presence (C–F) of FV fraction (10 mg mLK1). Section of

presented in bright-field (A, C, E) and viewed with fluorescence (B, D, F). Magnification bars: (A–D) 5 mm; (E and F) 15 mm. Arrows represents

cells showed strong fluorescence in the cytosol, especially in the nuclei.
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along with the presence of cationic amino acids, suggested

that they would have the ability to associate with membrane

lipids (Sitaram and Nagaraj, 1999). When used an assay

based on the uptake of SYNTOX Green to investigate

membrane permeabilization in fungi we found that the

peptides present in FV fraction were also capable to induce

the membrane permeabilization, displaying strong SYTOX

Green fluorescence in the cytosol, especially in the nuclei.

The biological activity of each individual natural peptide

is likely to be specific for the defensive role that the peptide
must play in different cell types. Because resident

microflora, potential pathogens, and environmental stresses

are very different in each tissue, the expression pattern and

regulation of the AMPs in each organ provide insight into

their function and importance (Gallo et al., 2002). Structural

analyses such as amino acid sequence and circular

diachronic studies as well as conductance measurements

and pharmacological studies of the action on the different

pathogens will reveal more about the mode of action of the

AMPs of snake venoms.
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