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Melittin induces apoptotic features in Candida albicans
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a b s t r a c t

Melittin is a well-known antimicrobial peptide with membrane-active mechanisms. In this study, it was
found that Melittin exerted its antifungal effect via apoptosis. Candida albicans exposed to Melittin
showed the increased reactive oxygen species (ROS) production, measured by DHR-123 staining. Fluores-
cence microscopy staining with FITC-annexin V, TUNEL and DAPI further confirmed diagnostic markers of
yeast apoptosis including phosphatidylserine externalization, and DNA and nuclear fragmentation. The
current study suggests that Melittin possesses an antifungal effect with another mechanism promoting
apoptosis.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Antimicrobial peptides (AMPs), which are considered as the na-
tive line of defense throughout nature, show a high toxicity against
both Gram-positive and Gram-negative bacteria as well as fungi,
viruses, and mycobacteria [1,2]. Research in this field is of growing
interest, as AMPs are typically small (�10–50 residues), cationic,
amphipathic peptides, known to permeate microbial membranes
by the formation of transmembrane ion permeable pores or by
the detergent-like manner, thus inducing leakage of the cellular
components across the bilayer [3,4]. On the other hand, recent re-
ports demonstrate that AMPs such as, plant defensin RsAFP2 [5],
dermaceptins [6] and human lactoferrin [7], exert their antimicro-
bial effect via inducing apoptosis against microbes.

Melittin is a naturally occurring AMP with remarkable cyto-
lytic potency. It is the principal toxic component of the European
honeybee venom, Apis mellifera. It is a cationic, amphipathic
hexacosa peptide (GIGAVLKVLTTGLPALISWIKRKRQQ-CONH2),
with a large hydrophobic region and a stretch of predominantly
hydrophilic amino acids at the carboxy terminal. This peptide is
widely known to have membrane-active activity by micellization
as well as voltage-dependent ion channel formation across the
lipid bilayer [8–10]. In this study, it was investigated whether
Melittin could exert antifungal effect via another mechanism like
apoptosis. The results showed that Melittin induced apoptosis
ll rights reserved.
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against Candida albicans. This is the first report that Melittin in-
duces apoptosis in C. albicans.

2. Materials and methods

2.1. Peptide synthesis

The peptide was synthesized by the solid-phase method using
Fmoc(9-fluorenyl-methozycarbonel)-chemistry [11]. The crude
peptide was repeatedly washed with diethylether, dried in a vac-
uum, and purified using a reversed-phase preparative HPLC on a
Waters 15-lm Deltapak C18 column (19 � 30 cm). The purity of
the peptide was confirmed by an analytical reversed-phase HPLC
on an Ultrasphere C18 column, 4.6 � 25 cm (Beckman, USA). The
molecular weights of the synthetic peptides were determined
using a matrix-assisted laser desorption ionization MALDI-mass
spectrometer [12].

2.2. C. albicans apoptosis assay

C. albicans cells (2 � 106/ml, YPD) were incubated with 2.5 lM
Melittin or 5 mM H2O2 for 2 h 30 min at 30 �C. Intracellular ROS
accumulation was determined by incubation of cells with 5 lg/
ml of DHR-123, which can be oxidized by ROS to become the fluo-
rescent chromophore Rh-123. The cells were analyzed by flow
cytometric analysis [13].

Annexin V-FITC labeling was performed following the modified
method of F. Madeo [13]. C. albicans cells were harvested by centri-
fugation, washed in 0.1 M potassium phosphate buffer (PPB, pH
6.0), resuspended in PPB containing 1 M sorbitol, and digested with
lysing enzyme (20 mg/ml). The cells were washed with 0.1 M PPB
containing 1 M sorbitol. The cells were treated with peptide and
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compound for 2 h were washed and resuspended in an annexin
binding buffer (1 M sorbitol). The cells were incubated with 5 ll
of annexin V-FITC/ml and incubated for 20 min prior to the 5 ll
of PI.

DNA fragmentation was analyzed by the TUNEL method [14].
The cells treated with peptide and compound for 150 min were
washed in a PBS containing 1 M sorbitol. The DNA ends were
labeled by using an in situ cell death detection kit.

Nuclear fragmentation was analyzed as DAPI staining. For
nuclear staining, cells were washed with PPB, permeabilized, and
incubated with 1 lg of DAPI/ml for 10 min. Cells were then har-
vested and examined by fluorescence microscopy.

For quantitative assessment of stained cells (annexin V, TUNEL),
at least 200 cells per sample were examined by fluorescence
microscopy, Axio Imager A1 and Axio Cam MR5 (Carl Zeiss).

3. Results and discussion

Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ-CONH2) is one of
the representative antimicrobial peptides isolated from the Euro-
pean honeybee venom, Apis mellifera [8]. It has been reported that
antibacterial and antifungal property against human pathogenic
strains of this peptide via membrane-disruption is remarkable.
Due to its pronounced cytolytic activity, Melittin is widely used
as a positive control to compare the antimicrobial activity of the
molecules and as a template for designing hybrid peptides
[15,16]. Also, extensive research with regards to its membrane-ac-
tive mechanisms has been undertaken to reveal the architecture of
the membrane perturbation and molecular details of the mecha-
nism [17,18].

3.1. Melittin induces intracellular production of ROS in C. albicans

Recently, studies in the pathway analysis and system biology
indicated that regardless of action classification based on drug-tar-
get interaction, major classes of bactericidal antibiotics stimulated
the production of hydroxyl radicals, which ultimately contributed
to induce programmed cell death [19,20]. To determine whether
this finding also applied to Melittin in exerting a fungicidal effect,
the intracellular production of ROS in the cells treated with Melit-
tin was analyzed. The relative fluorescent intensity of DHR-123,
which is oxidized to a fluorescent derivative by intracellular ROS
in the cultures treated with Melittin or not, determined by flow
cytometry. C. albicans, a denoted yeast model system for studying
programmed cell death in higher eukaryotes [21], as well as the
most prevalent systemic fungal pathogen [22], was used as test
organism. A total of 7.8% of cells treated with Melittin was DHR-
123 positive, corresponding to the intracellular accumulation of
ROS (Fig. 1). The detection of ROS is one of the major stimuli for
Fig. 1. ROS accumulation in Melittin-treated C. albicans cells. Flow cytom
the induction of apoptosis and is considered one of the crucial ele-
ments for cell death found in yeast and higher eukaryotes [13]. It
was investigated whether the apoptotic features could be observed
in C. albicans cultures treated with Melittin. The investigation for
the mechanisms of action of Melittin in retaining antifungal activ-
ity were followed by examination for programmed cell death
reminiscent of apoptotic markers, such as phosphatidylserine
externalization.

3.2. Phosphatidylserine externalization in Melittin-treated C. albicans

To determine whether Melittin could induce the apoptotic fea-
tures in C. albicans, based on the MIC value as a criterion, the cells
were treated with the peptide under the two concentrations at
1.25 lM as a subinhibitory concentration or at 2.5 lM. Phosphati-
dylserine is only distributed in the inner leaflet of the lipid bilayer
of the plasma membrane, which is maintained by the ABC trans-
porters in C. albicans. The phosphatidylserine externalization at
the outer leaflet of the cytoplasmic membrane is interpreted as
an early marker of apoptosis in C. albicans cells as well as mamma-
lian cells [13,22]. To detect the early event of apoptosis and
discrete necrosis, C. albicans cells exposed to Melittin were
co-stained with annexin V-FITC and PI. As shown in Fig. 2A-d,
12% of the cells treated with at the subinhibitory concentration
of Melittin were stained as annexin V-positive and PI-negative, dis-
playing similar response to 5 mM H2O2, an inducer of apoptosis in
yeast cells [23]. When cells were treated with Melittin at the MIC,
however, 40.2% of the PI-positive cells were observed (Data not
shown). In the cultures treated with peptide at the two times the
MIC, the dominant population of the cells was 76% of PI-positive,
indicating immediate cell death caused by the membrane defects
[15]. It is likely that at the subinhibitory concentration of Melittin,
C. albicans cells show apoptotic features, while the membrane-ac-
tive necrotic effect mainly contributes to the antifungal activity
of Melittin at the MIC.

3.3. DNA and nuclear fragmentation in Melittin-treated C. albicans

To further confirm the apoptotic features induced in C. albicans
by the antimicrobial peptide Melittin, the TUNEL assay was con-
ducted in order to detect apoptotic DNA fragmentation by labeling
30-OH termini with modified nucleotides catalyzed by terminal
deoxynucleotidyltransferase. The labeling of DNA breaks by TUN-
EL, one of the reliable methods for the identification of apoptotic
cells, is utilized to visualize the apoptotic phenotype cells
[15,24]. 9% of TUNEL-positive cells were observed in the
population treated with Melittin (Fig. 2B-a). DAPI staining of Mel-
ittin-treated cells showed the distributed nuclear fragments
(Fig. 2B-d). In untreated cultures, the nucleus appears as single
etric analysis of cells treated with Melittin incubated with DHR-123.



Fig. 2. C. albicans apoptosis assay. (A) Phosphatidylserine externalization shown by FITC-annexin V staining in Melittin-treated C. albicans cells. C. albicans cells were treated
with Melittin (c and d), H2O2 (e and f) or not treated (a and b). Subpanels (a, c, and e) are phase-contrast micrographs. (B) DNA and nuclear fragmentation shown by TUNEL
and DAPI staining in Melittin-treated C. albicans cells. C. albicans cells were treated with Melittin (a and d), H2O2 (b and e) or not treated. (C) Melittin-treated C. albicans cells
showing apoptotic markers. Annexin+, TUNEL+, and ROS+ refer to the percentage of stained cells.
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round spot in the cell (Fig. 2B-c). C. albicans is known to activate a
programmed cell death with features reminiscent of apoptosis in
response to a variety of environmental stimuli such as, NaCl stress
[25], acetic acid [26], hydrogen peroxide [21] as well as amphoter-
icin B [15]. In the case of Melittin, even though further investiga-
tions are needed, it is currently speculated that at low
concentration, the formation of peptide dimer or tetramer, which
is linked to the membrane-active activity, was inhibited, Melittin
could more easily translocate the plasma membrane, and then bind
to intracellular molecules, which might trigger apoptosis in C. albi-
cans. Taken together, these results showed that a series of apopto-
tic features were observed in cultures of C. albicans treated with
Melittin mainly at the subinhibitory concentration.

In conclusion, this study presents the first investigation for anti-
microbial peptide Melittin inducing apoptotic features in C. albi-
cans. Although the molecular background of the actions of
Melittin has not as yet been fully elucidated, this report suggests
another direction, which deserves further studies to define anti-
fungal action mechanisms of Melittin, as well as membrane-disup-
tive mechanisms.
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