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Abstract We have previously shown that the antifungal
activity of human lactoferrin (hLf) against Candida albi-
cans relies on its ability to induce cell death associated
with apoptotic markers. To gain a deeper understanding of
the mechanisms underlying hLf-induced apoptosis, we
characterized this cell death process in the well-established
Saccharomyces cerevisiae model. Our results indicate that
hLf induces cell death in S. cerevisiae in a manner that
requires energy and de novo protein synthesis. Cell death is
associated with nuclear chromatin condensation, preser-
vation of plasma membrane integrity, and is Ycalp meta-
caspase-dependent. Lactoferrin also caused mitochondrial
dysfunction associated with ROS accumulation and release
of cytochrome c. Pre-incubation with oligomycin, an
oxidative phosphorylation inhibitor, increased resistance to
hLf and, accordingly, mutants deficient in the F,F,-ATP
synthase complex were more resistant to death induced by
hLf. This indicates that mitochondrial energetic metabo-
lism plays a key role in the killing effect of hLf, though a
direct role of FFy-ATP synthase cannot be precluded.
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Overexpression of the anti-apoptotic protein Bcl-xL or pre-
incubation with N-acetyl cysteine reduced the intracellular
level of ROS and increased resistance to hLf, confirming a
ROS-mediated mitochondrial cell death process. Mito-
chondrial involvement was further reinforced by the higher
resistance of cells lacking mitochondrial DNA, or other
known yeast mitochondrial apoptosis regulators, such as,
Aiflp, Cyc3p and Aacl/2/3p. This study provides new
insights into a detailed understanding at the molecular level
of hLf-induced apoptosis, which may allow the design of
new strategies to overcome the emergence of resistance of
clinically relevant fungi to conventional antifungals.
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Introduction

Lactoferrin (Lf) is an iron-binding glycoprotein produced
by mucosal epithelial cells or neutrophils in many mam-
malian species. It is found in several biological fluids, with
particular abundance in milk and colostrum. Many bio-
logical activities have been attributed to this protein since
its discovery, from which its high antimicrobial activity
stands out [1]. In fact, it has been demonstrated that Lf
exhibits antimicrobial activity against a broad spectrum of
filamentous fungi, yeasts, bacteria, protozoa, viruses and
parasites [2]. Regarding its antifungal activity, it inhibits
the growth of different fungal plant pathogens such as
Aspergillus niger and Trichoderma viride [3], of der-
matophytic fungi like Trichophyton mentagrophytes [4],
and inhibits spore germination and mycelial growth of
Botrytis cinerea in a time- and dose-dependent manner [5].
However, most studies on Lf antifungal activity have been
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performed with species of the genus Candida, probably due
to the fact that most species are human pathogens [6].
Lactoferrin candidacidal activity was reported to be spe-
cies-dependent, with Candida tropicalis and Candida
krusei being the most susceptible species [7]. In a previous
study, we have demonstrated that the candidacidal activity
of Lf is modulated by the metabolic state of the cell and by
the extracelular cation concentration, being optimal at
aerobic and low-strength conditions, respectively [8]. More
recently, we found that Lf induces apoptosis-like cell death
in Candida albicans, which depends on the K" -channel-
mediated K" efflux [9]. However, few information about
the mechanisms underlying Lf-induced cell death is
available. To gain further insight into this process, we
decided to use the yeast Saccharomyces cerevisiae, which
has been extensively used to elucidate cell death processes
[10, 11]. In fact, it has been reported that S. cerevisiae cells
can undergo an apoptotic-like cell death in response to
different stimuli exhibiting the typical hallmarks of the
mammalian apoptosis, including phosphatidylserine exter-
nalization, chromatin condensation and DNA fragmenta-
tion. Conservation of mitochondria and lysosomal-like
apoptotic pathways was also demonstrated [10, 12, 13].
This, together with the molecular tools available, makes S.
cerevisiae an ideal model organism for the elucidation of
the molecular events occurring during cell death processes
[11, 14-16].

Here, we found that hLf triggers a mitochondrial- and
caspase-dependent regulated cell death in S. cerevisiae
characterized by nuclear chromatin condensation, preser-
vation of the plasma membrane integrity, caspase activation,
ROS accumulation and cytochrome ¢ release. The lethal
effect of hLf is inhibited by cycloheximide, 2-deoxyglucose
and oligomycin, indicating that the cell death process
depends on de novo protein synthesis, and mitochondrial
energetic metabolism. Mutants deficient in the yeast meta-
caspase Ycalp and in other known yeast apoptotic regula-
tors, mainly mitochondrial proteins, were more resistant to
death induced by hLf. This evidence together with the
mitochondrial dysfunctions induced by hLf reinforce the
relevance of mitochondria in the cell death process. This
study also provides a deeper understanding of hLf-induced
apoptosis at the molecular level, which may allow the design
of new strategies to overcome the emergence of resistance of
clinically relevant fungi to conventional antifungals.

Materials and methods
Strains, media and growth conditions

All S. cerevisiae strains used in this study are listed in
Table 1. S. cerevisiae BY4741 and W303-1A and -1B were

@ Springer

used as the wild-type strains. The W303-1B strain was
transformed with pCM184-Bcl-xL by the LiAc/SS Carrier
DNA/PEG method [17]. S. cerevisiae BY4741, W303-1A
and -1B, as well as respective mutants were all grown and
maintained in YPD (yeast extract-peptone-dextrose) med-
ium with 5 % glucose at 30 °C. S. cerevisiae W303-1B
strain transformed with the plasmid pCM184-Bcl-xL was
grown at 30 °C in 0.175 % yeast nitrogen-base medium,
with 0.5 % ammonium sulphate, 0.1 % potassium di-hy-
drogen phosphate, 0.01 % adenine, 0.01 % histidine,
0.01 % leucine, 0.01 % wuracil and 2 % glucose as the
carbon source. The expression of Bcl-xLL was repressed by
the presence of 1 pg/mL doxycycline (Sigma-Aldrich, St.
Louis, MO, USA).

Cell death assays

The activity of hLf against the different strains used
throughout this study was assessed by standard dilution
plate counts [9]. Briefly, yeast cells were grown in YPD
supplemented with 5 % or 2 % glucose, washed twice with
Tris—=HCI (10 mM pH 7.4), resuspended (105 cells/mL),
and incubated with hLf (1.56-6.25 pM) for 90 or 120 min.
Cells were diluted, plated onto YPD-agar, and incubated
for 24-48 h at 30 °C. The percentage of cell survival was
calculated as the number of colonies recovered from hLf-
treated cells divided by the number of colonies recovered
from control cells. The effects of cycloheximide (10 pg/
mL), 2-deoxyglucose (2-DG, 20 nM), oligomycin (4 pg/
mL) and N-acetyl-L-cysteine (NAC, 5 mM) were evaluated
by pre-incubation with these compounds for 30 min. These
three compounds were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Assessment of plasma membrane integrity

The integrity of the plasma membrane was assessed by
staining with propidium iodide (PI, Sigma-Aldrich, St.
Louis, MO, USA). Briefly, cells were harvested by cen-
trifugation, ressuspended in phosphate buffered saline
solution (PBS), and incubated with 2 pg/mL PI at room
temperature for 5 min, in the dark, and then analysed by
flow cytometry. Cells with red fluorescence [FL-3 channel
(488/620 nm)] were considered to have lost their plasma
membrane integrity.

Monitoring chromatin condensation

In order to evaluate chromatin condensation, cells were
fixed in ethanol-PBS (1:1, v/v), stained with 2 pg/mL of
4,6-diamido-2-phenyl-indole (DAPI, Sigma-Aldrich, St.
Louis, MO, USA) for 10 min in the dark and observed by
fluorescence microscopy (Leica Microsystems DM-5000B;
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Table 1 List of S. cerevisiae

strains used in this study Strain Genotype Source
BY4741 MATa; his3A, leu2A 0; met15A 0; ura3A 0 Euroscarf
yealA BY4741 ycal A:KanMX4 Euroscarf
aiflA BY4741 aifl A::KanMX4 Euroscarf
W303-1A MAT a, ade2, his3, leu2, trpl, ura3, canl Rodney Rothstein
W303-1B MAT o, ade2, his3, leu2, trpl, ura3, canl Rodney Rothstein
atpl0A W303-1A atpl0A::KanMX4 Alexander Tzagoloff
atp2A W303-1B atp2A::KanMX4 [13]
aacl/2/3A W303-1B aaclA::LEU2, aac2A::HIS3, aac3A::URA3 Jordan Kolarov
0° W303-1A, ade2, his3, leu2, trpl, ura3, canl, rho® [13]

W303 pCM184-Bcl-xL

W303-1B harbouring pCM184-Bcl-xL

This study

Leica DCF350FX digital camera). At least 300 cells per
experiment were counted.

Caspase activation assays

Caspase activation was assessed by staining with the
CaspSCREEN Flow Cytometric Apoptosis Detection Kit
(BioVision Inc, Milpitas, CA, USA). Cells were incubated
with the non-fluorescent caspase substrate D,R [(Asp),-
rhodamine 110] at 37 °C for 90 min and then analysed by
flow cytometry. Cells with green fluorescence [FL-1
channel (488/525 nm)] were considered to display caspase
activation. Representative histograms of each condition are
available on Online Resource 1.

Determination of reactive oxygen species (ROS)
accumulation

Intracellular ROS accumulation was determined by flow
cytometry by staining with the dihydroethidium (DHE)
probe (Molecular Probes, Eugene, OR, USA). S. cerevisiae
suspensions were harvested by centrifugation, ressus-
pended in PBS, and incubated 30 min with 5 pg/mL. DHE
in the dark, and then analysed by flow cytometry. Cells
with red fluorescence [FL-3 channel (488/620 nm)] were
considered to accumulate superoxide anion. Representative
histograms of each experiment are available on Online
Resource 2 and 3.

Cytochrome ¢ detection

For cytochrome c¢ detection, cells were grown and treated
under the conditions above described, harvested, and
mitochondrial and cytosolic fractions were prepared as
previously described [18]. Mitochondrial and cytosolic
fractions were separated electrophoretically on a 15 %
SDS—polyacrylamide gel and transferred to a Hybond-
Polyvinylidene difluoride membrane (PVDF, GE Health-
care, Pittsburgh, PA, USA) at 60 mA during 1 h 30 m.

Membranes were incubated with the primary antibodies:
mouse monoclonal anti-yeast phosphoglycerate kinase
(PGK1) antibody (1:5000, Molecular Probes, Eugene, OR,
USA), mouse monoclonal anti-yeast porin (POR1) anti-
body (1:5000, Molecular Probes, Eugene, OR, USA) and
rabbit polyclonal anti-yeast cytochrome ¢ (CYC1) antibody
(1:2000, custom-made by Millegen, Labége, France), fol-
lowed by incubation with secondary antibodies against
mouse or rabbit IgG-peroxidase (1:5000; Sigma Aldrich,
St. Louis, MO, USA). Immunodetection of bands was
revealed by chemiluminescence (ECL, GE Healthcare,
Pittsburgh, PA, USA).

Flow cytometry analysis

Analysis by flow cytometry were performed in an Epics®
XL™ (Beckman Coulter) flow cytometer equipped with an
argon-ion laser emitting a 488 nm beam at 15 mW. Twenty
thousand cells were analysed per sample at low flow rate.
Data were analysed by WinMDI 2.8 software (The Scripps
Research Institute, La Jolla, CA, USA).

Statistical analysis

All experiments were performed at least three times and
data are expressed as the mean values with the corre-
sponding standard deviation (SD). Statistical analysis were
performed using GraphPad Prism 4.0 software (GraphPad
Software, CA, USA) and p values <0.05 were considered
statistically significant in all assays.

Results

hLf-induced cell death in Saccharomyces cerevisiae
is active and energy-dependent

In order to ascertain if hLf triggers cell death in S. cere-
visiae BY4741, we exposed exponentially grown cells to
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increasing concentrations of hLf (1.56, 3.12 and 6.25 pM)
in Tris—HCI buffer (pH 7.4) for 90 min, and evaluated cell
survival by standard dilution plate counts. Our results
indicate that hLf induces a concentration-dependent loss of
cell viability that reached approximately 65 % for the
highest concentration tested (Fig. la). Then, to further
characterize the cell death process induced by hLf, the
same experiment was carried out in cells pre-incubated
with either cycloheximide or 2-deoxyglucose (2-DG) for
30 min. Cycloheximide is an inhibitor of protein synthesis
[19], and 2-DG is a non-metabolizable analogue of glucose
that inhibits glycolysis and leads to ATP depletion [20].
We observed that both compounds attenuated the toxic
effect of hLf and enhanced the percentage of cell survival.
Indeed, for the highest dose of hLf (6.25 pM), cyclohex-
imide completely inhibited the hLf lethal effect (grey bars).
As for 2-DG, it increased cell survival approximately 30 %
in comparison with cells incubated only with hLf (white
bars) (Fig. 1b). Altogether, these results revealed that hLf-
induced cell death requires active participation of the cel-
lular machinery, depending on de novo protein synthesis
and on the energy generated by glucose metabolism.

hLf induces a caspase-dependent regulated cell
death in Saccharomyces cerevisiae with typical
apoptotic markers

To further characterize cell death induced by hLf, we
assessed whether it is accompanied by typical apoptotic
markers. The ability of hLf to permeabilize the plasma
membrane of S. cerevisiae BY4741 cells was investigated
by measuring the number of cells stained with the fluo-
rescent probe PI by flow cytometry. PI is a membrane
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Fig. 1 Susceptibility of S. cerevisiae to hLf. a Cell survival of S.
cerevisiae BY4741 to hLf (1.56-6.25 uM) in 10 mM Tris—HCI buffer
pH 7.4 for 90 min, evaluated by cfu counting. b Cell survival of S.
cerevisiae BY4741 to hLf (3.12 and 6.25 puM) without or after pre-
incubation with 10 pg/ml cycloheximide, a protein synthesis inhibitor
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impermeable DNA stain that can diffuse into cells only
when the plasma membrane is disrupted. We observed that
yeast cells treated with increasing doses of hLf for 90 min
were mainly PI-negative, indicating that cell death induced
by hLf is a controlled process that, unlike necrosis, does
not compromise plasma membrane integrity (Fig. 2a).

Another hallmark of apoptosis is the appearance of
nuclei with chromatin condensation. In order to appraise if
hLf induces this nuclear alteration, nuclei of hLf-treated
cells were observed after staining with DAPI. In fact, we
found that hLf induces an increase in kidney-shaped con-
densed chromatin characteristic of apoptotic cells (Fig. 2b-
ii), in contrast with control cells that exhibited only bright,
round-shaped nuclei (Fig. 2b-i). Preservation of plasma
membrane integrity and chromatin condensation were also
observed in C. albicans cells exposed to lethal concentra-
tions of Lf [9].

Caspases play an important role in the apoptotic sig-
nalling network, and are usually activated in the early
stages of apoptosis. In 2002, Madeo et al. found a yeast
ortholog of the mammalian caspases, the metacaspase
Ycalp [21]. To examine whether this protein is involved in
hLf-induced cell death, cell survival in response to hLf was
monitored in cells lacking Ycalp (ycalA). Results show
that the absence of Ycalp renders cells significantly more
resistant to the toxic effect of hLf than the wild-type strain
(Fig. 2c), suggesting that hLf-induced cell death is cas-
pase-dependent. To further investigate the role of Ycalp in
this process, cells were incubated with D,R, enabling the
determination of the percentage of cells with caspase
activation by flow cytometry [21]. Data revealed that, in
fact, hLf induces a significant dose-dependent increase in
the number of cells with active caspase in the wild-type
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(grey bars) or 20 nM 2-deoxyglucose, an inhibitor of glycolysis
(white bars), evaluated by cfu counting. Values are mean £ SD of
three independent experiments. Values significantly different:
**P < 0.01, ***P < 0.001 in comparison with untreated cells and
###P < 0.001 in comparison with the indicated conditions
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Fig. 2 Apoptotic markers induced by hLf in S. cerevisiae. a
Assessment of plasma membrane integrity in BY4741 cells treated
with hLf (1.56-6.25 pM) for 90 min in 10 mM Tris—HCI buffer (pH
7.4) by flow cytometry using PI staining. b Determination of the
number of cells with nuclear chromatin condensation (nuclei that
change from a round to a kidney or ring shape) in BY4741 cells
treated with hLf in the same conditions. (i) and (ii)—aspect of nuclei
in control or hLf-treated cells, respectively. Bar 5 pm (c) Cell

strain, with almost 50 % of cells exposed to the highest
dose of bLf exhibiting caspase activation (Fig. 2d).

Overall, these results demonstrate that hLf induces a
Ycalp-dependent regulated cell death in S. cerevisiae
associated with preservation of plasma membrane integrity,
nuclear chromatin condensation and metacaspase
activation.

Mitochondria participate in hLf-induced apoptosis

ROS accumulation has been implicated in the induction
and regulation of apoptosis in yeast [10, 19]. These include
the superoxide anion, hydroxyl radicals and hydrogen
peroxide. When the levels of ROS exceed the antioxidant
capacity of the cell, homeostasis is disrupted and yeast
survival is compromised. Therefore, to determine the pro-
duction and accumulation of intracellular ROS in response
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survival of S. cerevisiae BY4741 wild-type (black bars) and a mutant
lacking the yeast metacaspase Ycalp (ycalA) (grey bars), evaluated
by cfu counting. d Caspase activation monitored by flow cytometry
using the caspase substrate D,R. Values are mean £ SD of at least
three independent experiments. Values significantly different:
*P < 0.05, **P < 0.01, ***P < 0.001 in comparison with untreated
cells and P < 0.001 in comparison with the indicated conditions

to hLf treatment, we used the ROS sensitive probe DHE, a
non-fluorescent probe that intercalates into nucleic acids
after oxidation by superoxide anion to ethidium.

Cells exposed to hLf (3.12 and 6.25 pM) displayed an
accumulation of superoxide anion, in contrast to control
cells. Superoxide anion was detected in 36.1 = 1.8 and
45.4 + 2.3 % of cells treated with 3.12 and 6.25 pM hLf,
respectively (Fig. 3a). These results suggest that hLf-in-
duced cell death is associated with accumulation of
superoxide anion.

A crucial event in yeast apoptosis is the translocation of
cytochrome ¢ from mitochondria to the cytosol. Therefore,
we next determined whether hLf triggers the release of
cytochrome c. Cytosolic and mitochondrial fractions were
isolated by differential centrifugation and the levels of
cytochrome ¢ in the mitochondrial fraction and postmito-

chondrial supernatant, containing soluble cytosolic
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Fig. 3 Involvement of ROS production and cytochrome c release in
cell death induced by hLf. a Levels of superoxide anion in S.
cerevisiae strain BY4741 exposed to different concentrations of hLf
for 90 min using the DHE probe by flow cytometry. H,O, (3 mM)
was used as a positive control. b Western blot analysis of cytochrome
c release in S. cerevisiae strain BY4741, after exposure to Tris—HCI
buffer (control, C) and hLf for 60 and 120 min, in both mitochondrial
and cytosolic fractions. Cytosolic phosphoglycerate kinase (Pgklp)
and mitochondrial porin (Porlp) levels were used as loading controls

proteins, were analysed by western blot. We found that
incubation of cells with hLf induces a time-dependent
release of cytochrome c to the cytosol (Fig. 3b), indicating

@ Springer

of cytosolic and mitochondrial fractions, respectively. ¢ Survival of S.
cerevisiae BY4741 for 90 min to hLf after pre-incubation with the
antioxidant NAC. d Levels of superoxide anion after pre-incubation
with NAC, using the DHE probe by flow cytometry. e Survival of S.
cerevisiae BY4741 and mutant strains aifIA and cyc3A exposed to
hLf for 90 min. Values are mean + SD of at least three independent
experiments.  Values  significantly  different: **P < 0.01,
##+¥P < 0.001 in comparison with untreated cells and *P < 0.05,
###p < 0,001 in comparison with the indicated conditions

that hLf induces permeabilization of the mitochondrial
membrane, and suggesting a critical role of mitochondria
in this cell death process.
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NAC is an aminothiol and a synthetic precursor of
intracellular cysteine and of glutathione S transferase
(GSH), and thus considered an important antioxidant. The
action of NAC results from its antioxidant or free radical
scavenging properties by increasing the intracellular levels
of GSH [22]. Since hLf led to the accumulation of super-
oxide anion, we next investigated the effect of NAC in the
viability (Fig. 3c) and accumulation of this ROS species
(Fig. 3d) of cells treated with hLf.

We confirmed that a cell suspension pre-incubated with
5 mM NAC exhibited a drastic reduction in the percentage of
cells with superoxide anion accumulation, and were signifi-
cantly more resistant to hLf than cells exposed to hLf without
the antioxidant. Indeed, cell survival was close to 100 % even
for the higher concentration of hLf after 90 min of treatment
(Fig. 3c). Therefore, pre-incubation of cells with NAC
reduced the levels of superoxide anion in cells treated with hLf
to the levels observed in control cells (Fig. 3d).

Cyc3p is required for the covalent binding of the heme
group to isoforms 1 and 2 of apocytochrome ¢ to form
mature cytochrome ¢, which is released from mitochondria
to trigger apoptosis [23]. Mutant cells deficient in this
enzyme exhibited increased survival in response to hLf
(Fig. 3e—white bars). Furthermore, several stimuli were
shown to trigger a mitochondrial-dependent apoptotic
pathway in yeast, associated with different mitochondrial
dysfunctions including permeabilization of the mitochon-
drial outer membrane (MOMP) and subsequent release of
pro-apoptotic regulators other than cytochrome ¢, such as
Aiflp. Aiflp is a flavoprotein with oxidoreductase activity
localized in the mitochondrial intermembrane space that,
upon apoptosis induction, translocates to the nucleus where
it leads to chromatin condensation and DNA degradation
[24]. The involvement of this mitochondrial apoptotic
regulator in the cell death process induced by hLf was also
studied. We found that absence of Aiflp enhanced cell
survival in response to hLf (Fig. 3e—grey bars).

Altogether, the results indicate that both mature cyto-
chrome ¢ and Aiflp are required for the execution of
apoptosis by hLf, reinforcing the pivotal role of mito-
chondria in hLf-induced apoptosis.

Several studies suggest that the connection between
mitochondria and apoptosis is intricate, and abolishment of
mitochondrial function can be either deleterious or bene-
ficial for the cell depending on the death scenario. The
ability of yeast cells to grow on non-fermentable carbon
sources and to regulate metabolism, switching from aerobic
fermentation at high glucose concentration to respiratory
metabolism, or to grow in the absence of mitochondrial
DNA (p°) or of components of ATPase synthase, have
made yeast an excellent tool to address the need for
mitochondria in the execution of cell death [25]. In order to
better understand the involvement of mitochondria in hLf-

inducing apoptosis, we assessed the survival of p°, atpl0A,
atp2A and aacl/2/3A mutants in response to hLf. Atp10p
was identified as a mitochondrial inner membrane com-
ponent required for the assembly of the mitochondrial F,F,
complex [26], and Atp2p as the beta subunit of the F1
sector of mitochondrial F1Fy ATP synthase [26]. Aac1/2/3p
are the three isoforms of the mitochondrial inner membrane
ADP/ATP translocator, required for MOMP and cyto-
chrome ¢ release in yeast apoptosis [27]. The p° mutant
lacks mitochondrial DNA and all the respiratory com-
plexes, and has only poorly developed mitochondria [28].

As can be observed in Fig. 4a and b, the wild-type
strains W303-1B and -1A behaved like the BY4741 strain
in response to hLf, exhibiting similar cell survival in the
presence of increasing doses of hLf. In contrast, po, atpl0A
and atp2A and aacl/2/3A mutant strains were more resis-
tant to death induced by hLf, comparatively to the wild-
type strain.

Oligomycin inhibits the mitochondrial ATP synthase
by blocking its proton channel (F, subunit), which is
necessary for oxidative phosphorylation and for energy
production by conversion of ADP to ATP. Wild-type cells
were co-treated with hLf and oligomycin and, in accor-
dance with the higher resistance of afplOA and atp2A
mutants to hLf, co-incubation of the wild-type strain with
oligomycin enhanced cell survival in response to hLf
(Fig. 4c). This result reinforces the dependence of the
lethal effect of hLf on mitochondrial energetic
metabolism.

To confirm that mitochondria have a pivotal function in
hLf-induced apoptosis, we analysed whether expression of
Bcl-xL affected this process. Bcl-xL is a member of the
Bcl-2 family of proteins, and acts as a pro-survival protein
by preventing the release of mitochondrial contents such as
cytochrome ¢, which could trigger caspase activation in
mammalian cells [29]. For that purpose, the wild-type
strain was transformed with the pCM184 vector (with a
tetracycline-regulatable promoter system for regulated
gene expression) containing the gene encoding Bcl-xL
protein, and its effect in cell viability and ROS accumu-
lation was determined. Expression of Bcl-xL protects cells
against death induced by hLf in comparison with cells
grown in the presence of doxycycline, where Bcl-xL is not
expressed (Fig. 4d). We also found that the higher survival
of cells expressing Bcl-xL in response to hLf is linked to a
decrease in the accumulation of superoxide anion (Fig. 4e).

Discussion
Lf is a natural protein of paramount interest in clinical

applications due to its multiple biological activities,
including in the treatment of fungal infections. Lf was
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Fig. 4 Mitochondria contribution to cell death induced by hLf. a
Survival of S. cerevisiae strain W303-1B, atp2A and aacl/2/3A and
b W303-1A, p0 and atplOA mutant strains, in response to hLf for
90 min. ¢ Effect of the mitochondrial ATPase inhibitor oligomycin
(4 pg/ml) on cell survival in response to hLf. d Survival of S.
cerevisiae W303-1B overexpressing the anti-apoptotic protein Bcl-xL
to hLf. e Effect of overexpressing the anti-apoptotic protein Bcl-xL in

shown to exhibit lethal effects against clinically important
fungi such as Candida spp. Our group has demonstrated
that human Lf induces an apoptosis-like cell death in C.
albicans, which may underlie its antifungal activity [9]. In
spite of these and other studies, very little is known
regarding the hLf antifungal mechanism of action. Due to
the potential applications of hLf to treat infections caused
by yeast pathogens, a deeper understanding of the molec-
ular basis of its antifungal activity and ability to induce
apoptosis is of prime importance. Therefore, to dissect the
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#P < 0.05, #P < 0.01, *P < 0.001 in comparison with the indicated
conditions

apoptotic cascade induced by hLf we used the well-estab-
lished yeast apoptosis model in S. cerevisiae.

Our results show that, like in C. albicans [9], hLf trig-
gers cell death in S. cerevisiae. The cell death process is
active and under genetic control, and shares features typi-
cal of mammalian apoptotic cells. Indeed, this process is
delayed by de novo protein synthesis and metabolic inhi-
bitors, and characterised by chromatin condensation asso-
ciated with preservation of plasma membrane integrity.
Pre-treatment with the antioxidant NAC caused a
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significant reduction in superoxide anion accumulation
associated with higher cell survival, indicating that this
reactive oxygen species plays an executor role in the death
process. Similar observations were found in our previous
studies with C. albicans, which commits into an apoptotic
cell death mediated by ROS in response to hLf [9]. How-
ever, in that study the involvement of known regulators of
the core yeast apoptotic machinery was not addressed. We
therefore investigated their role in hLf-induced apoptosis.

The yeast metacaspase Ycalp has been implicated in
apoptosis scenarios in response to different stimuli [21, 30,
31]. Here, we show that cells lacking Ycalp display higher
cell survival upon exposure to hLf. In accordance, hLf-
induced apoptosis requires caspase activation. The per-
centage of cells with active metacaspase is not strictly
correlated with the percentage of dead cells assessed by
cfus and PI staining (e.g., treatment with 6.25 pum of hLf
resulted in 50 % wild-type strain cells with caspase acti-
vation while associated with 70 % loss of cell proliferation
and 15 % of PI positive cells). These results suggest that
caspase activation mainly occurs in non-proliferating cells
that preserve their plasma membrane integrity, which fur-
ther supports the involvement of Ycalp in hLf-induced
apoptosis.

Numerous studies demonstrated the involvement of
mitochondria in yeast apoptosis [10, 11, 13]. Here, we
present several evidence indicating that hLf triggers a
mitochondrial-mediated apoptotic pathway which involves
cytochrome c release from the mitochondria to the cytosol.
Additionally, we found that absence of holocytochrome
¢ and Aiflp in cyc3A and aifl A mutant strains enhances
cell survival. The release of cytochrome c in cells under-
going apoptosis induced by hLf, together with the higher
resistance of the mutant lacking the CYC3 gene, which
encodes a heme-lyase essential for heme binding to apoc-
ytochrome ¢ (isoform 1 and 2) [32], supports the inter-
pretation that mature cytochrome c¢ and its release are
important for the execution of the death process. Moreover,
the resistant phenotype of cells lacking Aiflp, suggests
that, besides cytochrome ¢, and as reported in other yeast
apoptotic scenarios [11, 24], the mitochondrial pro-apop-
totic factor Aiflp is involved in hLf-induced apoptosis.

S. cerevisiae strains W303-1A and 1B display cell sur-
vival percentages and levels of superoxide anion accumu-
lation in response to hLf identical to S. cerevisiae strain
BY4741. We therefore characterised the phenotype of
other mitochondrial deficient mutants, namely a respiratory
deficient mutant (p°) and a mutant deficient in subunit 10
of the ATPase complex (atplOA) in the W303-1A back-
ground, as well as mutants deficient in subunit 2 of the
ATPase complex (atp2A) and in the ADP/ATP carrier
(AAC) proteins (aacl/2/3A) in the W303-1B background.
The p° mutant, which is devoided of both mitochondrial

DNA and respiration, particularly exhibits high cell sur-
vival. The repression of the CYCI gene, encoding for iso-1-
CytC [33], further supports the role of cytochrome c in
apoptosis induced by hLf.

Different molecular mechanisms/components underly-
ing MOMP and subsequent release of cytochrome ¢ and
other pro-apoptotic factors have been proposed [34-37].
These include the permeability transition pore complex
(PTPC), the protein pores formed by Bax/Bak oligomers,
and the ceramide channels, acting alone or in combination
in MOMP. Though extensive studies suggested different
cytosolic and mitochondrial proteins as components/regu-
lators of PTPC, its precise molecular composition and
regulation remains elusive. Some of the proteins identified
include, among others, isoforms of ANT, VDAC and HK,
CYPD, PiC, GSK3, p53, and several members of the Bcl-
2 protein family. Though yeast does not possess obvious
orthologs of p53 and of the Bcl-2 protein family, the same
does not apply to other putative components of the PTPC.
Therefore, the role of several of the yeast orthologs of the
putative components of the PTPC has been studied [27].
Absence of ADP/ATP carrier proteins, yeast orthologs of
the mammalian adenine nucleotide translocator (ANT),
protects cells exposed to various apoptotic stimuli such as
acetic acid and diamide, while hindering MOMP and
cytochrome c release [27]. The hypothesis that AAC pro-
teins also play a critical role in hLf-induced apoptosis is
supported by the higher survival of cells lacking the three
AAC isoforms (aacl/2/3A). Mitochondrial ATPase com-
plex subunit 10 and 2, encoding for the F;Fy,- ATPase
assembly factor and the B subunit of ATP synthase,
respectively, were implicated in acetic acid-induced
apoptosis, though with opposite roles [13, 27]. Here, we
show that cells lacking Atpl0p or Atp2p are less suscep-
tible to hLf-induced apoptosis. This indicates that a fully
assembled and fuctional F,F;-ATPase is required for the
killing effect of hLf. However, failure in mitochondrial
ATP synthesis could underlie the protective effect of both
mutants deficient in oxidative phosphorylation. This
appears to be the case since cells of the wild-type strain
pre-treated with oligomycin are unable to commit to cell
death in response to hLf. Recent data propose that mito-
chondrial ATP synthase plays a key role in mitochondria
permeability transition (MPT) [38, 39]. Though not fully
confirmed, it is hypothesised that the ¢ subunit in particular
constitutes the pore-forming unit of the PTPC. Taking into
account that oligomycin specifically inhibits the ¢ subunit
of ATP synthase, and at the same time protects cells from
hLf-induced apoptosis, the implication of ATP synthase in
MPT warrants further studies.

Expression of the mammalian anti-apoptotic protein
Bcl-xL in yeast was shown to protect cells from death
induced by both exogenous and endogenous stimuli,
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namely from acetic-acid induced apoptosis and from
heterologous expression of Bax [40]. Similarly, we found
that hLf-induced cell death is rescued by heterologous
expression of Bcl-xL, which also causes a reduction in
superoxide anion accumulation. This result further supports
the involvement of a ROS-dependent mitochondria-medi-
ated pathway in the apoptotic death induced by hLf.

In summary, we found that hLf induces a mitochondrial-
and caspase-dependent regulated cell death in S. cerevisiae,
and implicated different known yeast apoptosis regulators.
S. cerevisiae has been increasingly reported to act as an
opportunist agent and promote invasive infection, espe-
cially in immunocompromised or critically ill patients [41—
44]. Our study therefore provides new clues that may have
relevant clinical applications. The results obtained may
also be useful in the aplication of hLf alone or in combi-
nation with classical antifungals such as azoles [45], and
for development of hLf-derived peptides with interesting
antifungal activities [46, 47]. Finally, the high prevalence
of invasive fungal diseases in hospitalized and immuno-
compromised patients, in particular caused by Candida
spp, and the resistance of these pathogens to conventional
antifungal drugs emphasize the need for treatments with
novel antifungals [48], among which hLf appears very
promising.
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