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ABSTRACT
Miltefosine has antifungal properties and potential for develop-
ment as a therapeutic for invasive fungal infections. However,
its mode of action in fungi is poorly understood. We demon-
strate that miltefosine is rapidly incorporated into yeast, where
it penetrates the mitochondrial inner membrane, disrupting mi-
tochondrial membrane potential and leading to an apoptosis-
like cell death. COX9, which encodes subunit VIIa of the cyto-
chrome c oxidase (COX) complex in the electron transport
chain of the mitochondrial membrane, was identified as a po-

tential target of miltefosine from a genomic library screen of the
model yeast Saccharomyces cerevisiae. When overexpressed
in S. cerevisiae, COX9, but not COX7 or COX8, led to a milte-
fosine-resistant phenotype. The effect of miltefosine on COX
activity was assessed in cells expressing different levels of
COX9. Miltefosine inhibited COX activity in a dose-dependent
manner in Cox9p-positive cells. This inhibition most likely con-
tributed to the miltefosine-induced apoptosis-like cell death.

Introduction
Invasive fungal infections are associated with high mor-

bidity and mortality and are an increasing global health
problem. Current therapies are limited in efficacy, antifungal
spectrum, and/or safety, and resistant fungi are emerging.
Hence, there is an urgent need for new agents. Several novel
potential antifungal targets have been identified in recent
years, yet only one new class of drug, the echinocandins, has
been marketed (Chen and Sorrell, 2007).

Our group has demonstrated that miltefosine (2-[hexadecoxy-
oxido-phosphinoyl] oxyethyl-trimethyl-ammonium), which is an
alkyl phospholipid and metabolically stable analog of the major
eukaryotic cell membrane phospholipid phosphatidylcholine

(PC) (van Blitterswijk and Verheij, 2008), has broad-spectrum
antifungal activity. Miltefosine was first investigated as an
anticancer agent (Unger and Eibl, 1991) and later developed
and marketed as an oral treatment for the parasitic disease
leishmaniasis (Croft et al., 2003; de Castroa et al., 2004).

Against fungi, minimum inhibitory concentrations (MICs)
and minimum fungicidal concentrations of miltefosine were
comparable with those of the commonly used drug ampho-
tericin B (Widmer et al., 2006b). Miltefosine was also
broadly active against dermatophytes (Tong et al., 2007). The
MICs against most pathogenic fungi were well below serum
levels achieved by oral miltefosine dosing (Obando et al.,
2007). In a single case report, the addition of miltefosine to
other antifungal agents as salvage therapy proved effective
for treatment of Scedosporium prolificans osteomyelitis (Kes-
son et al., 2009). Although miltefosine shows promise as an
antifungal drug, its mode of action, yet to be elucidated, is the
key to rational design of more potent and less toxic analogs.

Most of what is known about the mechanism of action of
miltefosine comes from studies performed in neoplastic cells
(van Blitterswijk and Verheij, 2008) and Leishmania spp.
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(Barratt et al., 2009). These have revealed a number of poorly
defined mechanisms that are different in mammalian and
parasitic cells. In neoplastic cell lines, miltefosine is inter-
nalized mainly via receptor-independent, membrane-recy-
cling endocytosis, whereas in Leishmania spp., it is primarily
via a specific membrane transporter, LdMT-LdRos3, a two
subunit aminophospholipid translocase with P-type ATPase
activity (Pérez-Victoria et al., 2003).

In neoplastic cell lines, because of its phospholipid-like
structure, miltefosine is believed to exert its antiproliferative
effect by interfering with lipid rafts and proteins in cell
membranes. Miltefosine has been reported to inhibit enzymes
involved in phospholipid metabolism, including protein kinase
C; phospholipases A2, C, and D; and choline-phosphate cytidyl-
yltransferase in the PC biosynthesis pathway. Miltefosine also
triggers signaling pathways that lead to apoptosis (Ruiter et al.,
1999) and, at high concentrations, forms pore-like structures on
cell membranes, resulting in release of intracellular contents
and impairment of cellular homeostasis (Wieder et al., 1999). In
Leishmania spp., miltefosine inhibits both phosphatidylethano-
lamine (PE) N-methyl-transferase in the PC synthetic pathway
and a glycosome-located alkyl-specific acyl coenzyme A acyl-
transferase involved in lipid remodeling (Lux et al., 2000; Ur-
bina, 2006) and has been reported to induce apoptosis (Verma et
al., 2007).

In the model yeast Saccharomyces cerevisiae, deletion of
the drug-specific transporter Lem3p, a functional homolog of
the leishmanial LdMT-LdRos3, conferred resistance to milte-
fosine and reduced uptake of fluorescently labeled deriva-
tives of PC and PE, suggesting that alkyl phospholipid ana-
logs, including miltefosine, are internalized via Lem3p
(Hanson et al., 2003). We showed previously that miltefosine
inhibits phospholipase B1, a key virulence determinant of
the pathogenic yeast-like fungus, Cryptococcus neoformans,
but only at relatively high concentrations, suggesting that
this is not its primary mode of action (Widmer et al., 2006b).
The fungal cell targets of miltefosine are still unknown.

In this study, we demonstrate in S. cerevisiae that milte-
fosine is taken up rapidly and penetrates the mitochondrial
inner membrane, where it disrupts membrane potential and
causes dose-dependent inhibition of cytochrome c oxidase
(COX) and apoptosis-like cell death. We also present evi-
dence that the inhibition of COX by miltefosine occurs spe-
cifically at the site of subunit VIIa in the enzyme complex,
which is encoded by a nuclear gene COX9.

Materials and Methods
Strains, Media, and Manipulations. Yeast strains used in the

work are listed in Table 1. For yeast culture, complete medium
contained 1% Bacto yeast extract (BD Biosciences, San Jose, CA) and
2% Bacto peptone (BD Biosciences) with 2% glucose (YPD) or glycerol
(YPGly). For determination of growth on solid media, 2% Bacto agar
was added. Minimal medium (YNB) contained 2% glucose and 0.67%
Difco yeast nitrogen base (BD Biosciences) without amino acids.
Nutrients essential for propagation of auxotrophic strains were
added to YNB at 25 �g/ml for uracil and adenine and 50 �g/ml for
leucine. For selection of G418 (Geneticin) resistance, the antibiotic
was added to YPD at a concentration of 200 �g/ml. Standard meth-
ods were used for yeast incubation, transformation, and DNA extrac-
tion (Burke et al., 2000).

Commercial MAX Efficiency DH5� Competent Cells (Invitrogen,
Mount Waverley, VIC, Australia) were used as host for plasmid

propagation in Escherichia coli. Luria broth (Sigma-Aldrich, Sydney,
NSW, Australia) was used for bacterial culture, and ampicillin was
added to the culture at a final concentration of 100 �g/ml to retain
plasmids containing ampicillin resistance marker. A QIAprep Spin
Miniprep Kit (QIAGEN, Doncaster, VIC, Australia) was used to
extract plasmid DNA from E. coli. Standard methods were used for
DNA restriction enzyme digestion, ligation, and electrophoresis
(Sambrook and Russell, 2001).

Measurement of Miltefosine Uptake. To measure miltefosine
incorporation, strain M2915-6A was cultured at 30°C to a final cell
density of 108 cells/ml (late log or early stationary phase) in a total of
50 ml of YNB broth supplemented with leucine, adenine, and uracil.
14C-labeled miltefosine (42 mCi/mmol; GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK) was mixed with nonlabeled miltefosine
(Cayman Chemical, Ann Arbor, MI) and the mixture was added to
the yeast culture to give a final miltefosine concentration of 1 �g/ml
with a 14C activity of 0.11 �Ci/ml. At 5-min intervals, 1 ml of culture
was removed and the cells were pelleted by centrifugation. The
supernatant, containing unincorporated 14C-miltefosine, was col-
lected and retained. The cells were immediately washed with 1 ml of
phosphate-buffered saline (PBS; Invitrogen) containing 10 mg/ml
bovine serum albumin to remove nonspecifically bound drug from
the surface, and the final cell pellet was dissolved in 500 �l of NCS
tissue solubilizer (GE Healthcare). The buffer used to wash the cells
was combined with previously retained supernatant for measuring
unincorporated 14C-miltefosine. The solubilized cells and the com-
bined supernatants were each mixed with 6 ml of Ultima Gold
scintillant (PerkinElmer Life and Analytical Sciences, Waltham,
MA) and analyzed in a Packard Tri-Carb liquid scintillation analyzer
(model 2100TR; PerkinElmer Life and Analytical Sciences) to obtain
a measurement of cell-incorporated and unincorporated [14C]milte-
fosine, respectively. Miltefosine uptake was expressed as the per-
centage of radioactivity incorporated by cells at each time point.

Assay of Cell Sensitivity to Miltefosine. Strain M2915-6A was
cultured in YPD broth at 30°C to log phase. Cells were then har-
vested and resuspended in fresh YPD or YPGly at a density of 105

cells/ml. The cell suspensions were distributed into a 96-well plate at
50 �l/well. YPD or YPGly containing series concentrations of milte-
fosine was added and mixed with the cell suspensions to make the
final volume 100 �l in each well and the drug concentrations from 0
to 256 �g/ml. The plate was then incubated in a moisturized con-
tainer at 30°C for 4 days with vigorous shaking until the live cells
reached the final stage of growth. Miltefosine sensitivity was as-
sessed as the minimum drug concentration at which the cells were
unable to grow.

Fluorescence Microscopy. Yeast cells were incubated in YPD
broth with or without miltefosine at 2 �g/ml for 1 h and then stained
with DAPI (Invitrogen) to visualize mitochondrial nucleoids and
nuclei. DiOC6 (Invitrogen) and propidium iodide (PI; Invitrogen)
were also added to detect mitochondrial membrane potential and
permeability of the cell membrane, according to previous publica-

TABLE 1
Yeast strains used in this work
The source for these data is the current study, unless otherwise specified.

Name Description

M2915-6Aa MATa, leu2, ade2, ura3
6A-MI50-401 MATa, leu2, ade2, ura3, miltefosine-resistant
6A-�pCXJ15� M2915-6A transformed with pCXJ15
6A-�pCXJ15-COX7� M2915-6A transformed with pCXJ15-COX7
6A-�pCXJ15-COX8� M2915-6A transformed with pCXJ15-COX8
6A-�pCXJ15-COX9� M2915-6A transformed with pCXJ15-COX9
6A-�pRS416-COX9� M2915-6A transformed with pRS416-COX9
BY4741/�cox9b MATa, his3, leu2, met15, ura3, cox9�::KanMX4
6A/�cox9 M2915-6A with cox9�::KanMX4
�cox9-�pRS416-COX9� 6A/�cox9 transformed with pRS416-COX9
�cox9-�pCXJ15-COX9� 6A/�cox9 transformed with pCXJ15-COX9

a Chen et al., 1993.
b Open Biosystems.
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tions (Pringle et al., 1989; Barcellona et al., 1990). In brief, yeast cells
were harvested from the cultures, washed with water, and incubated
for 20 min with DAPI, DiOC6, and PI at concentrations of 2 �g/ml,
0.64 ng/ml, and 10 �g/ml, respectively. To immobilize cells, an equal
volume of 1% low melting temperature agarose (Roche, Castle Hill,
NSW, Australia), preheated at 35°C, was mixed with the stained
cells before the application of the samples to the glass slides. Fluo-
rescence was visualized under a DeltaVision RT deconvolution mi-
croscope system (Applied Precision, Inc., Issaquah, WA) fitted with a
100� oil/1.40 objective lens (Olympus, Tokyo, Japan). For DAPI,
DiOC6, and PI, the excitation/emission filters were set at 360/457,
490/528, and 555/617 nm, respectively. Images were acquired using
Resolve3D softWoRx (version 3.7.1; Applied Precision) and Image J
(version 1.43; http://rsb.info.nih.gov/ij/) at 1000� magnification and
assembled with Photoshop (version 10.0; Adobe Systems, San Jose,
CA) and Illustrator (version 13.0; Adobe Systems).

Assessment of Apoptosis. Apoptosis was assessed using the
Vybrant FAM Caspase Assay Kit (Invitrogen) and the In Situ Cell
Death Detection Kit [terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay; Roche]. Yeast cells were cultured
in YPD broth to late log phase. Two aliquots of 2.4 � 108 cells were
collected by centrifugation, washed with water, and resuspended in
240 ml of YPD broth with and without 2 �g/ml miltefosine. This
concentration of miltefosine was inhibitory, but not lethal, to yeast
cells because growth curves remained flat over a 4-h coincubation
period (data not shown). Apoptosis was measured in cultures that
were incubated at 30°C with shaking. For the TUNEL assay, cells
were fixed with 4% paraformaldehyde in PBS for 60 min, and the cell
walls were removed by digestion with 10 mg/ml Zymolyase-20T (MP
Biomedicals, Seven Hills, NSW, Australia) for 2 h at 37°C with mild
shaking. The resulting spheroplasts were then treated with TUNEL
reagents according to the manufacturer’s instructions. For the
caspase assay, live cells were labeled directly with the caspase assay
reagents and 10 �g/ml PI according to the instruction manual. Flow
cytometry was conducted by measuring 1.5 � 104 fluorescently la-
beled cells on an LSRII flow cytometer (BD Biosciences). Labeled
cells were also examined by fluorescence microscopy.

Genomic Library Construction and Screening. A genomic
library from strain 6A-MI50-401 was constructed using a previously
published method with modifications (Jauert et al., 2005). Genomic
DNA was extracted and subjected to treatment with the restriction

enzyme EcoRI. To preserve genes potentially containing EcoRI sites,
the genomic DNA was partially digested. Fragments ranging in size
from 100 base pairs to 10 kb were purified using a QIAquick poly-
merase chain reaction (PCR) purification kit (QIAGEN) and ligated
into EcoRI-digested pCXJ15. The ligation mixture was used to trans-
form MAX Efficiency DH5� Competent Cells. Plasmid DNA was
extracted from ampicillin-resistant colonies that had grown on Luria
broth/ampicillin agar plates for 15 h at 37°C, and the DNA concen-
tration was adjusted to 200 �g/ml. The plasmid DNA from 10 indi-
vidual transformations was then pooled to form the final genomic
library. The quality of the library was validated by comparing the
electrophoresis profile of the EcoRI-released library inserts with that
of the EcoRI-digested genomic DNA.

To screen for genes in which overexpression confers miltefosine
resistance in yeast, strain M2915-6A was transformed with the re-
sulting genomic library. Ura� transformants were first grown on
YNB agar plates without uracil at 30°C until the average colony size
reached approximately 2 mm in diameter. The colonies were then
replica plated onto YNB plates containing 20 �g/ml miltefosine and
incubated at 30°C for 2 days. Ura� colonies that also grew in the
presence of miltefosine were selected, and their resistance phenotype
was confirmed by performing a serial dilution drop test (Zuo et al.,
2007) on YNB containing miltefosine. Total DNA containing the
plasmids from the miltefosine resistant isolates was purified and
used to transform the MAX Efficiency DH5� Competent Cells. Plas-
mid DNA was then retrieved from the resulting ampicillin resistant
colonies. The genomic inserts conferring the miltefosine resistance
phenotype were then determined by DNA sequencing and BLAST
search in the S. cerevisiae Genome Database (http://www.yeastgenome.
org/).

Cloning of COX7 and COX8. PCR fragments containing COX7
or COX8 were amplified using primer pairs ScCOX7 FP1 and RP1 or
ScCOX8 FP1 and RP1 (Table 2), respectively. An EcoRI site was
designed at the 5� end of each primer. PCRs were conducted using a
T-Gradient PCR machine (Biometra GmbH, Goettingen, Germany)
with standard protocol. Products of COX7 and COX8 genes, both
with a size of 1.2 kb, were treated with EcoRI and ligated into the
corresponding site of pCXJ15 to generate pCXJ15-COX7 and
pCXJ15-COX8, respectively.

Quantitative Real-Time PCR. Total RNA was prepared from
yeast transformants 6A-[pCXJ15-COX7], 6A-[pCXJ15-COX8], 6A-

TABLE 2
PCR primers used in this work
Underlined nucleotides in the primers are the sequences matching the yeast genome.

Name Use Nucleotide Sequence (5�–3�)

ScCOX7 Cloning of COX7
FP1 CCCGGGGAATTCGGAGGAGTAATCTTTTCAGT
RP1 CCCGGGGAATTCCACAAGAATCAACAGCAACA

ScCOX8 Cloning of COX8
FP1 CCCGGGGAATTCAATGCAAGCATCAAGAGCAA
RP1 CCCGGGGAATTCACTCATTGCAACAAAGTAAACTGC

Sc cox9 Disruption of COX9
FP1 GGATTGTAAGACACCTTTAT
RP1 CTGTCTTATTCTCCACATACA

Sc cox9 Confirmation of �cox9
FP2 ATACTCATGCTGGGCGATCT
RP2 GATGGGAATATACCTGCGAA

ScACT1 qRT-PCR for ACT1
QRP1 ACGTGAGTAACACCATCACCGGAA
QFP1 ACGTTCCAGCCTTCTACGTTTCCA

ScCOX7 qRT-PCR for COX7
QRP1 TAGAAGTGGTGTAACGACGGCTAC
QFP1 CTATGGTGGAGACATCCAAGGTCA

ScCOX8 qRT-PCR for COX8
QRP1 GCAAATCCAATAGCGAAGAACCCG
QFP1 GAGGTCAGTACACTTCAAAGACGGTG

ScCOX9 qRT-PCR for COX9
QRP1 GCTAGCTCTGCGTAGAACTTCTCT
QFP1 AGAGTCATCATGGACATCGTCCTC
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[pCXJ15-COX9], and 6A-[pCXJ15] using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA concentration
and purity were determined using a NanoPhotometer (Implen
GmbH, Munich, Germany), and an A260/A280 ratio of 1.9 or greater
was indicative of a sufficient purity for quantitative real-time PCR
(qRT-PCR). An amount of 5 �g of total RNA from each strain was
treated with DNase I (amplification grade; Invitrogen) and used as a
template for oligo-dT-primed cDNA synthesis using the SuperScript
III First-Strand Synthesis System (Invitrogen). RNase H (Invitro-
gen) was then used to remove the RNA component in the RNA/cDNA
complex. Standard curves were prepared using equal amounts of
cDNA from all strains to obtain final concentrations of 100, 20, 4, 0.8,
and 0.16 ng/�l. For individual samples, cDNA from each strain was
diluted to a final concentration of 4 ng/�l. A volume of 5 �l of each
standard and sample was then used as a template for qRT-PCR
using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen).
The primers used are listed in Table 2. The PCR conditions were
adjusted in accordance with the instructions from the manufactur-
ers. Thermo cycling was set at 95°C for 15 s and 60°C for 45 s, and
a total of 40 cycles was conducted on a Rotor-Gene 6000 RT-PCR
machine (Corbett Research, Sydney, NSW, Australia). Data were
then obtained and analyzed using the Rotor-Gene 6000 Series soft-
ware (version 1.7; Corbett Research). For all tested transformants,
COX gene expressions were normalized to the expression of the
house-keeping gene ACT1 using the standard curves and calculated
by taking the expressions in 6A-[pCXJ15] as basal levels.

COX9 Deletion. To generate a �cox9-null mutant in the back-
ground of M2915-6A, a PCR-based method using a KanMX4 cassette
(Wach et al., 1994) was used to disrupt COX9 in the strain. A 2.1-kb
fragment containing KanMX4 disrupted COX9 (cox9�::KanMX4)
was amplified from the commercially available strain, BY4741/�cox9
(Open Biosystems, Huntsville, AL). The primers used were Sc cox9
FP1 and RP1 (Table 2). The PCR product was then transformed into
M2915-6A to replace the endogenous 0.7-kb COX9 region by homol-
ogous recombination. �cox9 mutants were selected on the basis of
stable G418 resistance. To confirm disruption of COX9, PCR primer
pair Sc cox9 FP2 and RP2 (Table 2), annealing to the 5� and 3�
flanking sequences of the disrupted locus, respectively, was used to
visualize a 2.5-kb DNA fragment in place of a 1.1-kb fragment in
the WT.

Preparation of Mitochondria and Postmitochondrial Mem-
branes. Mitochondrial fractions were prepared from 500-ml cultures
grown to late log phase in YPD broth at 30°C (Clark-Walker et al.,
2000). In brief, cells were harvested, resuspended in 30 ml of sus-
pension buffer [1.2 M sorbitol, 20 mM N-tris-[hydroxymethyl] methyl-
2-aminoethanesulfonic acid (TES), and 14 mM �-mercaptoethanol,
pH 7.4] containing 10 mg/ml Zymolyase-20T and incubated at 35°C
for 60 min to allow cell wall digestion. The resulting spheroplasts
were resuspended in 30 ml of ice-cold homogenization buffer
[0.6 M sorbitol, 10 mM TES, 0.1 mM 4-[2-aminoethyl]-benzene-
sulfonylfluoride�HCl (AEBSF), pH 7.4] and ruptured in a Dounce
homogenizer with 30 strokes. Mitochondria were pelleted by centrif-
ugation at 9000g for 20 min after prior removal of cellular debris by
two 5-min rounds of centrifugation at 3500 and 5000g, respectively.
Mitochondria were resuspended in 200 �l of mitochondrion buffer (5
mM TES, 150 mg/ml glycerol, 0.5 mM EDTA, 0.5 mM dithiothreitol,
and 0.1 mM AEBSF, pH 7.5) and stored at �80°C. The postmito-
chondrial supernatant was then centrifuged at 100,000g to obtain
membrane enriched pellet.

COX Assay. A commercial cytochrome c oxidase assay kit (Sigma-
Aldrich) was used to measure the enzyme activity in mitochondrial
fractions and examine the inhibition of the enzyme by KCN (Sigma-
Aldrich) and miltefosine. For the COX activity assay, standard
procedures provided by the manufacturer were followed. For COX in-
hibition, mitochondrial fractions were solubilized with 1 mM n-dodecyl-
�-D-maltoside, and total protein content was measured using the Better
Bradford Assay Kit (Thermo Fisher Scientific, Waltham, MA). The
protein concentration of each mitochondrial preparation was adjusted

to 4 �g/ml using 1� enzyme dilution buffer supplied with the kit, and a
volume of 20 �l, equivalent to 80 ng of protein, was added to each
reaction in a 96-well plate. KCN and miltefosine were diluted in 1�
assay buffer and then mixed with reduced cytochrome c to give the
series concentrations of KCN from 0 to 10 mM and miltefosine from 0 to
256 �g/ml, respectively, and a final reduced cytochrome c concentration
of 20 �M. The total volume of each reaction was 220 �l and COX activity
was monitored at 5-min intervals over a 4-h period at room temperature
by measuring the absorbance at a wavelength of 550 nm (A550) using a
plate reader (VMax with SOFTmax PRO, version 4.8; Molecular De-
vices, Sunnyvale, CA) to determine the amount of reduced cytochrome
c remaining in the reaction. The COX activity was calculated according
to the definition of Sigma-Aldrich.

Results
Miltefosine-Induced Mitochondrial Disruption and

Apoptosis-Like Cell Death. We first determined the kinet-
ics of cellular uptake of 14C-labeled miltefosine by S. cerevi-
siae. Under the conditions specified, more than 60% of a
saturating concentration of [14C]miltefosine was taken up
within 5 min, reaching a plateau within 10 to 20 min (Fig. 1A).
To demonstrate that membrane-associated miltefosine was
preferentially localized in mitochondria, we removed extra-
cellular 14C-miltefosine after 30 min incubation by back-
washing the cells with PBS containing 10 mg/ml bovine
serum albumin, disrupted the cell walls, and prepared mito-
chondrial and membrane fractions by differential centrifuga-
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Fig. 1. Miltefosine incorporation into yeast and drug sensitivity of the
cells. A, yeast cells cultured to late log phase in YNB broth were incu-
bated with 1 �g/ml 14C-labeled miltefosine at 30°C for the times indi-
cated. At each time point, the cell-associated [14C]miltefosine was mea-
sured by scintillation counting. Error bars represent S.D. (n � 3). Note
that more than 60% of the drug was incorporated into the cells within 5
min. B, in a 96-well plate, in each well, 100 �l of YPD or YPGly broth
containing miltefosine at the concentrations indicated was inoculated
with 5 � 103 yeast cells. The plate was then incubated at 30°C with
vigorous shaking until the growth of the cells had reached the final stage
(4 days). Note that turbidity within a well is indicative of cell growth that
is not inhibited by the drug. White circles indicate the wells containing
the minimum concentrations of miltefosine required to inhibit cell
growth.
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tion, as described under Materials and Methods. Approxi-
mately 10% of the internalized drug was present in the
mitochondrial fraction and 5% in the membrane fraction,
confirming an enrichment in mitochondria (data not shown).
To examine whether internalized miltefosine differentially
targets metabolic pathways specific for fermentation or res-
piration, drug sensitivity of S. cerevisiae growing on different
carbon sources was assessed. Yeast cells were reproducibly
four times more sensitive to miltefosine in YPGly medium in
which the carbon source was nonfermentable glycerol, com-
pared with cells growing in YPD where the carbon source was
fermentable glucose. In YPGly, cells were inhibited by �1
�g/ml miltefosine, whereas in YPD, cells were suppressed by
�4 �g/ml the drug (Fig. 1B).

The effect of miltefosine on the function of mitochondria is
shown in Fig. 2. Healthy mitochondrial nucleoids in un-
treated cells were visualized microscopically by DAPI stain-
ing, as a bright punctate network of small spots. A tubular
structure connecting the nucleoids was observed with DiOC6,
indicative of functional mitochondria with strong membrane
potential. As expected, PI, a membrane-impermeant fluores-
cent dye, was not taken up by the untreated cells, indicative
of cell viability.

After treatment with miltefosine for 1 h, three different cell
populations were distinguishable by their staining patterns
(Table 3). In the majority of the cells (approximately 68%), a
diffuse DAPI and DiOC6 staining pattern was observed, in-
dicative of mitochondrial damage and disruption of mito-
chondrial membrane potential. However, this cell population
was PI-negative, indicating that the cell membranes were
physically intact. Only in a small population of the cells
(approximately 13%) were the punctate structures of the
mitochondria, as visualized with DAPI and DiOC6, still vis-
ible, although with reduced numbers of nucleoids, indicative
of miltefosine-affected, but functional, mitochondria. Approx-
imately 19% of the miltefosine-treated cells were PI-positive,
indicative of disrupted plasma membrane integrity and pre-
sumably cell death. These cells were stained nonspecifically
with DAPI and DiOC6 (Fig. 2).

To confirm that miltefosine induces apoptosis-like cell
death in yeast, two intrinsic markers of apoptosis, caspase
activation and nuclear DNA fragmentation, were sought in
miltefosine-treated and untreated cells using flow cytometry
and fluorescence microscopy (Fig. 3). Microscopic examina-
tion of spheroplasts subjected to TUNEL revealed a subpop-
ulation of cells with increased fluorescence after miltefosine
treatment, indicative of TUNEL-specific DNA fragmenta-

tion. Activation of caspase was observed in miltefosine-
treated whole cells. These results were confirmed by flow
cytometry (Fig. 3).

Identifying COX9 as a Potential Target of Miltefos-
ine. To identify molecular targets of miltefosine, a genomic
library housed within a high copy number shuttle vector,
pCXJ15 (Chen, 1996), was constructed from a yeast strain,
6A-MI50-401. The library was then used to transform a wild-
type (WT) miltefosine-sensitive strain, M2915-6A, to screen
for clones conferring miltefosine resistance. Transformants
were identified by their ability to grow in the presence of 20
�g/ml miltefosine, a concentration of the drug 10 times
greater than the MIC (Widmer et al., 2006a). Individual
plasmids were isolated from miltefosine-resistant transfor-
mants, and the DNA sequences of the inserts were deter-
mined. One of the plasmids contained a 1.8-kb DNA insert,
and a BLAST search against the Saccharomyces cerevisiae
Genome Database revealed that it contained the gene COX9
(locus tag YDL067C; SGDID: S000002225) encoding the crit-
ical VIIa subunit (Cox9p) of the COX complex in the mito-
chondrial electron transport chain. This plasmid was later
designated pCXJ15-COX9. DNA sequence analysis also con-
firmed that no mutation was inadvertently introduced into
the COX9 fragment during the construction of the library,
and that COX9’s own native promoter and terminator regu-
lated its expression from the plasmid.

To confirm that only the overexpression of COX9 subunit
in the COX complex confers resistance to miltefosine, two
closely related genes, COX7 and COX8, coding for adjacent
subunits within the COX complex were PCR-amplified and
cloned into pCXJ15, creating pCXJ15-COX7 and pCXJ15-
COX8, respectively. Strain M2915-6A was transformed with
PCXJ15-COX7, pCXJ15-COX8, and pCXJ15-COX9 individu-
ally. Overexpression of COX7, COX8, and COX9 in the Ura�

transformants was confirmed by qRT-PCR. Results showed
that the transcription levels of COX7, COX8, and COX9 were
9-, 3.7-, and 6.7-fold higher in the transformants carrying
pCXJ15-COX7, pCXJ15-COX8, and pCXJ15-COX9, respec-
tively, compared with the native levels in the control
pCXJ15 transformants. 6A-[pCXJ15], 6A-[pCXJ15-COX7],
6A-[pCXJ15-COX8], and 6A-[pCXJ15-COX9] were examined
on YNB plates, with or without 20 �g/ml miltefosine, using a
serial dilution drop test (Zuo et al., 2007). The miltefosine-
resistant phenotype of yeast transformants containing
pCXJ15-COX9 was confirmed and is shown in Fig. 4. No
miltefosine resistance was observed with transformants con-
taining pCXJ15-COX7 or pCXJ15-COX8.

DIC DAPI DiOC6 PI

Untreated

Miltefosine-treated

Fig. 2. Disruption of mitochondrial func-
tion by miltefosine. Yeast cells were incu-
bated with 2 �g/ml miltefosine in YPD
broth for 1 h and stained with DAPI
(to visualize mitochondrial and nuclear
DNA), DiOC6 (to visualize mitochondrial
membrane potential), and PI (to detect
cell viability via cell membrane permea-
bility). Controls (Untreated) contained no
miltefosine. Fluorescence microscope im-
ages show that miltefosine treatment dis-
rupted mitochondrial membrane poten-
tial (lower panel of DiOC6 staining),
diffused mitochondrial nucleoids (lower
panel of DAPI staining), and increased
membrane permeability (lower panel of
PI staining).
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COX9 Gene Dosage and Cellular Respiration. To in-
vestigate the role of Cox9p in cellular respiration, a �cox9
deletion mutant was generated from strain M2915-6A. Suc-
cessful gene disruption was confirmed by PCR (Supplemen-
tal Fig. 1). The resulting mutant, 6A/�cox9, was tested for
growth phenotype and respiratory competence on rich me-
dium containing nonfermentable glycerol as the carbon
source. The �cox9 mutant failed to grow on YPGly despite
prolonged incubation, indicating a failure of respiration
(Fig. 5). To determine whether the respiratory deficiency
could be restored, the COX9 gene was subcloned from the
high copy number plasmid, pCXJ15-COX9, into a low copy
number shuttle vector, pRS416 (Sikorski and Hieter, 1989),

and both pRS416-COX9 and pCXJ15-COX9 were introduced
into 6A/�cox9. Ura� transformants of �cox9-[pRS416-COX9]
and �cox9-[pCXJ15-COX9] were then subcultured on YPGly
for assessment of growth phenotype and respiratory compe-
tence. The low copy number plasmid, pRS416-COX9, comple-
mented the respiratory deficiency of 6A/�cox9, the transfor-
mants exhibiting a growth rate similar to that of the parent
strain, M2915-6A, and forming normal colonies on YPGly. It
is noteworthy that the growth rate of �cox9-[pCXJ15-COX9]
on YPGly was slower than �cox9-[pRS416-COX9] (Fig. 5).

To confirm that overexpression of COX9 compromises
growth and to investigate a possible gene dosage effect, the
WT strain M2915-6A was transformed with pRS416-COX9
and pCXJ15-COX9, and Ura� transformants of 6A-[pRS416-
COX9] and 6A-[pCXJ15-COX9] were both assessed for
growth on YPGly. Although untransformed M2915-6A, con-
taining only one copy of the native COX9, showed normal
growth, colonies of the transformant 6A-[pRS416-COX9] con-
taining both native COX9 and a low copy number of pRS416-
COX9 were slightly smaller than those of M2915-6A. 6A-
[pCXJ15-COX9], containing multiple copies of COX9, exhibited
a growth defect qualitatively similar to that of �cox9-[pCXJ15-
COX9].
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Fig. 3. Apoptosis caused by miltefosine.
Cells were treated with 2 �g/ml miltefos-
ine or no drug at 30°C for 4 h and exam-
ined for TUNEL or caspase activation by
fluorescence microscopy and flow cytom-
etry. For the TUNEL assay, cells were
fixed with paraformaldehyde and sphero-
plasted before labeling. Representative
views of the microscopy are shown. Dot
plots of fluorescence intensity versus side
scatter (SSC) obtained with flow cytom-
etry demonstrate that, in miltefosine-
treated samples, 12% of the cells were
caspase-activated and 40% of the cells
were TUNEL-positive.

TABLE 3
Microscopic assessment of mitochondrial disruption by miltefosine
Average cell numbers with S.D. (n � 3) are presented. Functional mitochondria are
shown in Fig. 2 as networks of punctate bright spots (DAPI) connected by tubular
structures (DiOC6). Disrupted mitochondria have a diffuse staining pattern in Fig. 2
with both DAPI and DiOC6 staining. PI� cells are presumed dead.

Untreated Miltefosine-Treated

%

PI� cells with healthy mitochondria �98.0 12.8 	 1.0
PI� cells with disrupted mitochondria �2.0 68.2 	 1.8
PI� cells �0.3 19.0 	 2.4
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Cox9p-Dependent Inhibition of COX by Miltefosine.
To examine whether miltefosine treatment affects COX ac-
tivity, mitochondria were isolated from the WT strain
M2915-6A and subjected to a mild detergent treatment to
release the COX complex from membrane lipid bilayers (Mu-
satov et al., 2000). COX activity in the mitochondrial sus-
pension was determined spectrophotometrically, using a
cytochrome c oxidase assay kit (Sigma-Aldrich), to be approx-
imately 0.25 units/mg protein (Sigma-Aldrich definition).
The mitochondrial suspension was then incubated with
miltefosine at concentrations ranging from 0 to 256 �g/ml or
with the COX inhibitor KCN at concentrations ranging from
0 to 10 mM. The COX activity time courses clearly demon-
strate that the enzyme in the WT strain was inhibited by
both KCN and miltefosine in a dose-dependent manner
(Fig. 6, A-1 and B-1, respectively). Although a high concen-
tration of KCN (10 mM) caused a complete inhibition of the
COX activity, a high dose of miltefosine (256 �g/ml) sup-
pressed the enzyme by approximately 60%, reaching a level
similar to the COX activity in the �cox9 mutant (Fig. 6B-2).

To determine whether inhibition of COX by miltefosine is
dependent on the presence of Cox9p, mitochondria prepared

from 6A/�cox9 were examined for COX activity in the pres-
ence of the drug. When COX9 was deleted from the genome,
the activity of the COX was reduced to below 40% (Fig. 6B-2).
Without Cox9p, the residual COX activity was inadequate to
sustain aerobic cellular respiration, because 6A/�cox9 was
unable to grow on YPGly at 30°C (Fig. 5). It is noteworthy
that in the absence of Cox9p, the residual COX activity was
not inhibited by miltefosine (Fig. 6B-2) but was suppressed
by KCN (Fig. 6A-2).

To investigate the effect of COX9 expression level on milte-
fosine-COX interaction, mitochondria from �cox9-[pRS416-
COX9] were extracted and assayed for COX activity in the
presence of miltefosine. Under conditions mimicking the en-
dogenous expression level of Cox9p using the low copy num-
ber plasmid, the miltefosine-COX dose response was restored
to WT level (Fig. 6B-4), consistent with the restoration of the
growth phenotype observed on YPGly (Fig. 5) and indicative
of a fully functional COX. The miltefosine-COX dose response
observed in mitochondria derived from 6A-[pRS416-COX9],
which carried low copies of COX9 on the plasmid, did not
differ significantly from that of the WT strain (Fig. 6B-3).

The COX activity of the mitochondria extracted from
�cox9-[pCXJ15-COX9], where Cox9p was overexpressed as a
result of multiple plasmid copies, was restored to approxi-
mately 70% of WT (Fig. 6B-6). However, mitochondria de-
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5-C
OX9]
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CXJ1

5-C
OX8]

6A-[p
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5-C
OX7]

YNB
+

Miltefosine

YNB

1.0 x 101

4.8 x 101

2.4 x 102

1.2 x 103

6.0 x 104

1.0 x 101

4.8 x 101

2.4 x 102

1.2 x 103

6.0 x 104

(cells/drop)

Fig. 4. Miltefosine resistance conferred by COX9 overexpression. YNB
plates containing 20 �g/ml miltefosine or no drug with drops of serially
diluted M2915-6A transformants of pCXJ15-COX7, pCXJ15-COX8, and
pCXJ15-COX9 are shown. 6A-[pCXJ15] was used for comparison. Photos
were taken with a PowerShot A720 IS digital camera (Canon, Tokyo,
Japan) after incubation at 30°C for 3 days. Note that only 6A-[pCXJ15-
COX9] showed miltefosine resistance.

YPD YPGly

6Α/∆cox9

M2915-6A

∆cox9-
[pRS416-COX9]

6A-
[pRS416-COX9]

∆cox9-
[pCXJ15-COX9]

6A-
[pCXJ15-COX9]

Fig. 5. COX9 gene dosage on cellular respiration. Growth of the �cox9
mutant and its parental strain on YPD (left) and YPGly (right) are
shown. The effect of gene dosage is present in strains transformed with
either a low copy number plasmid pRS416-COX9 or a high copy number
plasmid pCXJ15-COX9 (as indicated in the square brackets). After 5-day
incubation at 30°C, photos were taken using a digital camera. Note that
a functional COX9 on a low copy number plasmid restored respiration in
the �cox9 mutant. Respiration was reduced in transformants containing
more than one copy of COX9.
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rived from 6A-[pCXJ15-COX9], which also contained overex-
pressed Cox9p, displayed COX activity similar to that of WT
mitochondria (Fig. 6B-5). Dose response of the enzyme to
miltefosine from both transformants was evident.

Discussion
Miltefosine is a potential lead compound for new antifun-

gal drug development (Obando et al., 2007). It has clinically
useful activity against another lower eukaryote, Leishmania
spp., but undesirable toxicities (Sindermann and Engel,
2006). Understanding its mode of action is essential to the
design of analogs with increased antifungal potency and re-
duced toxicity. Our data indicate that miltefosine induces
apoptosis-like cell death in the model yeast, S. cerevisiae, as
a result of a specific interaction with the Cox9p subunit of
mitochondrial COX.

Miltefosine Penetrates Mitochondria and Disrupts
Mitochondrial Function. Internalization of miltefosine by
fungi has not previously been studied directly, although it

has been shown in S. cerevisiae that fluorescently labeled
analogs of PC are transported across the plasma membrane
to the cytosolic leaflet by a protein-mediated, energy-depen-
dent mechanism and that these analogs are distributed sub-
sequently to the nuclear envelope/ER and mitochondria
(Grant et al., 2001). The protein Lem3p was later identified
as a specific membrane transporter for PC, PE, and, presum-
ably, miltefosine, because deletion of LEM3 conferred resis-
tance to miltefosine (Hanson et al., 2003). LEM3 is a member
of an evolutionarily conserved gene family and has two ho-
mologs in S. cerevisiae.

In the present study, uptake of [14C]miltefosine by yeast
cells was very rapid and reached plateau within 10 to 20 min.
This is consistent with internalization of miltefosine via a
saturable, active transport channel, presumably involving
Lem3p. Because mitochondria are widely distributed double-
membrane networks within cells and form a large part of the
cellular membrane system, it is probable that, after internal-
ization, miltefosine distributes along the lipid bilayers of the
mitochondria and interacts with potential drug targets, both

Fig. 6. Cox9p-dependent miltefosine-COX dose response. Mitochondrial fractions were extracted from the strains indicated and dissolved in enzyme
dilution buffer with 1 mM n-dodecyl-�-D-maltoside. COX activity in the mitochondria was measured using a cytochrome c oxidase assay kit.
A, time-course plots of COX inhibition by KCN at various concentrations are shown, taking samples with no COX as controls. Note that in the absence
of Cox9p, the remaining COX activity in 6A/�cox9 was still sensitive to KCN. B, time-course plots of COX activity at different concentrations of
miltefosine are shown. Controls without COX are labeled as Ctrl. Note that miltefosine inhibited COX in a dose-dependent manner only when Cox9p
was present.
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on the membranes and in the matrix. Our data indeed
showed that more than 10% of internalized [14C]miltefosine
localized to subcellular mitochondrial fraction of the cell
lysates.

An effect of miltefosine on mitochondrial function was
clearly demonstrated, because yeast cells growing by respi-
ration, relying heavily on mitochondrial function, were four
times more sensitive to miltefosine than cells growing by
fermentation (Fig. 1B). A selective effect of miltefosine on
mitochondria was demonstrated by staining cells with DAPI
and DiOC6, which revealed that miltefosine penetrated into
the mitochondrial inner membrane, causing disruption of the
membrane potential and dispersal of mitochondrial nucleoids
within the matrix (Fig. 2).

Miltefosine Causes Apoptosis-Like Cell Death in
Yeast. There is little doubt that miltefosine causes apoptosis
in both cancer cells and leishmanial parasites (Barratt et al.,
2009). However, the biochemical basis of apoptosis in these
cells, in particular whether it occurs as a direct consequence
of inhibition of PC synthesis, remains controversial (van der
Sanden et al., 2004).

Apoptosis has been reported in a range of yeast including
S. cerevisiae, Schizosaccharomyces pombe, and Candida al-
bicans (Ramsdale, 2008). S. cerevisiae has been used as the
model system since the characterization of the CDC48 mu-
tation that led to the discovery of apoptosis in yeasts (Madeo
et al., 2004). Genes involved in programmed cell death in S.
cerevisiae have also been identified as apoptotic regulators in
mammalian cells, indicating that the basic apoptotic machin-
ery is indeed present and functional.

In the present study, a miltefosine concentration of 2 �g/ml
clearly caused apoptosis-like cell death, as demonstrated by
disruption of mitochondrial function and miltefosine-induced
nuclear damage (Fig. 2). TUNEL-specific fragmentation of
DNA and activation of cellular caspases were obvious in
miltefosine-treated cell cultures (Fig. 3). These observations
are typical signs of apoptosis in yeast (Thevissen et al., 2008).
Furthermore, miltefosine directly inhibited COX located on
the mitochondrial inner membrane (Fig. 6). Our results sug-
gest that, as a result of direct interaction between the drug
and COX, miltefosine disrupts mitochondrial homeostasis
and triggers apoptotic signaling.

Cox9p Is the Inhibition Site of COX by Miltefosine.
The COX enzyme complex catalyzes the final step of respi-
ration, transferring electrons from cytochrome c to molecular
oxygen. By coupling electron transfer to proton translocation
from the mitochondrial matrix to the intermembrane space,
COX maintains the electrochemical potential required by the
oxidative phosphorylation system for the synthesis of ATP.
Because most human invasive fungal pathogens grow only by
cellular respiration, fungus-specific components of the COX
complex would be potentially novel antifungal drug targets.
Our data demonstrate that the inhibition of COX activity by
miltefosine is dose-dependent and relies on the presence of
Cox9p (Fig. 6). As possible Cox9p homologs in other eu-
karyotes have substantially diverged from those in fungi,
Cox9p is potentially a fungus-specific subunit of the COX
complex targetable by the drugs.

Because COX is a polymeric enzyme, with subunits en-
coded by either the nucleus or the mitochondria, its assembly
is complex, highly regulated, and requires coordination be-
tween both organelles (Fontanesi et al., 2006). Crystalliza-

tion of bovine COX has provided detailed insight into its
three-dimensional organization (Tsukihara et al., 1996). In
S. cerevisiae, 11 subunits of the enzyme complex have been
identified. Three large subunits, Cox1p, Cox2p, and Cox3p,
which form the catalytic core, are encoded by the mitochon-
drial genome and synthesized within the matrix. It has been
reported that the catalytic core is embedded within the inner
membrane. The heme and copper cofactors, which are in-
volved in the electron transport activity of the COX complex,
are coordinated by Cox1p and Cox2p. Other small subunits,
including Cox7p, Cox8p, and Cox9p, are nuclear-encoded,
synthesized in the cytoplasm, and imported into the mito-
chondria. These small subunits are associated with the hy-
drophobic core and are essential for the assembly and stabil-
ity of the holoenzyme. The small subunits are also involved in
the modulation of catalytic activity and protection of the core
from damaging reactive oxygen species.

In this study, COX9 was isolated from a genetic screen for
possible molecular targets of miltefosine. COX9 has previ-
ously been cloned and is present as a single copy in the
haploid genome of S. cerevisiae (Wright et al., 1986). Our
results demonstrate that Cox9p is essential for maintaining
a fully functional COX assembly and that the level of Cox9p
expression affects yeast cellular respiration (Fig. 5). In the
�cox9 mutant, the growth arrest correlated with a 
60% loss
of COX activity, indicating that this level of COX inhibition
was sufficient to prevent oxidative phosphorylation. This
level of inhibition was also detected in WT COX treated with
high concentrations of miltefosine. In the absence of Cox9p,
the remaining COX activity was not further inhibited by
miltefosine but was sensitive to KCN, implicating Cox9p as
the site within COX responsible for the miltefosine dose-
dependent inhibition (Fig. 6).

Restoration of Cox9p expression in the �cox9 mutant by an
exogenous COX9 in low copy number completely restored
COX functionality and cellular respiration. The miltefosine-
COX dose response of the transformants was also similar to
that of WT COX. Overexpression of Cox9p in 6A-[pCXJ15-
COX9] and �cox9-[pCXJ15-COX9] resulted in defective
growth on nonfermentable carbon source, suggesting that the
COX9 copy number is crucial for optimal cellular respiration
and hence growth and that overexpression of the gene is
detrimental. COX activity in the COX9 overexpression strain
6A-[pCXJ15-COX9] was similar to that of the WT strain, but
in �cox9-[pCXJ15-COX9], it was 70% of WT. Although this
result might indicate a biased preference by the COX for
chromosomally expressed Cox9p, when Cox9p was overex-
pressed, there was a clear miltefosine-COX dose response.
Taken together, these results indicate that regulation of the
cellular level of Cox9p is critical for optimal COX function,
and that changes in Cox9p levels are likely to render the
COX complex unstable.

It has been proposed that mature Cox9p is a 6.3-kDa
amphiphilic peptide of 54 amino acids, with an internal hy-
drophobic domain and hydrophilic N and C termini. This
structural motif is similar to that of Cox7p and Cox8p. Cox9p,
together with Cox7p and Cox8p, form a transmembrane in-
termediate subassembly that spans the lipid bilayer of the
inner membrane (Power et al., 1986) and is therefore acces-
sible to miltefosine. Our results showed that overexpression
of only Cox9p, but not Cox7p and Cox8p, confers miltefosine
resistance in yeast cells. It seems likely that miltefosine-
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Cox9p binding reduces the amount of Cox9p available for
assembly of functional enzyme complexes; hence, COX be-
comes structurally unstable and vulnerable to proteolysis.
Plasmid-derived Cox9p can compensate for the loss of native
Cox9p bound to miltefosine, because transformants contain-
ing pCXJ15-COX9 were resistant to miltefosine, whereas
cells with pCXJ15-COX7 or pCXJ15-COX8 were still sensi-
tive to the drug (Fig. 4).

In summary, we conclude that Cox9p is a target of the
antifungal drug miltefosine. We propose that interaction be-
tween Cox9p and miltefosine disrupts the electron transport
chain by causing partial disassembly of COX, ultimately
leading to an apoptosis-like cell death.
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