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Propolis, a natural product of plant resins, is used by the bees to seal holes in their honeycombs and protect
the hive entrance. However, propolis has also been used in folk medicine for centuries. Here, we apply the
power of Saccharomyces cerevisiae as a model organism for studies of genetics, cell biology, and genomics to
determine how propolis affects fungi at the cellular level. Propolis is able to induce an apoptosis cell death
response. However, increased exposure to propolis provides a corresponding increase in the necrosis response.
We showed that cytochrome ¢ but not endonuclease G (Nuclp) is involved in propolis-mediated cell death in
S. cerevisiae. We also observed that the metacaspase YCAI gene is important for propolis-mediated cell death.
To elucidate the gene functions that may be required for propolis sensitivity in eukaryotes, the full collection
of about 4,800 haploid S. cerevisiae deletion strains was screened for propolis sensitivity. We were able to
identify 138 deletion strains that have different degrees of propolis sensitivity compared to the corresponding
wild-type strains. Systems biology revealed enrichment for genes involved in the mitochondrial electron
transport chain, vacuolar acidification, negative regulation of transcription from RNA polymerase II promoter,
regulation of macroautophagy associated with protein targeting to vacuoles, and cellular response to starva-
tion. Validation studies indicated that propolis sensitivity is dependent on the mitochondrial function and that

vacuolar acidification and autophagy are important for yeast cell death caused by propolis.

Propolis is a natural product of plant resins collected by
honeybees (Apis mellifera) from various plant sources. It is
used by the bees to seal holes in their honeycombs and protect
the hive entrance (22, 24, 82). Propolis has been used in folk
medicine for centuries. Its chemical composition is quite com-
plex since more than 300 compounds, such as polyphenols,
phenolic aldehydes, sequiterpene quinines, coumarins, amino
acids, steroids, and inorganic compounds, have been identified
in propolis samples. Propolis has cytotoxic (53), anti-herpes
virus (83), antitumor (34), radical scavenging (4), antimicrobial
(38, 60), antiprotozoan (55), and anti-HIV (30) activity and
suppressive effects of dioxin toxicity (60). More recently, evi-
dence has shown that propolis can be used to treat Candida
fungal infections (1, 17, 59, 68, 76).

There is an urgent need to discover novel antifungal drugs.
There are currently five different classes of antifungal drugs
classified based on their mechanisms of action (37). Most of
these drugs affect the cell membrane or cell wall integrity
through inhibition of either ergosterol synthesis or B-glucan/
chitin synthesis, respectively. A further complication to this
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limited spectrum of drugs is the acquisition of resistance by the
pathogenic fungi observed in clinical settings (26, 31, 57).
While amphotericin B has fungicidal activity, the azoles are
generally fungistatic agents for Candida spp. and fungicidal
agents for Aspergillus spp. (52). The echinocandins (caspofun-
gin, micafungin, and anidulafungin) exhibit fungicidal activity
against Candida spp. and fungistatic activity against Aspergillus
spp. (25). There are very few studies investigating the relation-
ship between antifungal drugs and cell death (for a review, see
reference 63). Recently, Saccharomyces cerevisiae has become
an excellent model system to characterize cell death (for a
review, see reference 14). The apoptotic core machinery is
quite conserved in this organism, and multiple yeast ortho-
logues of mammalian apoptotic proteins have been identified
(14). In addition, several cell death pathways have been char-
acterized, and assays for apoptotic and/or necrotic cell death
are being currently used (14).

The identity and the mechanism of action of the chemical
compounds present in the propolis are not known. To identify
the cellular targets of any bioactive compounds is a very diffi-
cult task. In the last years, however, all the genome resources
that were developed for S. cerevisiae (www.yeastgenome.org)
provided an excellent genomic platform for drug development
and drug target identification (7, 28, 50, 85). In addition, all
these genetic tools have made it possible to study and construct
genetic interaction networks for identification of specific drug
targets (9, 16). Here, we apply the power of S. cerevisiae as a
model organism for studies of genetics, cell biology, and
genomics in order to understand how propolis affects fungi at
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the cellular level. First, we evaluate how propolis can affect S.
cerevisiae cell survival by assessing several genetic determinants
involved in apoptosis and/or necrosis in this organism. As a
complementary step, we have used the yeast nonessential gene
deletion library to investigate possible cell targets for propolis.

MATERIALS AND METHODS

Strains, media, and culture methods. The following S. cerevisiae strains were
used: BY4742 (MATo his3AI leu2A0 lys2A0 ura3A0) (10), BY4741A and BY4742
tho™ (both MAT« his3A1 leu2A0 lys2A0 ura3A0 [rho™°]) (this study),
YJL208C/NUCI (MATa his3A1 leu2A0 met15SA0 ura3A0 GFP:nucl) (Invitro-
gen), YIR048W/CYCI (MATa his3Al leu2A0 met15SA0 ura3A0 GFP::cycl) (In-
vitrogen), and AYCAI (MATo his3A1 leuAO met]15A0 ura3A0 ycal::kanMX4)
(49). The following media were used: the complete medium YPD agar (2%
[wt/vol] glucose, 1% [wt/vol] yeast extract, 2% [wt/vol] peptone, and 2% [wt/vol]
agar), YPGal agar (2% [wt/vol] galactose, 1% [wt/vol] yeast extract, 2% [wt/vol]
peptone, and 2% [wt/vol] agar), minimal medium SC agar (0.7% [wt/vol] yeast
nitrogen base [DIFCO], 2% [wt/vol] glucose, 0.1g/liter L-leucine, 0.1g/liter L-
lysine, 0.1g/liter L-tryptophan, 0.05g/liter L-histidine, 2% [wt/vol] agar), and YPD,
YPGal, and SC liquid media with the same composition as above but without
agar. Rosella strains were constructed by the transformation of c-Rosella plasmid
(67) into the BY4742 strain. Transformants were selected in SC agar minimal
medium.

Preparation of the propolis standardized extract. Three batches of propolis
standardized extract (PSE), 14004/10, 14401/10, and 010/08, were produced by
Apis Flora Company (EPP-AF; Ribeirdo Preto, SP, Brazil). The extracts were
standardized using a propolis blend composed of raw material obtained from
several sites of Brazil (A. A. Beretta-Silva, A. C. Meda, and M. E. T. Ferreira, 1
February 2005, Brazilian patent application PI 0405483), such as the states of
Minas Gerais, Sao Paulo, Parana, Santa Catarina, and Rio Grande do Sul.
Propolis (blend of raw material) was kept in a freezer for 12 h and ground to a
fine powder in a blender, and its particle size was standardized using a 42-mesh
sieve. It was then extracted using hydroalcoholic solution (7:3), with dynamic
maceration followed by a percolation process and finally by filtration. The PSE
obtained represents 11% (wt/vol) of dry residue and chemical composition stan-
dardized qualitatively and quantitatively by reverse-phase high-pressure liquid
chromatography (RP-HPLC) by analyzing the following compounds: caffeic,
p-coumaric, and cinnamic acids; isosakuranetin; and artepillin C (ARC) (see
Table S1 in the supplemental material).

Screening of the yeast deletion library. For the screening of the yeast deletion
library (84; http://www-sequence.stanford.edu/group/yeast_deletion_project/) a
set of approximately 4,800 haploid deletions in nonessential genes of S. cerevisiae
were screened for propolis sensitivity. Mutants were inoculated from stock cul-
tures in 96-well master plates at —80°C and were grown at 30°C in YPD medium
containing 200 pg/ml of Geneticin (G418; Sigma, St. Louis, MO) and then stored
at 4°C. To determine which mutants were sensitive to propolis, the cells were
spotted on YPD plates plus 0.68% ethanol or alcoholic propolis extract (Apis
Flora, Ribeirdo Preto, SP, Brazil) at 0.25% and 0.50% (vol/vol). Plates were
incubated at 30°C for 5 days.

RNA isolation and real-time PCR. Exponential (9 h) growth phase BY4742
cells were harvested and suspended (107 cells mI™") in YPD liquid medium
containing 0.125% (vol/vol) alcoholic propolis extract. The treatment was carried
out for 5 and 10 min at 30°C with mechanical shaking (200 rpm). Then, yeast cells
were washed with distilled water, and RNA was isolated. For total RNA isola-
tion, the yeast cells were disrupted by vortexing with glass beads, and total RNA
was extracted with Trizol reagent (Invitrogen). Ten micrograms of RNA from
each treatment was then fractionated in 2.2 M formaldehyde-1.2% (wt/vol)
agarose gel, stained with ethidium bromide, and then visualized with UV light.
The presence of intact 25S and 18S rRNA bands was used as a criterion to assess
the integrity of the RNA. RNase-free DNase I treatment for the real-time PCR
experiments was carried out as previously described by Semighini et al. (72).

All the PCRs were performed using an ABI 7500 Fast Real-Time PCR System
(Applied Biosystems) and TagMan Universal PCR Master Mix kit (Applied
Biosystems). The reactions and calculations were performed according to Semi-
ghini et al. (72). The primers and Lux fluorescent probes (Invitrogen) used in this
work were the following: ATG8_263RL (5'-CGGCTATATGGCAGACATCA
ACGC-FAM-G-3') and ATGS8_263RL/235FU (5'-CCCTGAGAAGGCCATCT
TCATTT-3') for YBLO78C/ATGS; ATG14_892FL (5'-CGGACAACAAGATG
AAGTGTAGGTC-FAM-G-3') and ATG14_892FL/910RUa (5'-AACCATCG
AGTACAACATCCCAAA-3") for YBR128C/ATG14; and ACT1_366FL (CGG
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CTGGTTCTGGTATGTGTAAAGC-FAM-G) and ACT1_366FL/385RU (AT
GGGAAGACAGCACGAGGAG) for YFLO39C/ACTI.

Optical and confocal microscopy. After incubation under the appropriate
conditions for each experiment, slides were mounted and visualized in a fluo-
rescence microscope. For YIL208C/NUC1, YIR048W/CYC1, and Rosella strain
microscopy, stationary (16 h)-growth-phase cells were harvested and suspended
(107 cells mI™ 1) in SC liquid medium for YJL208C and YJR048W and in YPD
liquid medium for Rosella containing 0.125% (vol/vol) alcoholic propolis extract;
the treatments were carried out for 15, 10, and 90 min, respectively, at 30°C with
mechanical shaking (200 rpm). A positive control for Rosella staining was per-
formed by growing cells for 16 h at 30°C in YPD medium and transferring them
to starvation medium (0.17% [wt/vol] yeast extract, 0.1% [wt/vol] KH,PO,,
0.01% [wt/vol] CaCl,, 0.0005% [wt/vol] FeCls, 0.07% [wt/vol] MgCl,, 0.05%
[wt/vol] NaCl, 2% [wt/vol] glucose) to induce autophagy. After 4 h of incubation
at 30°C, protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP; at 10
M) was added in pH 7.5 buffer for 10 min. Incubation of starved cells before
imaging in pH 7.5 buffer containing the protonophore CCCP resulted in an
increase in green fluorescence emission in the vacuole (67). For positive control
to apoptosis in the NUCI microscopy, we used 0.4 mM H,O, for 20 h (13). Cells
were washed with phosphate-buffered saline (PBS) and incubated for 5 min in a
solution supplemented with 100 ng/ml of 4',6'-diamidino-2-phenylindole (DAPI;
Sigma Chemical, St. Louis, MO). After incubation with the dye, cells were
washed with PBS buffer for 10 min at room temperature, and then the slides were
mounted. Slides were viewed with a Carl Zeiss (Jena, Germany) microscope
using a 100X magnification oil immersion objective lens (EC Plan-Neofluar;
numerical aperture, 1.3). In order to verify the accumulation of reactive oxygen
species (ROS), cells were stained with 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA). Yeast cells (107 cells ml™") were grown in 50-ml tubes in 10 ml of
YPD medium for 9 or 16 h at 30°C and exposed to 0.125% propolis for 5 or 10
min. Cells were washed with YPD medium and incubated with prewarmed PBS
buffer containing 10 pM H,DCFDA (Invitrogen, Molecular Probes) for 30 min
in the dark at 37°C. Slides were mounted, and images were analyzed by fluores-
cent microscopy at room temperature. Slides were viewed with a Carl Zeiss
(Jena, Germany) microscope using a 100X oil immersion objective lens (filter
set 46 HE YFP; excitation wavelength, 500/20 nm; emission wavelength,
535/30 nm). Phase-contrast for the bright-field images and fluorescent images
were captured with an AxioCam camera (Carl Zeiss), processed using the
AxioVision software, version 3.1, and saved as TIFF files. Further processing
was performed using Adobe Photoshop, version 7.0 (Adobe Systems Incor-
porated, CA).

In terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL) assays, slides were visualized in a confocal microscope. Images
were analyzed using a Leica TCS SP5 spectral laser scanning confocal micro-
scope (Leica Microsystems, Heidelberg, Germany) at the Laboratory of Confo-
cal Microscopy, Faculty of Medicine of Ribeirdo Preto (FMRP), University of
Sao Paulo, Sao Paulo, Brazil, using a 63X water immersion objective lens, with
laser line 488 nm for green fluorescent protein (GFP) and 405 nm for DAPIL
Images were captured by direct acquisition, with the Z step ranging from 0.5 to
2 pm with the Leica LAS AF software (Leica Microsystems), and additional
processing was carried out using Adobe Photoshop, version 7.0.

Induction of cell death. YPD liquid medium was inoculated with BY4742 cells
for 16 h at 30°C. Grown cells were centrifuged and inoculated in 50 ml of fresh
YPD liquid medium in 250-ml flasks to a final concentration of 5 X 10° cells
ml~!. Cells were then grown for 9 h (exponential; 2.0 X107 cells ml~ ') and 16 h
(stationary; 3.0 X 108 cells ml~1). The cells in exponential and stationary phases
were harvested and inoculated again in 50 ml of fresh YPD liquid medium in
250-ml flasks to a final concentration of 107 cells ml~! and exposed to either
0.68% ethanol or 0.125% (vol/vol) alcoholic propolis extract. The treatment was
carried out for 5, 10, and 20 min at 30°C with mechanical shaking (200 rpm).
Then, the cells were washed with phosphate-buffered saline (PBS) to remove
propolis, and the procedures were initiated for cell death detection. Cell viability
was determined by plating appropriate cell concentrations and counting the
number of grown colonies.

TUNEL assay. DNA strand breaks were demonstrated by TUNEL with an In
Situ Cell Death Detection Kit, Fluorescein, from Roche. This procedure was
according to Madeo et al. and Ribeiro et al. (47, 65) with some modifications.
Yeast cells were fixed with 3.7% (vol/vol) formaldehyde for 30 min at room
temperature and washed three times with PBS, and cell walls were digested with
15 U/ml lyticase, from Arthrobacter luteus (crude 100,000 U; 362 units/mg; Sigma)
at 37°C for 60 min. Ten microliters of the cell suspensions was applied to a
microscope slide and allowed to dry for 30 min at 37°C. The slides were rinsed
with PBS, incubated in permeabilization solution (0.1% [vol/vol] Triton X-100
and 0.1% [wt/wt] sodium citrate) for 2 min on ice, and rinsed twice with PBS. For
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TABLE 1. Specific gene ontology classes derived from PPPI network observed in cluster 6

GO

Biological process identification P value® Cof/r;lclt:bd s k¢ I
no.

Cell division 51301 295 x 1071 2.56 x 1071 36 323
Cell budding 7114 131 x 10713 5.68 x 101! 19 82
Asexual reproduction 19954 416 x 1013 1.20 x 10~ 1° 19 87
Reproduction of a single-celled organism 32505 6.45x 10713 1.40 x 10710 19 89
Establishment of cell polarity 30468 1.23 X 10712 1.67 x 10710 20 104
Mitochondrial electron transport, ubiquinol to cytochrome® 6122 2.79 x 1071 211 X 107° 8 11
Cytokinesis 16288 291 x 1071 2.11x107° 19 109
Cell cycle 7049 213 x107° 1.05 X 1077 40 566
Electron transport chain 22900 8.55 %1077 1.61 x 10 8 31
pH reduction 45851 2.63x107° 3.08 X 107 6 24
Vacuolar acidification 7035 2.63 X 1077 3.08x 1074 6 24
Negative regulation of transcription from RNA polymerase II promoter 433 330 x107* 2,63 X 1073 3 6

by glucose

“ P values were calculated by the hypergeometric distribution of one ontology class visualized in the network.

b Calculated values based on P values obtained after FDR was applied.

¢ Total number of proteins found in the network which belong to a gene ontology.

4 Total number of proteins that belong to a specific gene ontology.

a positive control the endonuclease DNase I (Sigma) was applied to the cells on
microscope slides. The slides were placed in a humidified box for 1 h at 37°C and
then washed twice in PBS. Slides were subsequently incubated with 10 pl of
TUNEL reaction mixture, containing terminal deoxynucleotidyltransferase and
fluorescein isothiocyanate (FITC)-dUTP, for 60 min at 37°C. They were rinsed
three times with PBS and incubated for 5 min in a solution supplemented with
100 ng/ml of DAPI (Sigma Chemical, St. Louis, MO). After incubation with the
dye, they were washed with PBS buffer for 10 min at room temperature and then
rinsed in distilled water, mounted, and visualized in a confocal microscope.

Annexin and PI assays. Phosphatidylserine exposure was detected by an an-
nexin-V-Fluos staining kit (Roche), as described by Madeo et al. (48) with some
modifications. Cells were harvested and washed with sorbitol buffer (1.2 M
sorbitol, 0.5 mM MgCl,, 35 mM K,HPO,, pH 6.8). Cell walls were digested with
15 U of lyticase (Sigma) in sorbitol buffer for about 30 min at 37°C. Cells were
then washed twice with binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,) containing 1.2 M sorbitol (binding-sorbitol buffer). To
38-pl cell suspensions in binding-sorbitol buffer, 2 wl of annexin V (Roche) and
2 ul of a propidium iodide (PI) working solution (50 pg/ml) were added, and the
mixture was incubated for 15 min at room temperature. The cells were then
washed and resuspended in binding-sorbitol buffer. Finally, the slides were
mounted with the cell suspensions. Microscope settings and image acquisitions
were as described above using epifluorescence microscopy. For quantitative
assessment of annexin V-PI staining, at least 100 yeast cells were counted per
sample. For the apoptosis positive control, the cells were treated with 80 mM
acetic acid, pH 3.0, for 200 min (44), and for the necrosis positive control, the
cells were fixed with fixative solution (3.7% formaldehyde, 50 mm sodium phos-
phate buffer, pH 7.0, 0.2% Triton X-100) for 30 min at room temperature.

Mitochondrial fractionation studies. For the extraction of mitochondrial pro-
teins, mitochondria were isolated from S. cerevisiae cells based on the a previ-
ously described procedure (23, 64). Cells grown for 16 h in YPGal liquid (at
30°C), either untreated or exposed to 0.125% propolis for 10 min at 30°C, were
harvested at 3,500 X g for 5 min and were washed once with 1.2 M sorbitol. Then,
washed cells were suspended in digestion buffer at a concentration of 10 g of cells
(wet weight) in 50 ml of buffer (1.2 M sorbitol, 0.06 M phosphate, pH 7.5, 1 mM
EDTA, 15 mM B-mercaptoethanol, and 50 mg Zymolyase 20T [MP Biomedi-
cals]) and incubated at 37°C for 2 h to be converted to spheroplasts. Spheroplasts
were washed with 1.2 M sorbitol and then gently homogenized in a resuspension
buffer (0.6 M sorbitol, 20 mM HEPES, pH 7.4, and 0.5 mM phenylmethylsulfonyl
fluoride [PMSF]) using an Elvehjem-Potter homogenizer. The homogenate was
centrifuged at 2,500 X g for 5 min at 4°C. The supernatant was centrifuged again
at 2,500 X g for 5 min at 4°C two additional times, and then it was centrifuged
at 12,000 X g for 10 min to sediment mitochondria. The supernatant (cytoplasmic
portion) was collected, and the mitochondrial pellet was resuspended gently with
resuspension buffer and washed four additional times at 2,000 X g for 5 min at
4°C. The final mitochondrial pellet was resuspended gently in 0.6 M sorbitol-20
mM HEPES. Protein concentration was determined by Biuret assay (43) using
bovine serum albumin (BSA) as a standard.

Samples were then analyzed by 10% sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE). Samples were prepared for SDS-PAGE by the
addition of 1X sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol,
5% B-mercaptoethanol, and 5% bromophenol blue) and heating at 100°C for 3
min. Twenty micrograms of total protein from each sample was loaded into each
lane of a 10% SDS-PAGE gel. After separation of the proteins, the gel was
blotted onto a pure nitrocellulose membrane (0.2-wm pore size; Bio-Rad), and
after being blocked in 5% dried milk in TBS-T buffer (10 mM Tris-HCI, 150 mM
NaCl, pH 8.0, and 0.05% Tween 20), the membrane was probed with the anti-
body rabbit anti-cytochrome ¢ (CNAT against native cytochrome ¢ from yeast;
Sigma) at a 1:200 dilution in TBS-T buffer for 1 h at room temperature. The
membrane was washed four times for 5 min each with TBS-T buffer and then
incubated with a 1:5,000 dilution of goat anti-rabbit IgG peroxidase-labeled
antibody (KPL) for 1 h. After being washed, the blot was developed by use of the
SuperSignal Ultra chemiluminescence detection system (Pierce) and recorded by
the use of Hyperfilm ECL (Amersham Biosciences).

Oxygen consumption. Mitochondrial and spheroplast oxygen consumption was
monitored on a computer-interfaced Clark-type electrode at 25°C with 1 mM
NADH as a substrate in the presence of mitochondria at 100 wg/ml protein
concentration. Mitochondria were isolated from S. cerevisiae cells grown in
YPGal medium. Propolis was added to a 0.125% final concentration. In order to
block cytochrome ¢ oxidase respiration, 1 mM KCN was added at the end.

PPPI network design and topological analysis. The survival data gathered
from yeast deletion strains submitted to propolis treatment was used to obtain
information about how the deleted genes and their products interact in the
context of physical protein-protein interaction (PPPI) networks in S. cerevisiae.
To this end, data mining screening and network design of PPPI networks were
performed using Cytoscape software, version 2.6.3 (74). For this purpose, we
used the PPPI data of S. cerevisiae available in the STRING database, version 8.3
(http://string.embl.de), using the following parameters: active prediction meth-
ods all enabled except text mining; no more than 50 interactions; medium
confidence score (0.400); and network depth equal to 1 with addition of new
nodes until saturation of the network. The PPPI networks obtained from this first
screening were then combined in a unique PPPI network by employing the union
function of the Cytoscape core plug-in Merge Networks (Table 1). This major
PPPI network was then analyzed with molecular complex detection (MCODE)
software (3), a Cytoscape plug-in (at http://www.cytoscape.org/plugins2.php) in
order to detect subnetworks or clusters of proteins that could represent distinct
biologic processes. The parameters used for MCODE to generate the subnet-
works were as follows: loops included; degree cutoff of 2; deletion of single
connected nodes from cluster (haircut option enable); expansion of cluster by
one neighbor shell allowed (fluff option enable); node density cutoff of 0.1; node
score cutoff of 0.2; k-core of 2; and maximum depth of network of 100.

GO analysis. Gene ontology (GO) clustering analysis was performed using
Biological Network Gene Ontology (BiNGO) (50) software, a Cytoscape plug-in
available at http://chianti.ucsd.edu/cyto_web/plugins/index.php. The degree of
functional enrichment for a given cluster and category was quantitatively as-
sessed (P value) by hypergeometric distribution (66), and a multiple test correc-
tion was applied using the false-discovery rate (FDR) (5) algorithm, fully imple-
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mented in BINGO software. Overrepresented biological process categories were
generated after FDR correction, with a significance level of 0.05.

RESULTS

Propolis induces cell death in S. cerevisiae. Propolis is a
complex product derived from plant resins and bee saliva.
There are several chemical compounds present in this natural
product that could potentially be responsible for its antibiotic
properties. As a first step to understand whether individual
components of propolis could play such role, we fractionated
propolis extracts by HPLC and purified some of the most
abundant chemical compounds (see Fig. S1 and Table S1 in the
supplemental material). We have obtained similar fingerprints
for three different batches of propolis (see Fig. S2). We tested
S. cerevisiae growth in the presence of four of these chemical
compounds (caffeic, p-coumaric, and cinnamic acids and iso-
sakuranetin). We applied 1, 2, 5, 10, 25, 50, and 100 pg/ml of
each compound and a mix of 100 wg/ml of each in microtiter
plate liquid cultures. None of these treatments was able to
inhibit the growth of S. cerevisiae BY4742, Candida albicans
CAI4, or Candida parapsilosis ATCC 2201 (data not shown).
Thus, taking into consideration the fact that the cell death
effects of propolis could be due to a combination of chemical
compounds and concentrations, we decided to investigate the
cell death effects of propolis by concentrating our experiments
on alcoholic extracts of propolis.

The first series of experiments was related to verifying a
working propolis concentration and determining how yeast
viability was affected. Since propolis is dissolved in ethanol
(60% alcoholic extract), the control treatment was grown on
2.73% ethanol because 0.5% propolis has a final concentration
of about 2.73% ethanol (Fig. 1A). Tenfold dilutions of S.
cerevisiae cells suggested that 0.125% propolis could be an
adequate choice as a subinhibitory concentration (Fig. 1A). All
the controls for further experiments using 0.125% propolis as
a treatment have 0.68% ethanol (what corresponds to 60%
alcoholic extract for 0.125% propolis). We were not able to
perform the determination of MICs by using microdilutions
because the color of the propolis is dark, which interferes in
the spectrophotometer determinations (data not shown). The
inhibitory effects of propolis on S. cerevisiae are not affected by
growth on lower oxygen concentrations, such as 1% O, (data
not shown). We also observed that C. albicans was more sus-
ceptible to concentrations of propolis between 0.50 and 0.75%
(Fig. 1A). However, C. parapsilosis and Aspergillus fumigatus
growth was not affected by the same concentrations of propolis
(data not shown). Yeast cells in the initial mid-exponential
(6 h; 1.2 X 10° cells ml~ ') and stationary (16 h; 3.0 X 10° cells
ml ') phases are more resistant to 0.125% propolis extracts
while cells in the exponential phase (9 h; 2.0 X 107 cells ml~ 1)
are much more sensitive (Fig. 1B). In the next step, we inves-
tigated what was the main mechanism of cell death in the cells
in the exponential and stationary phases, i.e., 9 and 16 h of
growth, respectively, by observing the number of cells which
are propidium iodide (PI) positive (PI") or annexin and
TUNEL positive (preliminary indications of necrosis or apop-
tosis, respectively).

Early apoptosis is characterized by an increased number of
annexin V-positive (A™) cells and PI negative (P1") cells while
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in late apoptosis (leading to secondary necrosis), there is an
increase in the number of A* and PI* cells. The primary
necrosis is characterized by an increased number of annexin
V-negative (A7) cells and PI"* cells. We have observed about
15% A™ and PI" cells in the negative control (0.68% ethanol
[EtOH]) while 100% A" and PI" cells in the positive control
(acetic acid, pH 3.0, for 200 min). Upon 5 min of exposure to
0.125% propolis, cells grown for 9 and 16 h have an increased
number of A™ cells (about 30% both A" and PI" and 80%
A™), suggesting early apoptosis (Fig. 1B to D). Upon 10 min of
exposure to 0.125% propolis, cells grown for 9 and 16 h have
an increased number of A" and PI" (about 80% for both
classes), suggesting late apoptosis, leading to secondary necro-
sis (Fig. 1B and C). However, the TUNEL-positive staining
remained constant for both 5 and 10 min of exposure to
0.125% propolis (about 80%) (see Fig. S3 in the supplemental
material).

Nuclear release of mammalian high-mobility group box-1
protein (HMGBI1) is a defining feature of necrosis in mamma-
lian cells (69). Since apoptotic cells can become leaky during
further cultivation, resulting in PI positives, we determined the
nucleo-cytosolic translocation of the yeast HMGB1 homo-
logue Nhp6Ap in cells grown for 16 h exposed to 0.125%
propolis for 5 and 10 min. Fluorescence microscopy showed
the nucleo-cytosolic translocation of the GFP-tagged Nhp6Ap
(Nhp6Ap-GFP) in 20 and 30% of the cells after exposure for
5 and 10 min to 0.125% propolis, respectively (Fig. 1E). Taken
together, these results indicate that propolis is able to induce
an apoptosis cell death response but that increased exposure to
propolis provides a corresponding increase in the necrosis re-
sponse.

There is an accumulation of mitochondrion-produced reac-
tive oxygen species (ROS) during yeast apoptosis (for reviews,
see references 19, 58, and 62). To investigate the production of
ROS during propolis-induced cell death in S. cerevisiae, we
used 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA),
a cell-permeable ROS indicator that is nonfluorescent until
acetate groups are removed (H,DCF) by intracellular es-
terases and oxidation occurs within the cell. Although H,DCF
can be oxidized by different ROS, it is mainly used to detect
superoxides. Yeast cells grown for 9 or 16 h were either un-
treated or exposed to 0.125% propolis for 5 and 10 min, incu-
bated with H,DCFDA, and examined by fluorescence micros-
copy (Fig. 2). The DCFDA-dependent green fluorescence was
detected in about 10% of the 9- or 16 h-grown cells not ex-
posed to propolis. Treatment of 9-h-grown cells with 0.125%
propolis for 5 and 10 min yielded 70 to 80% fluorescence while
treatment of 16-h-grown cells treated for 5 and 10 min pro-
duced 40 to 60% fluorescence (Fig. 2). These results indicate
that there is a great accumulation of ROS during cell death
induced by propolis.

Caspases are members of a family known as cysteine pro-
teases that are actively involved in cell death in eukaryotes (for
a review, see reference 41). Although S. cerevisiae does not
have caspases in its genome, a caspase-like protein named
YCAI, fitting into the type I category of metacaspases, was
identified and characterized previously (49, 54, 81). It has been
shown that YCAI is involved in several cell death stimuli (for
a review, see reference 54). When yeast cells grown for 16 h
were exposed to 0.125% propolis for 5, 10, and 20 min, there
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FIG. 1. Propolis induces apoptosis and late necrosis in S. cerevisiae. (A) Spot dilution assays for S. cerevisiae and C. albicans in YPD medium supplemented
with different concentrations of propolis. The plates were incubated at 30°C for 72 h. (B) Viability of yeast cells in different growth cycle phases exposed to 0.125%
propolis for 5 or 10 min. Cell viability was determined by plating appropriate cell concentrations and counting the number of colonies. The numbers are the
average = standard deviation of three independent experiments. (C) Annexin and PI assays for 16-h yeast cells exposed to 0.125% propolis. (D) Total numbers
for annexin- and PI-positive cells for yeast cells exposed to 0.125% propolis. Bar, 5 um. The numbers are the average = standard deviation of three independent
experiments. In each experiment, 100 cells were assessed for annexin and PI staining. Positive controls for annexin and PI were exposing the cells to acetic acid,
pH 3.0, for 200 min and fixing them with fixation solution as described in the Materials and Methods section. (E) Nucleo-cytosolic translocation of Nhp6Ap-GFP
in untreated S. cerevisiae cells or cells exposed to 0.125% propolis for 10 min. Bar, 5 pm.

was a reduction in the cell viability of 40, 70, and 95% in the
wild-type strain while in the YCAIA strain, this reduction was
about 10, 50, and 80% (Fig. 3). These results strongly indicate
that the YCAI gene is important for propolis-mediated cell
death.

Cytochrome c¢ is released during propolis-induced cell
death. We have also investigated if other components of the
cell death machinery are being activated during propolis-in-
duced cell death in S. cerevisiae. We concentrated our atten-
tion on two of these putative determinants: CYCI and NUCI.
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FIG. 2. Propolis induces the production of ROS. Yeast cells were grown for 9 or 16 h at 30°C in YPD medium and stained with H,DCFDA

for 30 min at 37°C before fluorescent microscopy analysis. Bar, 5 pm.

In mammalian cells, at least two major apoptotic pathways
have been described: (i) the intrinsic pathway that needs the
involvement of the mitochondria, and (ii) the extrinsic pathway
where mitochondria are bypassed and caspases are activated
(for a review, see reference 21). One of the hallmarks of the
intrinsic pathway is the release of apoptogenic factors such as
cytochrome ¢ to the cytosol and the consequent assembly or-
ganized by this protein of the high-molecular-weight complex,
the mitochondrial apoptosome, that activates caspases (for a
review, see reference 21). In S. cerevisiae cells undergoing an

Propolis 0.125 %

0 min
B 5 min
310 min
320 min

100

% Survival

Wild type YCA1A

FIG. 3. Metacaspase YCAI mutant is more tolerant to propolis
than the corresponding wild-type strain. Viability of 16-h yeast wild-
type and YCAI mutant strains treated with 0.125% propolis (*, P <
0.05) was determined by plating appropriate cell concentrations and
counting the number of colonies. The results are the means *+ standard
deviation of three independent experiments.

apoptotic process induced by acetic acid, translocation of cy-
tochrome c to the cytosol was observed (45). We performed
cell fractionation studies to determine if cytochrome ¢ was
translocated to the cytoplasm during exposure of yeast cells
grown for 16-h (16-h yeast cells) to 0.125% propolis for 10 min
(Fig. 4). When the yeast cells were not exposed to propolis, all
the cytochrome ¢ was located in the mitochondrial protein
extracts while upon propolis addition, there was a significant
presence of cytochrome ¢ in the cytoplasm protein extracts
(Fig. 4, right panel). There are corresponding protein amounts
in each cell fraction extract, as shown by Coomassie staining
(Fig. 4, left panel).

Endonuclease G (EndoG) has been described as a mito-
chondrial endonuclease that digests both DNA and RNA (12,
13, 61). Upon apoptosis induction, translocation of mamma-
lian EndoG and its S. cerevisiae homologue NUC] to the nu-
cleus coincides with large-scale DNA fragmentation (12, 13,
41, 61). We have not observed increased sensitivity of NUCIA
yeast cells to propolis (data not shown). Next, we examined if
Nuclp would translocate to the nucleus when yeast cells were
exposed to propolis (Fig. 5). When 16-h yeast cells were not
exposed to propolis, the Nuclp-GFP showed a diffuse mito-
chondrion filament-like distribution, as confirmed by Mito-
Tracker staining (Fig. 5, first row). In yeast cells exposed to
hydrogen peroxide, part of the Nuclp-GFP was translocated to
the nucleus (DAPI staining), as previously shown by Biittner et
al. (13), but it also accumulated in the mitochondria as indi-
cated by MitoTracker staining (Fig. 5, second row). In contrast,
when yeast cells were exposed to 0.125% propolis for 15 min,
about 100% of the yeast cells showed a Nuclp-GFP dot-like
distribution, suggesting mitochondrial fragmentation, as again
confirmed by MitoTracker staining (Fig. 5, third row). More-
over, the Nuclp-GFP did not translocate to the nuclei, as
shown by DAPI staining (Fig. 5, third row). These results
strongly indicate that cytochrome ¢, but not Nuclp, is involved
in propolis-mediated cell death in S. cerevisiae.
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FIG. 4. Exposure of yeast cells to propolis induces cytochrome ¢ release into the cytoplasm. Yeast cells were grown for 16 h at 30°C and left
untreated or exposed to 0.125% propolis for 10 min at 30°C. The cells were harvested and fractionated (mitochondria and cytoplasm) as described
in the Materials and Methods section, and proteins were run on a polyacrylamide gel. At left is a Coomassie-stained gel with the same amount
of proteins that were transferred to a nitrocellulose filter (right panel). This membrane was probed with the antibody rabbit anti-cytochrome c.

High-throughput screen of the yeast deletion library for
propolis sensitivity. To elucidate the gene functions that may
be required for propolis sensitivity in eukaryotes, the full col-
lection of haploid S. cerevisiae deletion strains was screened for
growth on YPD plates supplemented with 2.73% ethanol (as a
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Control
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control; 2.73% is the ethanol concentration used to dissolve
0.500% propolis) and 0.250 and 0.500% propolis for 5 days at
37°C. About approximately 4,800 different strains were in-
volved in this screening, and after three confirming screenings,
we were able to identify 138 deletion strains that have different

DAPI Mitotracker

Merge

FIG. 5. Nuclp is not involved in propolis sensitivity. Yeast Nucl1-GFP cells were grown for 16 h at 30° and left untreated or exposed to 0.125%
propolis for 15 min, and cells were visualized by a fluorescence microscope. A positive control was made by incubating 16-h-old yeast cells with
0.4 mM H,O0, for 20 h at 30°C. Bar, 5 um. DIC, differential interference contrast. Arrows indicate the nuclei.
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FIG. 6. System biology for the propolis sensitivity in S. cerevisiae. (A) A physical protein-protein interaction (PPPI) network obtained from
yeast deletion data whose absence increases the sensitivity of yeast cells to propolis treatment. (B) Distribution of proteins (number of nodes)
associated with propolis-induced sensitivity as observed from yeast deletion data in the different clusters and unclustered proteins of the major
PPPI network. Cluster 1, translation/energy derivation by oxidation of organic compounds/mitochondrial genome maintenance; cluster 2, tran-
scription/chromosome organization and biogenesis/G, phase of mitotic cell cycle; cluster 3, carboxylic acid metabolic process/protein targeting to
peroxisome/respiration metabolism; cluster 4, establishment and/or maintenance of chromatin architecture/histone deacetylation; cluster 5, RNA

catabolic process; cluster 6, cell division mechanisms; and unclustered nodes.

degrees of propolis sensitivity compared to the corresponding
wild-type strain (see Table S2 in the supplemental material).
The survival data obtained from yeast deletion strains
prompted us to ask how the absence of the determined pro-
teins of propolis-sensitive yeast strains affects different biolog-
ical processes that lead to cell death. In this sense, a search for
potential proteins and/or mechanisms and their associated bi-
ological processes that are affected by propolis exposure was
initiated. To achieve this goal, different PPPI networks using
yeast deletion data were retrieved from the STRING database.
Shared proteins and subnetworks present in the major PPPI
network (Fig. 6) were identified and retrieved using the Cyto-
scape-associated plug-in MCODE and subjected to a Gene
Ontology (GO) analysis in order to obtain information about
the nature and number of subnetworks belonging to the net-
work and their associated biological processes. Results ob-
tained from MCODE and GO analysis showed that the final
PPPI network (Fig. 6A) contains 553 nodes and 3,651 connec-
tors and is composed of six heavily interconnected clusters,
each comprising different biological processes. GO analyses
revealed that these biological processes can be classified into
the following categories: (i) translation/energy derivation by
oxidation of organic compounds/mitochondrial genome main-
tenance, (ii) transcription/chromosome organization and
biogenesis/G; phase of mitotic cell cycle, (iii) carboxylic acid
metabolic process/protein targeting to peroxisome/respira-
tion metabolism, (iv) establishment and/or maintenance of
chromatin architecture/histone deacetylation, (v) RNA cat-
abolic process, and (vi) cell division mechanisms. As ex-
pected, proteins that could not be classified into any cluster

were also identified in the network (unclustered protein
subnetworks) (Fig. 6A and B).

The distribution analysis of the proteins whose deletion in-
creases the sensitivity of yeast strains to propolis indicated that
both cluster 6 and unclustered protein subnetworks contain
61.73% of the total proteins observed in the deletion assay
(Fig. 6B; see also Table S3 in the supplemental material). The
other 38.27% proteins were found distributed among clusters 1
to 5 (Fig. 6B; see also Table S3), showing that cluster 6 and the
unclustered protein subnetworks appear to be important for
the pleiotropic responses observed when yeast cells are sub-
mitted to propolis treatment. When the proteins of the cluster
6 subnetwork (Fig. 7; see also Table S3) were subjected to GO
analysis, the data indicated that the major biological processes
found within this subnetwork were associated with cell division
and reproduction, which includes the establishment of cell
polarity, cell cycle, and budding (Table 1). Moreover, the pro-
teins of the cluster 6 subnetwork appear to be important to the
mitochondrial electron transport chain, vacuolar acidification,
and negative regulation of transcription from RNA polymerase
I promoter (Table 1). Interestingly, the GO analysis of the
unclustered protein subnetworks (Fig. 7B; see also Table S3)
showed that these proteins are important for the regulation of
macroautophagy associated with protein targeting to vacuoles
and the cellular response to starvation, among other processes
(Table 2).

In the next two sections, we show validation data about the
role played by clusters related to the mitochondrial electron
transport chain and vacuolar acidification.
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FIG. 7. (A) Subnetwork of proteins (cluster 6) associated with cell division, establishment of cell polarity, electron transport chain, and vacuolar
acidification. (B) Unclustered protein subnetworks associated with macroautophagy, protein targeting to vacuoles, cellular response to starvation
and stress, vacuolar transport, cell communication, and regulation of protein polymerization.

Petite strains are less sensitive to propolis. It has recently
been shown that during necrosis in S. cerevisiae, there is an
inhibition of mitochondrial function with a corresponding re-
duction of ATP production (for a review, see reference 19). In
this paper, there are several indications that propolis induces a
secondary necrosis cell death mechanism in S. cerevisiae. In
addition, as demonstrated in the previous section, we found
that when several genes related to energy derivation by oxida-
tion of organic compounds, mitochondrial genome mainte-
nance, and the mitochondrial electron transport chain are de-
leted, there is an increase in S. cerevisiae propolis sensitivity.
We decided to investigate a possible correlation between
propolis sensitivity, mitochondria and S. cerevisiae necrotic cell
death by isolating petite strains of S. cerevisiae and checking
their sensitivity to propolis. In order to isolate BY4742 [rho°]/
[rho ] cells, the respiratory-competent strain BY4742 (10) was
mutagenized with ethidium bromide, and the resultant petite
respiratory-deficient colonies were crossed to [r70°)/[rho ] tes-
ter strains (80) to confirm the nature of the isolated petite

mutant respiratory incapacity. Two of these petite strains,
BY4741A [rho°)/[rho~] and BY4742 [rho~]/[rho°], and the cor-
responding wild-type strain were exposed to 0.125% propolis
for 20 min, and cell viability was determined (Fig. 8). The
petite strains showed dramatic increased viability compared
to the wild-type strain (compare 95 and 75% viability of
BY4741A [rho™]/[rho°] and BY4742 [rho~|/[rho"] strains,
respectively, against about 10% viability in the wild-type
strain) (Fig. 8A). Accordingly, when cell protein extracts
were fractionated, cytochrome ¢ could not be observed in
cytoplasmic protein extracts of petite cells exposed to
propolis but only in mitochondrial protein extracts (Fig.
8B). We measured the effect of propolis on mitochondria
isolated from yeast strain W303 by monitoring the oxygen
consumption rate as a consequence of mitochondria NADH
oxidase activity. In the presence of propolis the NADH
oxidase activity is 1/10 of that observed before the addition
of this compound, indicating its toxic effect on respiration
(Fig. 8C). These results strongly suggest that S. cerevisiae

TABLE 2. Specific GO classes derived from PPPI of unclustered protein subnetworks

. . . (.}O . Corrected P
Biological process identification P value® b ke I
o, value
Macroautophagy 34262 7.44 x 10714 5.44 x 1071 11 23
CVT pathway 32258 9.36 X 1012 343 x107° 9 18
Protein targeting to vacuole 6623 737 x 1071 1.80 x 1078 13 62
Cellular response to starvation 9267 3.03 x 10710 5.54x 1078 11 44
Cellular response to stress 33554 1.06 X 107° 5.09 X 1077 11 49
Cellular response to nutrient levels 31669 4.86 X 107° 5.09 X 1077 11 56
Response to starvation 42594 1.80 X 1078 1.46 X 1076 11 63
Vacuolar transport 7034 5.05x 1078 3.69 X 107 14 122
Cell communication 7154 1.44 X 1076 6.21 X 107 20 317
Regulation of protein polymerization 32271 1.76 X 10~°¢ 6.79 X 107° 4 6

“ P values calculated by the hypergeometric distribution of one ontology class visualized in the network.

b Calculated values based on P values obtained after FDR was applied.

¢ Total number of proteins found in the network which belong to a gene ontology.

4 Total number of proteins that belong to a specific gene ontology.



Vor. 10, 2011

A. B.

+ P<0,05 [ control (0.68 % etOH)
[ propolis 0.125%, 20 min

*
100

50

% Survival

wt BY4741A p-/p° BY4742 p-/po

C. 300 NADH

1 g

250 -

PROPOLIS SENSITIVITY IN S. CEREVISIAE 407

Mitochondria  Cytoplasm Mitochondria

Cytoplasm
+PRO -PRO +PRO-PRO

kDa

+PRO -PRO +PRO-PRO

07
66 =—

45  —
30—

20 —

14 —

NADH

§N 2005 propolis
o) J
o -
£ 150
5 R
S 100 o
o Wild-type + propolis
& 50 »
] Wild-type + ethanol
0 e Wild-type
(I) 5.0 10‘0 15‘0 260 2‘50 3:’)0

Time (Seconds)

FIG. 8. Petite mutants are more tolerant to propolis. (A) Viability of 16-h yeast wild-type and petite mutant strains to 0.125% propolis (*, P <
0.05) was determined by plating appropriated cell concentrations and counting the number of colonies. The results are the means = standard
deviations of three independent experiments. (B) Exposure of yeast petite mutant cells to propolis does not induce cytochrome c release into the
cytoplasm. Yeast cells were grown for 16 h at 30°C and left untreated or exposed to 0.125% propolis for 10 min at 30°C. The cells were harvested
and fractionated (mitochondria and cytoplasm) as described in the Materials and Methods section, and proteins were run on a polyacrylamide gel.
At left is a Coomassie-stained gel with the same amount of proteins that were transferred to a nitrocellulose filter (right panel). This membrane
was probed with the antibody rabbit anti-cytochrome c. (C) NADH oxidase activity in wild-type yeast in the presence of propolis. Mitochondria
(100 g of protein) of the wild-type W303 strain were assayed for NADH-oxidase with a Clark electrode as described in the Materials and Methods
section. Arrows indicate the addition of propolis (final concentration of 0.125%) or the identical volume of ethanol and KCN. These are

representative traces of one experiment, which were reproduced with mitochondria isolated on three different days.

propolis sensitivity is dependent on the mitochondrial func-
tion.

A role for the vacuole and the vacuolar H*-ATPase in
propolis sensitivity. Another set of genes important for propo-
lis sensitivity observed in our screening were involved in vac-
uolar acidification and macroautophagy associated with pro-
tein targeting to vacuoles and cellular response to starvation
(Table 2). Organelle acidification is implicated in protein sort-
ing in the biosynthetic and endocytic pathways, proteolytic
activation of zymogen precursors, and transmembrane trans-
port of viral contents and toxins (for a review, see reference
32). In fungi, the lysosome-like vacuole also plays a role in
storage of metabolic building blocks, calcium homeostasis, and
osmotic control. Vacuolar acidification is essential for all these
functions. The vacuolar proton-translocating ATPase (V-AT-
Pase) is an essential enzyme to catalyze all these processes.
Their primary role in eukaryotic cell is ATP-driven transport of
protons from the cytosol into acidic organelles (32). When
several genes (VPHI, VMA3, VMA4, VMAS, VMALL, VMA22,

RAV1, and SOP4) involved in the assembly of the yeast V-AT-
Pase were deleted, the corresponding yeast deletion strains
became more sensitive to propolis (Fig. 9A). Recently, Rosado
et al. (67) developed a method for monitoring autophagy using
Rosella, a biosensor comprised of a fast-maturing pH-stable
red fluorescent protein fused to a pH-sensitive green fluores-
cent protein variant. Its mode of action relies upon differences
in pH between different cellular compartments and the vacu-
ole. Rosella is a genetically encoded dual-color-emission bio-
sensor, a product of a fusion of a relatively pH-insensitive
fast-maturing variant of the red fluorescent protein, DsRed (6)
with a pH-sensitive variant of GFP (56). The rationale of this
assay relies on the pH difference between the vacuole (or
lysosome; approximately pH 6.2 or 4.8, respectively) and other
compartments of the cell (pH >7.0). The reporter is a dual-
color emission biosensor comprising a relatively pH-stable
DsRed and a pH-sensitive GFP variant (67). In yeast cells
grown for 16 h, both red and green fluorescence were evenly
distributed throughout the cytosol and absent from the vacuole
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FIG. 9. Propolis induces vacuolar acidification in S. cerevisiae. (A) Spot dilution assays for YPD medium supplemented with different
concentrations of propolis. Yeast cells were grown for 96 h at 30°C. (B) Rosella expressed in the yeast cytosol is delivered to the vacuole under
cell exposure to propolis. DIC and fluorescence images are shown for wild-type cells under growing conditions (first row), after nitrogen starvation
for 4 h (second row), and exposed to 0.125% propolis for 90 min at 30°C. The position of the vacuole in the DIC images is delineated by a dashed
white line. Empty vacuoles are highlighted by white arrows. Filled vacuoles are highlighted by yellow arrows. Bar, 5 pm.

(Fig. 9B, first row). Cells were then transferred to starvation
medium (without nitrogen) to induce autophagy. After a 4-h
incubation, red fluorescence, but not green, was observed to
accumulate in the vacuole of approximately 40% of the cells
(Fig. 9B, second row). Then, the cells were exposed to 0.125%
propolis, and after a 90-min incubation, a subtle phenotype of
red fluorescence, but not green, was observed to accumulate in
the vacuole of approximately 60% of wild-type cells (Fig. 9B,
second and third rows).

Autophagy can be involved in the turnover of long-lived
proteins and whole organelles (for example, mitochondria in
mitophagy and the endoplasmic reticulum in reticulophagy)
(51). Autophagy is also an important process during starvation;
i.e., by the catabolism of macromolecules autophagy generates
metabolic substrates (51). Autophagy has been followed by
various biochemical and morphological methods (for reviews,
see references 35 and 36). Expression of GFP-Atg8p in yeast
can be used to follow the localization or accumulation of the
preautophagosomal structure, autophagosomes, and autoph-
agic bodies. We have observed that A7G! (encoding a protein
serine/threonine kinase required for vesicle formation in au-
tophagy and the cytoplasm-to-vacuole targeting [CVT] path-
way), ATG10 (encoding a conserved E2-like conjugating en-

zyme that mediates formation of the Atgl2p-Atg5p conjugate,
which is a critical step in autophagy), and A7G20 (encoding a
nexin family member required for the CVT pathway and for
endosomal sorting) deletion strains are more sensitive to
propolis (for reviews about yeast genes involved in autophagy,
see references 33 and 39) (Fig. 10A). We have used mRNA
accumulation of ATG14 and ATGS8 and monitoring GFP-Atg8
as assays to verify if propolis induces an increase in autophagy.
Propolis induced ATGS and ATGI14 mRNA accumulation
about 4 times and 14 times, respectively (5- and 10-min expo-
sure to 0.125% propolis) (Fig. 10B). The GFP-Atg8 translo-
cated to vacuolar-like structures after exposure to 0.125%
propolis for 20 min (Fig. 10C).

Taken together, these data strongly indicate that vacuolar
acidification and autophagy are important for yeast cell death
caused by propolis.

DISCUSSION

The three main types of propolis around the world have
different compositions: (i) caffeic acid phenethyl ester
(CAPE)-based propolis in Europe, the Far East and New Zea-
land; (ii) artepillin C (ARC)-based Brazilian green propolis;
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FIG. 10. Propolis induces autophagy in S. cerevisiae. (A) Spot di-
lution assays for YPD medium supplemented with different concen-
trations of propolis. Yeast cells were grown for 96 h at 30°C. (B) Yeast
wild-type cells were grown for 9 h in liquid YPD medium at 30°C and
left untreated or exposed to 0.125% propolis for 5 or 10 min. Total
RNA was extracted, and real-time reverse transcription-PCR (RT-
PCR) was used to quantify mRNA accumulation. The measured quan-
tity of the mRNA in each of the treated samples was normalized using
the threshold cycle (C) values obtained for the actin (ACT7) mRNA
amplifications run in the same plate. The relative quantitation of
ATGS8, ATG14, and ACTI gene expression was determined by a stan-
dard curve (i.e., C; values plotted against logarithm of the DNA copy
number). The results are the means * standard deviations of four sets

of experiments. (C) Cells of yeast strains harboring GFP-Atg8 either
untreated or exposed to 0.125% propolis for 20 min at 30°C. Bar, 5 pm.

and (iii) Brazilian red propolis. Recently, a screen of 1,266
compounds with known pharmaceutical activities was per-
formed, and 15 compounds that prolonged survival of C. albi-
cans-infected nematodes and inhibited in vivo filamentation of
C. albicans were identified (11). One of these compounds,
CAPE, exhibited antifungal activity in a murine model of can-
didiasis (11). CAPE is a poplar-type propolis while Brazilian
green propolis is a Baccharis type. We along with other inves-
tigators have been unable to identify any traces of CAPE in the
Brazilian green propolis (75, 79; also data not shown). Here,
we have investigated molecular targets involved in cell lethality
caused by the Brazilian green propolis. We were not able to see
any cell death effect when S. cerevisiae was exposed to high
concentrations of four of the major compounds that are
present in the green propolis. Thus, we decided to verify the
effects of propolis on S. cerevisiae cell lethality by using alco-
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holic propolis extracts. Cell death in S. cerevisiae is frequently
followed by indicative apoptotic and/or necrotic markers such
as externalization of phosphatidylserine to the outer leaflet of
the plasma membrane, chromatin condensation, the genera-
tion of reactive oxygen species, propidium iodide accumula-
tion, HMGB1/Nhp6p localization, detection of plasma mem-
brane ruptures, and complete disintegration of subcellular
structures (14, 19). In addition, ROS accumulation, mitochon-
drial fragmentation, cytochrome ¢ release, the metacaspase
Ycalp, the apoptosis-inducing factor Aiflp, the endonuclease
G Nuclp, the serine protease OMI, cytoskeleton perturba-
tions, and chromatin epigenetic modification have also been
observed (79). Necrosis has also been described during yeast
chronological aging (20).

We have noticed that apoptosis and necrosis markers are
induced by propolis, but increased time exposure to propolis
intensifies the number of cells with necrotic markers, such as
PI and nucleo-cytosolic translocation of the Nhp6Ap-GFP.
Our data indicate a dual role for propolis treatment as an
agent that induces apoptosis and secondary necrosis. These
effects are partially mediated by YCAI metacaspase since the
YCAIA mutant is more resistant to propolis. In S. cerevisiae
overexpression of YCA! caused cell death while YCAI deletion
protected against cell death caused by reactive oxygen species
or chronological aging (49). Additionally, we have also ob-
served that Nuclp does not translocate to the nucleus upon
propolis cell death induction. Interestingly, Biittner et al. (13)
observed that apoptotic death mediated by Nuclp does not
require YCAI. More interestingly, simultaneous markers for
apoptosis and necrosis have also been noticed during propolis
cell death induction in Trypanosoma cruzi (55).

There are several conditions where mitochondria-produced
ROS have been associated with yeast apoptosis (for reviews,
see references 19, 59, and 62). Propolis can induce ROS for-
mation, and it is more lethal when S. cerevisiae grows in the
presence of glycerol and ethanol as carbon sources (data not
shown), suggesting that respiration increases propolis lethality.
Actually, we were able to demonstrate that propolis can inhibit
respiration in S. cerevisiae. We have observed that propolis cell
death induction stimulates the cytochrome c release and that
also [rho°] cells are more tolerant to propolis. Cytochrome c is
a mitochondrial protein with a function in the respiratory chain
and an additional function as an activator of caspase-9 in the
intrinsic pathway of mammalian apoptosis (40). Treatment of
yeast cells with acetic acid leads to mitochondrial cytochrome
¢ release (45). Disruption of cytochrome ¢ partially prevents
acetic acid-induced cell death, and accordingly [rho"] cells
show resistance against acetic acid-induced cell death (45).
However, it is not very clear, as it is in mammals, if cytochrome
¢ release can lead to the formation of an apoptosome-like
structure and activation of caspases. In contrast, Sripriya et al.
(77) have observed loss of mitochondrial membrane potential
and absence of cytochrome c release during necrotic cell death
of S. cerevisiae induced by expression of a proteinaceous elic-
itor hairpin (Pss) from Pseudomonas syringae. However, the
deficiency of functional mitochondrial DNA, and consequent
inability to respire from petite mutants, conferred resistance to
death.

We have applied the power of genomics by screening the full
collection of haploid S. cerevisiae deletion strains to compre-
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hend how propolis, a complex phytotherapeutic compound,
affects cell metabolism. This strategy has already been exten-
sively used for understanding how other compounds affect S.
cerevisiae cell metabolism (8, 15, 18, 27, 71, 86). By applying
systems biology, we observed that most of the proteins whose
deletion increases the sensitivity of yeast strains to propolis are
involved in cell division mechanisms, the mitochondrial elec-
tron transport chain, vacuolar acidification, regulation of mac-
roautophagy associated with protein targeting to vacuoles, cel-
lular response to starvation, and negative regulation of
transcription from the RNA polymerase II promoter. We have
investigated and validated in more detail the mitochondrial
electron transport chain and vacuolar acidification pathways.
We have shown that propolis induces vacuolar acidification
and translocation of Atg8p to the vacuoles, one of the hall-
marks of autophagy. In S. cerevisiae, the vacuole is very impor-
tant for maintaining cellular homeostasis comprising the reg-
ulation of intracellular pH and degradation mainly during
nutrient limitation of proteins and organelles by autophagy
(for reviews, see references 2, 29, and 46). Cell death induced
by acetic acid is increased in S. cerevisiae VPS gene deletion
mutants (VPS genes are involved in homotypic vacuole fusion
and vacuolar protein sorting and are essential for normal vac-
uolar function) (70). It has been observed that the intracellular
pH was acidified in VVPS mutant cells upon treatment with
acetic acid (70). It is possible that the disturbance of the ho-
meostatic pH control may trigger necrosis by release of pro-
necrotic proteases, which would find an optimal pH for their
enzymatic activity in the acidified cytosol (19).

Our work emphasizes the importance of S. cerevisiae as a
model system to understand at a molecular level the mecha-
nism of action of a phytotherapeutic compound. There is a
multitude of studies describing the most diverse effects of
propolis on different biological systems, ranging from cancer
chemoprevention (78) to cariostatic activity on streptococci
(42) to an influence on immunomodulatory action and lym-
phocytes and antibody production (73). Our study is the first
one that investigates systematically by using functional genom-
ics how propolis influences the metabolism of an organism.
This opens new possibilities for understanding and validating
propolis as an alternative therapeutic agent against fungal in-
fections.
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