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Physiological regulation of yeast cell death in
multicellular colonies is triggered by ammonia
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he existence of programmed cell death (PCD) in

yeast and its significance to simple unicellular or-

ganisms is still questioned. However, such doubts
usually do not reflect the fact that microorganisms in na-
ture exist predominantly within structured, multicellular
communities capable of differentiation, in which a profit of
individual cells is subordinated to a profit of populations.
In this study, we show that some PCD features naturally
appear during the development of multicellular Saccharo-
myces cerevisiae colonies. An ammonia signal emitted by
aging colonies triggers metabolic changes that localize

Introduction

Programmed cell death (PCD) in metazoa is essential for the
development of differentiated tissues as well as for the harm-
less removal of aged or impaired cells. Several ways of dying,
including apoptosis, apoptosis-like PCD, and necrosis-like
PCD, as well as various signaling pathways triggering the PCD
were described previously (Leist and Jaattela, 2001). These
programs partially share some morphological characteristics
and regulations, whereas some other features are specific for a
particular mode of death. Usually, each of these processes re-
sults in safe cell removal and degradation of macromolecules
to basic compounds, avoiding the release of toxic components.
There are indications that at least some of the biochemical
changes that are typical for mammalian PCDs exist in yeast.
Markers of phosphatidylserine (PS) relocalization, DNA
breaks, and chromatin fragmentation were described in yeast
that were exposed to different extracellular toxic compounds
(e.g., acetic acid or H,O,; Madeo et al., 1999; Ludovico et al.,
2001) or were producing some proapoptotic proteins of higher
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yeast death only in the colony center. The remaining popu-
lation can exploit the released nutrients and survives. In
colonies defective in Sok2p transcription factor that are
unable to produce ammonia (Vachovd, L., F. Devaux, H.
Kucerova, M. Ricicova, C. Jacq, and Z. Palkové. 2004.
J. Biol. Chem. 279:37973-37981), death is spread
throughout the whole population, thus decreasing the life-
time of the colony. The absence of Mcalp metacaspase or
Aif1p orthologue of mammalian apoptosis-inducing factor
does not prevent regulated death in yeast colonies.

metazoa (Shimizu et al., 2000). Such changes also appear both
in replicatively (Laun et al., 2001) and chronologically (Herker
et al., 2004) aged yeast cells growing in liquid cultures. Both
Mcalp, which belongs to metacaspases (Madeo et al., 2002),
and Aiflp, an orthologue of mammalian apoptosis-inducing
factor (Wissing et al., 2004), were described as playing roles in
yeast death. Despite these findings, two principle doubts must
be dispelled before accepting mammalian-like apoptosis in
yeast. The first one is linked to findings showing that even in
metazoa, some of the “apoptotic” death features can also be
found in other PCDs. It is also linked to the fact that the use of
some reagents that were developed for studies of mammalian
apoptosis could be problematic in yeast (e.g., detection of
caspase by caspase inhibitors; Wysocki and Kron, 2004). The
second doubt concerns the fact that, considering standard liquid
yeast cultures as a population of unicellular individuals (Fann-
jiang et al., 2004), a reason for, and the importance of, a pro-
grammed mode of death is not clear.

In this study, we present evidence that regulated yeast
cell death (YCD) exhibiting some PCD features plays an im-
portant role in the long-term development and survival of yeast
multicellular colonies. In contrast to more or less homogeneous
yeast cultures in liquids, populations within colonies growing
on solid media have more possibilities to differentiate and to
form specialized cell variants in favor of the whole population.
Thus, colonies can be considered multicellular microorganisms
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Figure 1. Growth properties of cells within BY4742 and sok2 colonies.
(A) Giant BY4742 colonies at the time of ammonia production (12 d old)
and nonproducing sok2 colonies of the same age; ammonia production
is indicated by violet coloring of the pH indicator BKP. Bar, 5 mm. Blue
arrows indicate positions of the colonies in B. (B) Timing of colony accrual
when growing on GMA. Colony edges on particular days are marked by
yellow hexagons. Colony positions on the plates (A) are indicated by blue
arrows. Shaded circles indicate the regions of central samples (taken from
the 5thto 29th day). Red annular ring sectors and respective red arrows
with red boxes indicate size and position of outer samples on particular
days (arrows mark outer boundary). Central and outer samples were
used for the analyses described in the text and in Figs. 2-4. Green, area
inoculated by Alexa-labeled cells. Bar, 5 mm. (C) Alexa-labeled cells in
the sample picked up from the center of 10-d-old colonies. Bar, 5 um.
(D) Decrease of the percentage of Alexa-labeled cells in the colony center.
(E) Increase of wet biomass of the whole colony (ww) and accrual of
outer margin radius (A).

(Palkova, 2004) that are capable of simple differentiation and
of processes attributed, so far, to metazoa.

Results and discussion

Aged and newly born cells are located at
distinct colony areas

To analyze the timing of the appearance and localization of
dying cells in yeast colonies, we grew giant colonies of Sac-
charomyces cerevisiae BY4742 strains (Fig. 1 A) on glycerol
medium agar (GMA). At the indicated time intervals, we
picked up cells from two distinct areas of a colony (the center
and outer margin; Fig. 1 B) in order to check the occurrence
of features that are characteristic of apoptosis-like YCD, as
described previously (Madeo et al., 1997; see Figs. 2 and 3).
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In initial experiments, we evaluated the basic characteristics of
colony growth and cell distribution within colonies (Fig. 1, B-E)
to be able to estimate the relative age and fate of cells analyzed
in individual samples. First, we monitored colony biomass in-
crements and occupancy areas in individual phases of colony
development. The data revealed that the biomass of a colony
increases linearly, at least during the first 16 d of cultivation.
Also, the radius of expansion at the outer colony margin is al-
most linear over the entire estimated time interval of 29 d (Fig.
1, B and E). In parallel, we monitored relative age and the pos-
sible relocation of cells within a colony during its growth (Fig.
1, B-D). For this purpose, we inoculated giant colonies with
cells vitally stained with AlexaFluor488 5-TFP, and, at the
time intervals, we quantified the amount of stained cells in the
center and in newly grown colony margins. After a quick de-
crease in the percentage of stained cells as a result of intensive
cell growth during the first 4 d, the amount of stained cells in
the colony center continued to decrease, but did so slowly (Fig.
1 D). None of the stained (i.e., primal and, thus, older) cells ap-
peared in newly growing margins, even at very early develop-
mental phases (unpublished data). This implies that, during
their division, cells are not effectively pushed in a horizontal
direction to other colony regions, but instead remain approxi-
mately at their original location. Therefore, the samples picked
up from outer colony margins should contain substantial por-
tions of relatively young infant cells, whereas the samples
picked up from the center are mostly composed of older, chro-
nologically aging cells.

During colony development, YCD is
restricted to specific colony areas

Fig. 2 summarizes the time course of the stress and death fea-
tures in colonies; i.e., the presence of reactive oxygen species
(ROS), PS relocalization, presence of a protease hydrolyzing
(aspartate),-thodamine (D,R; a substrate designated for the
detection of caspase activity in mammalian cells) (Hug et al.,
1999; Fig. S4, available at http://www.jcb.org/cgi/content/
full/jcb.200410064/DC1), DNA breaks, changes in chromatin
condensation and integrity, and changes in cell morphology.
Three relatively early markers (ROS, protease, and DNA
breaks) are already perceptible in cells both in the center and
at the outer margin of BY4742 colonies at the 5th day and
culminate between the 8th and 12th day. Remaining evident
in central cells, they later disappear from cells of the outer
margin. PS relocalization was found in central and outer mar-
gin cells between the 8th and 16th day (Fig. 2 F). However,
exact quantification of this relocalization was not possible be-
cause of inefficient protoplasting of aged cells. Advanced
changes in chromatin (cell type 3; see Fig. 3) develop only in
the colony center, and, starting at the 21st day, they are visi-
ble in a relatively high number of cells (Fig. 2 D). In addition
to these features, the percentage of permeabilized (stained
with bromcresol purple [BKP]) dead cells is already low at
the outer margin (2.5 = 0.7%) on the 21st day, whereas it is
~ 10 times higher in the colony center (26.2 = 3.3%). Again,
this documents the different fates of cells in the respective
colony areas.
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Figure 2. Time course distribution of stress

and PCD-like markers in the center and in the
outer margin of BY4742 and sok2 colonies.

Positions of the samples within colonies are
marked in Fig. 1 B. Violet arrow indicates the
beginning of ammonia production in BY4742

colonies. Changes in percentage of cells

stained for (A) ROS with DHE; (B) ASPase

with DoR; (C) DNA cleavage with TUNEL as-
say; (D) chromatin with DAPI (shows proportion

of cell type 3 as defined in Fig. 3); (F) PS exter-

nalization with Annexin V f(filter for green, G);
parallel propidium iodide staining distin-

guishes permeabilized cells (filter for red, R;

green PS-positive cells are not permeabi-

lized). Cen + out, same profile of staining in
the center and outer samples. (E) Shrunk cells

(cell type 4 in Fig. 3) visualized with Nomarski
contrast. Blue lines represent changes in cen-

tral cells; red lines represent changes in outer

margin cells. Examples of cells picked up
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Most typical cell nuclei changes (visualized by DAPI and
TUNEL) and their appearance during BY4742 colony develop-
ment are summarized in Fig. 3. Both in the center and at the
outer margin of colonies, cell type 1 (having a V-shape or a
slightly dispersed nucleus with DNA breaks detectable by
TUNEL) appears early (already at the 5th day). Later, cell type
2, containing two or more distinctly demarcated pieces of DNA,
starts to appear with relatively low frequency (1-5%). These
cell types (1 and 2) almost completely disappear from the outer
colony margin by the 16th day. In contrast, they remain evident
in the central region, where cell types 3 and 4 also gradually ap-
pear and then dominate in aged colonies. Cell type 3 seems to be
the penultimate stadium of death. It is characterized by the pres-
ence of diffuse fragmented (3a) or dispersed chromatin (3c) or
by chromatin condensed near the nucleus periphery (3b, present
with low frequency, 1-5%), and it is followed by the last visible
stadium of YCD (“shrunk” cells, type 4; Figs. 2 and 3).

Area-specific YCD occurs within yeast
colonies independently on yeast
metacaspase Mcal1p and Aif1p

It was shown recently that Mcalp metacaspase (Madeo et al.,
2002) and yeast Aiflp (Wissing et al., 2004) can function as
regulators of yeast apoptosis. Interestingly, the absence of either

10 15 20 25 30d .
\

MCAI or AIFI genes has no impact on the normal develop-
ment of colonies or on the localization of YCD features (un-
published data). Moreover, a fraction of living cells from colo-
nies of the mcal strain was stained by D,R, indicating the
presence of another caspase-like (or another protease cleaving
after aspartate residue [ASPase]) activity (Hug et al., 1999;
Fig. 4). This agrees with the observation of Herker et al. (2004)
that, in chronologically aged mcal cells, the caspase-like signal
is restored. The number of cells that are stainable by D,R is rel-
atively low (up to 5%), but, after the 16th day, it reproducibly
differs in the center (~2%) and at the outer margins (no cells)
of the colony (Fig. 2 B). Additionally, larger numbers of cells
in both BY4742 and mcal colonies seem to possess a nonac-
tive ASPase, which can be activated by heat shock of cells
picked up from colonies (Fig. 4 B). Thus, it cannot be excluded
that, in colonies, an inactive precursor of ASPase is activated in
cells in which some intracellular stress factors (e.g., ROS)
reached detrimental levels.

The fluorochrome-labeled inhibitors of caspases, which
were previously used for the monitoring of caspase activity in
yeast (Madeo et al., 2002), appear to be unsuitable for the de-
tection of potential caspase activity in colonies because they
nonspecifically stain not only permeabilized cells, as described
recently (Wysocki and Kron, 2004), but also stain intact cells
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Figure 3. Changes in cellular morphology and in the
nuclei of BY4742 and sok2 cells. O, normal nuclei; 1-3,

RQOLIOLOLOLILONE

chromatin condensation and fragmentation visualized by
DAPI and TUNEL; 4, the last visible stage of YCD (shrunk
cells). Morphology of cells stained by DAPI is shown by
using Nomarski contrast. Cells picked up from the center
of 8-d (cell types O and 1) or 28-d-old (cell types 2-4) col-
onies are shown. On the top, the scheme of particular
cell types (chromatin in black and cytosol in yellow). Dia-
grams show the approximate timing of changes in a num-
ber of particular cell types in the center (cen) and at the
outer margin (out). Color and numbering of individual
diagrams correspond to the labeling in the top scheme.
Violet arrow indicates the beginning of ammonia produc-
tion in BY4742 colonies. Bars, 5 um.

BY4742
TUNEL Nomarski

DAPI

o
<
a

sok2
TUNEL Nomarski

that are probably still living (Fig. S2, available at http:/
www.jcb.org/cgi/content/full/jcb.200410064/DC1).

Specific localization of YCD in colonies is
dependent on ammonia signaling

The preceding data clearly indicate that both old cells in the
center as well as newly grown cells at the outer margins exhibit
stress and death features (e.g., ROS, ASPase, and DNA breaks)
until the 11th or 12th day. Thereafter, the dying process contin-
ues only in the central cells, whereas the newly born outer cells
appear to gain the ability to escape YCD. The timing of this turn
nicely correlates with the developmental transition of colonies
to the ammonia-producing phase (Figs. 2 and 3; Palkovd and
Vichovd, 2003) that is connected with the reprogramming of
cellular metabolism, enabling an escape from oxidative stress
(Palkovd et al., 2002). This finding provides interesting implica-
tions for a role of ammonia signaling in colony differentiation
and in control of yeast death in particular colony areas. To test
this hypothesis, we repeated all experiments with colonies
formed by strains defective in Sok2p transcription factor that do
not produce significant amounts of ammonia and that exhibit
defects in long-term survival (Vachova et al., 2004). Although
the growth and time course distributions of cells within sok2

JCB « VOLUME 189 « NUMBER 5 « 2005

colonies are similar to those in BY4742 colonies (Fig. 1, B-E),
the profile of the appearance of dying markers significantly dif-
fers. Particularly, sok2 cells located at the outer margin lack an
ability to escape YCD at later developmental phases; i.e., almost
all dying markers are perceptible in these cells throughout the
entire investigated period (Figs. 2 and 3). Additionally, the pro-
portion of cells with presumably intact cell walls but with re-
duced cellular content (shrunk cells) rapidly increases in the
entire sok2 colony after the 12th day (Fig. 2 E). Some of these
cells are completely empty, whereas others contain pieces of cy-
tosol, vacuoles (as indicated by yeast vacuole membrane marker
MDY-64 staining; unpublished data), and fragments of DNA
(stage 4; Fig. 3). The high proportion of these cells (~30% after
the 16th day) indicates that YCD is accelerated in sok2 colonies
as compared with BY4742 colonies (Fig. 2), thus explaining the
overall lower percentage of sok2 cells that occurs in less devel-
oped YCD stages (Fig. 2). A relatively moderate increase (two-
fold) in the number of D,R-stained sok2 cells evoked by the
heat shock (Fig. 4 B) suggests that sok2 cells probably already
passed over the stage of ASPase activation.

Faster sok2 death is also documented by the fact that al-
ready at the 21st day, the sok2 colony possesses only 38.5 = 6.2%
of cells that are able to form new progeny as compared with the



A B Figure 4. ASPase activity in BY4A742, mcal, and sok2
10 cells. (A) Presence of ASPase activity in cells from 18-d-old
Center Outer mcal colonies detected by D;R. Bars, 5 um. (B) Percent-
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BY4742 colony of the same age. Also, there is about a six-time
higher percentage of BKP-positive dead cells in sok2 outer colony
margins (12.1 = 1%) than in that of BY4742 (2.5 = 0.7%).

Model of YCD timing, its regulation,

and importance for colony differentiation
and growth

On the basis of the preceding data, we propose a model of
events occurring within yeast colonies that appear to be cru-
cial for colony development and long-term survival (Fig. 5 A).
The progressively increasing level of oxidative stress during
the first acidic phase (Palkova et al., 2002) causes an induc-
tion of YCD throughout the whole colony. However, before
stress reaches the detrimental level and before YCD proceeds

A BY4742

Late 1stacidic Late 1t acidic

Alkali (NH,
production)

CENTRAL
CELLS

sok2

to later stages, cells in the colony dispatch an ammonia signal.
Then, ammonia induces metabolic changes, enabling an es-
cape from oxidative stress (Palkové et al., 2002) and allowing
at least some of the cells (e.g., newly born cells at the periphery)
to escape YCD and to launch new, healthy generations. Con-
versely, a majority of cells located in the central, and probably
more stressed, parts of the colony proceeds to die. However,
even there, some newly born cells appear in aged colonies
(starting at the 21st day of development; unpublished data).
For cells in a colony that are unable to emit and accept ammo-
nia signals (e.g., sok2 cells), they are also not able to modify
their metabolism (Véchova et al., 2004), and the stress gradu-
ally increases throughout the entire colony, including the
newly grown regions. In such a case, there is no proper differ-

Figure 5.  Model of regulated cell death in yeast colonies.
(A) Model of regulated YCD changes during the develop-
ment of BYA742 and sok2 colonies. At the late first
acidic phase, cell types 0-2 (Fig. 3) are present in colo-
nies of both strains as a result of an increase in ROS (or
other harmful compounds; red). To escape the perils,
BY4742 colonies emit and sense an ammonia signal,
triggering changes in the metabolism. Consequently,
cells stop to produce additional ROS. This allows the
healthy cells (type O) to escape YCD and to form new cell
generations at the second acidic phase. Their growth
and reproduction can be sustained by cellular com-
pounds released from late-stage YCD cells. Cells in sok2
colonies are not able to change their metabolism, and
death proceeds quickly to the final stages even in a high
proportion of sok2 cells located in “younger” colony ar-
eas. Colored circles represent particular cell types, as
defined in Fig. 3. Bar, 5 mm. (B) The scheme of growth
reduction at the outer margin (white) as a result of the
preceding removal of central dying cells (red). The mean
value is calculated from a margin accrual of 14 normal
colonies (a) and from 14 colonies from which central
dying cells were removed (b).
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entiation, and death spreads throughout the whole colony, in-
cluding the peripheral younger cells and their progeny (Fig.
5). Moreover, an increasing stress level, which is already per-
ceptible in young sok2 colonies (Vachova et al., 2004), can
both accelerate the regulated YCD process and induce ne-
crotic-like death in parallel. The first is indicated by a higher
level of empty cells observed in sok2 colonies (Fig. 2 E),
and the second by an increased number of destabilized and
disrupted cells in sok2 colonies, as described previously
(Vachova et al., 2004).

Contrary to uncontrolled cell lysis, regulated YCD should
allow the safe elimination of cells injured by stress from central
colony parts, thus preventing a release of toxic cellular compo-
nents until they are degraded to “safe” simple compounds.
These, consequently, could serve as important nutrient sources
that enable the growth of healthy cells (e.g., those located at the
periphery). To prove this, we compared the accrual of the outer
margin of a colony, from which we removed its whole central
part at the time when advanced YCD changes start to appear
(16-19 d), with that of the normal colony (Fig. 5 B). The data
clearly indicate that the removal of central cells reduces the ac-
crual of the outer margin to ~75.3 = 8.1%.

To summarize, the presented data indicate that yeast
death exhibiting some features of higher eukaryotic PCD natu-
rally occurs in S. cerevisiae colonies. This YCD is dependent
on the time periods of colony development and on the position
of cells within the multicellular colony. Cells in aging colonies
reach YCD spontaneously, probably responding to cumulative
intracellular stress. Contrary to apoptosis-like processes that
were described previously (Herker et al., 2004), YCD within
colonies is the first example of regulated yeast death that is not
uniformly spread in a population, but instead is located at spe-
cific areas of a colony. This differentiation appears to be regu-
lated by ammonia signaling, which is responsible for changes
that locally prevent YCD progress. Regulated YCD can pre-
vent a release of toxic cellular components, thus avoiding ne-
crotic collapse of the colony, and can also provide nutrients for
healthy cells. Therefore, regulated cell death in yeast colonies
(and possibly in other multicellular communities of microor-
ganisms) can be as important for their development as are
apoptosis and related processes that occur within metazoa.

Materials and methods

Yeast strains and media

The wildtype strain S. cerevisiae BYA742 (MATa, his3A1, leu2AO0,
lys2A0, and ura340) and the isogenic mutants sok2, mecal, and aifl are
from the European Saccharomyces cerevisiae Archive for Functional Anal-
ysis collection. Colonies were grown on GMA (3% glycerol, 1% yeast ex-
tract, and 2% agar) or on GMA-BKP (GMA with 0.01% BKP) at 28°C
(Palkova and Forstova, 2000). In each experiment, a large number of par-
allel plates was inoculated, with six giant colonies per plate (Fig. 1 A).
This always allowed us to analyze cells from a colony, the development of
which was not influenced by preceding manipulation (e.g., by the previ-
ous removal of some cells).

Monitoring of a colony accrual during its growth on GMA

Colonies growing on GMA were photographed at specified time points
using an integrating 3CCD color camera (model HV-C20; Hitachi Denshi),
and the final picture was created by the overlaying of all photos after col-
ony edge highlighting in Adobe Photoshop 7. A similar procedure was
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used to determine the effect of the removal of central parts of the colony
on subsequent outer margin expansion (Fig. 5 B). On seven plates with six
colonies, all cells from the center of two corner colonies were carefully re-
moved, and the remaining two untreated corner colonies were used as
controls. The expansion was compared after 6 d.

Monitoring of relative age and possible relocation of cells within

giant colonies

Giant colonies were inoculated with cells vitally stained with AlexaFluor488
5-TFP (AlexaFluor488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester
amine-reactive probe; Molecular Probes). The labeling was performed ac-
cording to the manufacturer’'s manual. Cells were picked up from colonies
at various time intervals and were resuspended in 10 mM MES and 1 M
sorbitol. The percentage of stained cells in the center and in newly grown
outer colony margins was quantified using fluorescence microscopy.

Staining of YCD markers

Cells were picked up from the colony center and from outer colony mar-
gins (as indicated in Fig. 1 B) and were resuspended in 10 mM MES, pH
6, and 1 M sorbitol.

Staining for ROS with dihydroethidium (DHE; Sigma Aldrich), which
preferentially stains superoxide radicals, was performed as previously de-
scribed (Madeo et al., 1999). DHE was added to the final concentration
of 5 pg/ml, and samples were incubated for 10 min at room temperature.

ASPase was detected by staining with D,R (CaspSCREEN Flow Cy-
tometric Apoptosis Detection Kit; BioVision), the nonfluorescent substrate,
which is cleaved to green fluorescent monosubstituted rhodamine 110
and free rhodamine (Fig. S4). Cells were incubated with D,R at 30°C for
30 min. To monitor protease activation by heat shock, cells were picked
up from colonies and heated for 5 min at 60°C in DR incubation buffer
before ASPase detection.

Staining of DNA breaks with TUNEL assay was performed as de-
scribed previously (Madeo et al., 1999), but in Eppendorf tubes. DNA
ends were labeled using the in situ Cell Death Detection Kit, POD (Roche Di-
agnostics). All buffers and solutions were supplemented with 1.2 M sorbitol.

For the detection of chromatin changes, cells were stained with
0.25 p.g/ml DAPI as described previously (Hasek and Streiblova, 1996).

PS relocalization was visualized with Annexin V/propidium io-
dide (ApoAlert Annexin V and Apo2.7-PE kit; BD Biosciences) as de-
scribed previously (Madeo et al., 1997). In brief, after cell protoplasting
(5.5% glusulase [Boehringer Mannheim] and 15 U/ml lyticase [Sigma
Aldrich] for 2 h at 28°C), protoplasts were stained with Annexin V-FITC
and propidium iodide for 20 min at room temperature. All solutions contain
1.2 M sorbitol.

Cells were viewed under a fluorescence microscope using filter
N2.1 (DHE and propidium iodide red stainings), I3 filter (protease and
Annexin V green stainings), and A filter (DAPI staining).

Determination of dead and clonogenic cells

Permeabilized dead cells were stained with BKP (entering only permeabi-
lized cells) in colonies in situ during their growth on GMA-BKP. Cells were
resuspended in 10 mM MES, pH 6, and T M sorbitol and were viewed
under a fluorescence microscope using filter N2.1. At least 300 cells in
five parallels were evaluated in each of the two independent experiments.
For clonogenic cell determination, the whole colony was resuspended in
water, the concentration of wet biomass was adjusted to 10 mg/ml (~108
cells/ml), and cells were plated after dilution on YPG (1% yeast extract,
1% peptone, 2% glucose, and 2% agar).

Fluorescence microscopy and image acquisition

We used a fluorescence microscope (model DMR; Leica) equipped with a
100%/1.3 oil objective (model HCX PL fluotar; Leica), a high perfor-
mance CCD camera (model 4912; Cohu), and Lucia 32 software version
4.50 (Laboratory Imaging).

Online supplemental material

Supplemental materials and methods describe the problems connected
with the use of fluorochrome-labeled inhibitors of caspases for caspase de-
tection in yeast and the data supporting the use of D;R caspase substrate.
Fig. S1 shows examples of caspase inhibitors. Table S1 shows staining of
S. cerevisiae cells with different combinations of FLICA and FITC. Fig. S2
shows a comparison of staining with FLICA and FITC and counterstaining
with PI. Fig. S3 shows staining of dead cells with FITC and FITC-VAD-FMK.
Fig. S4 shows staining of active ASPase in cells from yeast colonies with
D,R substrate. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.200410064/DC1.



We thank V. Zavada for critical reading of the manuscript and V. Haislova for
technical assistance.

This work was supported by grants from the Grant Agency of the
Czech Republic (204,/05/0294 and 525/05/0297) and from the Minis-
try of Education [AVOZ50200510 and LC531). Z. Palkové is o European
Molecular Biology Organization Young Investigator.

Submitted: 12 October 2004
Accepted: 22 April 2005

References

Fannjiang, Y., W.C. Cheng, S.J. Lee, B. Qi, J. Pevsner, J.M. McCaffery, R.B.
Hill, G. Basanez, and J.M. Hardwick. 2004. Mitochondrial fission pro-
teins regulate programmed cell death in yeast. Genes Dev. 18:2785-2797.

Hasek, J., and E. Streiblova. 1996. Fluorescence microscopy methods. Methods
Mol. Biol. 53:391-405.

Herker, E., H. Jungwirth, K.A. Lehmann, C. Maldener, K.U. Frohlich, S. Wiss-
ing, S. Buttner, M. Fehr, S. Sigrist, and F. Madeo. 2004. Chronological
aging leads to apoptosis in yeast. J. Cell Biol. 164:501-507.

Hug, H., M. Los, W. Hirt, and K.M. Debatin. 1999. Rhodamine 110-linked
amino acids and peptides as substrates to measure caspase activity upon
apoptosis induction in intact cells. Biochemistry. 38:13906-13911.

Laun, P., A. Pichova, F. Madeo, J. Fuchs, A. Ellinger, S. Kohlwein, I. Dawes,
K.U. Frohlich, and M. Breitenbach. 2001. Aged mother cells of Saccha-
romyces cerevisiae show markers of oxidative stress and apoptosis. Mol.
Microbiol. 39:1166-1173.

Leist, M., and M. Jaattela. 2001. Four deaths and a funeral: from caspases to al-
ternative mechanisms. Nat. Rev. Mol. Cell Biol. 2:589-598.

Ludovico, P., M.J. Sousa, M.T. Silva, C. Leao, and M. Corte-Real. 2001. Sac-
charomyces cerevisiae commits to a programmed cell death process in
response to acetic acid. Microbiology. 147:2409-2415.

Madeo, F., E. Frohlich, and K.U. Frohlich. 1997. A yeast mutant showing diag-
nostic markers of early and late apoptosis. J. Cell Biol. 139:729-734.

Madeo, F., E. Frohlich, M. Ligr, M. Grey, S.J. Sigrist, D.H. Wolf, and K.U.
Frohlich. 1999. Oxygen stress: a regulator of apoptosis in yeast. J. Cell
Biol. 145:757-767.

Madeo, F., E. Herker, C. Maldener, S. Wissing, S. Lachelt, M. Herlan, M. Fehr, K.
Lauber, S.J. Sigrist, S. Wesselborg, and K.U. Frohlich. 2002. A caspase-
related protease regulates apoptosis in yeast. Mol. Cell. 9:911-917.

Palkovd, Z. 2004. Multicellular microorganisms: laboratory versus nature.
EMBO Rep. 5:470-476.

Palkova, Z., and J. Forstova. 2000. Yeast colonies synchronize their growth and
development. J. Cell Sci. 113:1923-1928.

Palkovd, Z., and L. Vachova. 2003. Ammonia signalling in yeast colony formation.
Int. Rev. Cytol. 225:229-272.

Palkovi, Z., F. Devaux, M. Ricicova, L. Minarikova, S. Le Crom, and C. Jacq.
2002. Ammonia pulses and metabolic oscillations guide yeast colony
development. Mol. Biol. Cell. 13:3901-3914.

Shimizu, S., Y. Shinohara, and Y. Tsujimoto. 2000. Bax and Bcl-xL indepen-
dently regulate apoptotic changes of yeast mitochondria that require
VDAC but not adenine nucleotide translocator. Oncogene. 19:4309-4318.

Vichovd, L., F. Devaux, H. Kucerova, M. Ricicova, C. Jacq, and Z. Palkova.
2004. Sok2p transcription factor is involved in adaptive program relevant
for long term survival of Saccharomyces cerevisiae colonies. J. Biol.
Chem. 279:37973-37981.

Wissing, S., P. Ludovico, E. Herker, S. Buttner, S.M. Engelhardt, T. Decker, A.
Link, A. Proksch, F. Rodrigues, M. Corte-Real, et al. 2004. An AIF
orthologue regulates apoptosis in yeast. J. Cell Biol. 166:969-974.

Wysocki, R., and S.J. Kron. 2004. Yeast cell death during DNA damage ar-
rest is independent of caspase or reactive oxygen species. J. Cell Biol.
166:311-316.

REGULATED CELL DEATH IN YEAST COLONIES » VACHOVA AND PALKOVA

717





