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Abstract The toxic metal cadmium is linked to a series of

degenerative disorders in humans, in which Cd-induced

programmed cell death (apoptosis) may play a role. The

yeast, Saccharomyces cerevisiae, provides a valuable model

for elucidating apoptosis mechanisms, and this study extends

that capability to Cd-induced apoptosis. We demonstrate that

S. cerevisiae undergoes a glucose-dependent, programmed

cell death in response to low cadmium concentrations, which

is initiated within the first hour of Cd exposure. The response

was associated with induction of the yeast caspase, Yca1p,

and was abolished in a yca1D mutant. Cadmium-dependent

apoptosis was also suppressed in a gsh1D mutant, indicating a

requirement for glutathione. Other apoptotic markers,

including sub-G1 DNA fragmentation and hyper-polarization

of mitochondrial membranes, were also evident among Cd-

exposed cells. These responses were not distributed uni-

formly throughout the cell population, but were restricted to a

subset of cells. This apoptotic subpopulation also exhibited

markedly elevated levels of intracellular reactive oxygen

species (ROS). The heightened ROS levels alone were not

sufficient to induce apoptosis. These findings highlight sev-

eral new perspectives to the mechanism of Cd-dependent

apoptosis and its phenotypic heterogeneity, while opening up

future analyses to the power of the yeast model system.
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Introduction

As a form of programmed cell death (PCD), apoptosis has

been shown to provide a critical contribution to metazoan

development, homeostasis and cellular differentiation [1,

2]. It has also been implicated as a major element in the

response network of cells to external and internal stressors

[3], aging [4, 5] and disease control; being involved (for

example) in tumor suppression [6, 7]. Unicellular organ-

isms, such as Saccharomyces cerevisiae also undergo PCD

[8]. While this finding was initially surprising, some of the

potential benefits of selective apoptosis, of a few for the

sake of the population as a whole, have now been ratio-

nalized [9, 10]. Moreover, the discovery of apoptosis in

yeast has proven to be invaluable for the elucidation of

several key apoptotic regulators in a variety of other

organisms [11–15]. Despite the conservation of only a

single caspase-like protein, Yca1p, which regulates cas-

pase-dependent apoptosis in yeast [16, 17], the retention of

specific cell death pathways in common with humans [13]

has made S. cerevisiae a key model system in which to

study the mechanisms that may underlie these shared

apoptotic pathways.

The toxic effects of heavy metals, such as cadmium,

have been known for a long time. Cadmium itself is a

carcinogen, and elicits a number of toxic effects within

cells. These range from the more chronic genotoxic effects,

such as altering the capacity of cells to mismatch repair

DNA [18], to more acute responses involving protein

damage and/or lipid peroxidation [19]. The cellular

responses to Cd overlap markedly with those attributed to

other forms of oxidative stress [20–23]. While cadmium

does not catalyze the production of reactive oxygen species

(ROS) directly, it has been shown to promote oxidative

stress by depleting the cell’s anti-oxidant defences [24, 25],
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or by displacing redox-active metals from proteins [26].

The sensitivities of individual yeast cells to oxidative

stressors such as peroxides, superoxide and cadmium are

heterogeneous [27], and have been shown to fluctuate

(under varying concentrations of oxidative stressors) dur-

ing yeast metabolic oscillations (ultradian rhythms; period

\24 h) [28–30], which are associated with concerted

transcriptomic and metabolomic changes [31–33].

A major consequence of ROS induced oxidative stress

in yeast is apoptosis [17], although this has not previously

been tested in the case of cadmium-induced ROS. Cad-

mium, however, has been associated with apoptosis in rat

testes [34], human hepatoma cells [35] and cultured renal

tissue [36, 37]. Even so, the precise role(s) that cadmium

plays in these processes is only now starting to become

apparent [36, 38, 39]. In particular, the caspase-depen-

dency of Cd-induced apoptosis remains uncertain [40, 41].

Here, we demonstrate that low levels of cadmium induce

apoptotic cell death in yeast, and that this induction is

heterogeneous among individual cells within a population.

Furthermore, the programmed cellular response within the

affected cells requires the resident caspase, Yca1p, and,

perhaps more intriguingly, glutathione; a critical compo-

nent of the cellular response of yeast to oxidative- and

cadmium-induced stresses [42, 43].

Materials and methods

Strains and growth conditions

Saccharomyces cerevisiae BY4741 (MATa his3D1 leu2D0

met15D0 ura3D0) and the isogenic mutants yca1D and

gsh1D were obtained from Euroscarf (Frankfurt, Ger-

many). Experimental cultures were inoculated from 24 h

starter cultures derived from single colonies and grown

overnight to exponential phase (OD600 * 2.0) at 30�C

with orbital shaking (120 rev min) in YEPD broth [44].

When necessary for experiments, cadmium nitrate

[Cd(NO3)2] was added to growing cultures to a final con-

centration of 30 lM. Again when necessary, N-Acetyl

cysteine was added, to the growth medium (to a final

concentration of either 4 or 10 mM), as previously

described [45].

RNA isolation, microarray analysis and realtime

RT-PCR

Total RNA was isolated using Qaigen RNAeasy kit. RNA

samples were prepared from BY4741 untreated and samples

treated with Cd(NO3)2 for 5, 15, 30 and 60 min. Relative

quantification RT-PCR was used to confirm the expression

levels of YCA1 with a One Step RT-PCR kit (Qiagen) and

the 7500 SDS system (PE Biosystems). Gene specific

probes and primers were as follows: YCA1 (forward primer

50GGATGCGCAACCCAATGA30; reverse primer 50AAA

TCTTCAGTTTGGC-CACCAT30; probe FAM-TCTTTG

TTCCTTCATTATT-CTGGA-TAMRA), ACT1—endoge-

nous control: (forward primer 50ATGCAAACCGCTGCT-

CAA30; reverse primer 50AGTTTGGTCAATACCGG-CA

GA30 and probe 6 FAM–TGGTAACGAA-AGATTCAGA

GCCC–TAMRA). Fold changes in gene expression were

calculated using the comparative CtDDCt method [46, 47].

Cell viability and tests for apoptotic markers

The viability of Cd-treated and untreated cells was deter-

mined according to colony forming ability. Cultures were

diluted and spread plated onto YEPD plates. Colonies were

enumerated after incubation for 3 days at 30�C.

For determination of apoptosis, cell cultures were grown

to an OD600 * 2.0 and induced by exposure to 30 lM

Cd(NO3)2 for 1 h (unless otherwise specified). Cells were

harvested by centrifugation. To test for DNA fragmenta-

tion, the cell pellet was resuspended in 300 ll of ddH2O,

and 700 ll of 95% ethanol was added before incubation for

3 days at 4�C. Cells were harvested by centrifugation and

the pellet resuspended in 1 ml of 50 mM citrate buffer, pH

7.4. Cells were then re-pelleted and resuspended in citrate

buffer with 0.25 mg ml-1 RNase, followed by incubation

for 2 h at 50�C. Finally, cells were pelleted and resus-

pended in 1 ml of 16 lg ml-1 propidium iodide (PI) in

50 mM citrate buffer. After incubation for 30 min at room

temperature, the PI-stained cells were analyzed (613 nm)

by flow cytometry with a FACSCanto (BD Biosciences)

[48].

The presence of yeast caspase was detected using an

SR_FLICA activated-caspase detection kit (Immuno-

chemistry Technologies, LLC) [49]. Cell pellets, obtained

as described above, were resuspended to OD600 * 1.0 in

YEPD broth and incubated with SR_FLICA reagent (SR-

VAD-FMK/SR-DEVD-FMK) at 30�C for 3 h. The relative

intensity of FAM/sulphorhodamine fluorescence in the

cells was determined at 530/590 nm emission using a

FACSCanto (BD Biosciences). Images were captured using

a Zeiss Axioimager fluorescent microscope equipped with

Zeiss CP-ACHROMAT 100X/1.25 oil objective, a rhoda-

mine filter and a Zeiss AxioCam MRc5.

Intracellular ROS were detected using the oxidant-sen-

sitive dye dihydro-rhodamine-123 (DHR123, Sigma

Aldrich) [50]. DHR123 was added at 5 lg per ml of cell

culture, from a 2.5 mg ml-1 stock solution in ethanol, and

cells were incubated at 30�C for 3 h. Cells were observed

by fluorescence microscopy as described above. Fluores-

cence was also determined with the FACSCanto at 525 nm

to measure the ROS content. To determine whether the
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same cells that have high intracellular ROS are also cas-

pase-positive, cells were incubated with both DHR123 and

SR_FLICA reagent for 3 h. Spectral overlap of the dye

emissions at 535 and 590 nm was compensated using

FACS Diva software (v 5.0.1), with reference to control

cell samples.

To evaluate mitochondrial membrane potential, cells

(obtained as described above) were incubated with a final

concentration of 2 lM rhodamine-123 and analyzed with

the FACSCanto at an emission wavelength of 535 nm.

PI assay of plasma membrane permeabilization

Cells were grown to an OD600 * 2.0 and treated with Cd

as described above. Cells were harvested by centrifugation

and the pellet was resuspended in YEPD and diluted to

OD600 * 1.0. PI was added to 1 ml of the Cd treated and

control (untreated) cells to a final concentration of

25 lg ml-1, and cells were incubated for an additional 1–

3 h at 30�C. Cells were examined by fluorescence

microscopy, and by flow cytometry (emission 613 nm)

using a FACSCanto. To determine whether the same cells

had high intracellular ROS and high PI, cells were incu-

bated with both DHR123 and PI for 3 h. Compensation for

spectral overlap between the two fluorochromes at emis-

sion wavelengths of 535 and 613 nm was calculated using

Facs Diva software v (5.0.1).

Results and discussion

Cadmium induces the yeast caspase, and a glucose-

dependent apoptosis

Previously it was established that 30–50 lM Cd(NO3)2 was

sufficient to initiate discernible oxidative stress in yeast,

but insufficient to cause acute cellular damage and exten-

sive loss of viability [22, 51]. In preliminary microarray

analyses of the transcriptional response of S. cerevisiae to

30 lM Cd (data not shown), we noted that a principal

upregulated gene in Cd-treated cultures was YCA1. YCA1

encodes the pivotal apoptotic marker protein, yeast caspase

[17, 52]. Consequently, RT-PCR measurements were used

to investigate this upregulation of YCA1 more rigorously

(Fig. 1A). These analyses revealed a 2-fold increase in the

YCA1 mRNA levels of Cd-treated versus control cells, an

increase that had started within 2 min and was largely

complete within 5 min, and sustained over a 1 h time

course of cadmium exposure.

YCA1 induction has previously been observed in yeast

cells that have been shown to undergo apoptosis [17, 50].

We hypothesized, therefore, that 30 lM Cd(NO3)2 pro-

vokes a similar caspase-mediated apoptotic response in S.

cerevisiae. In support of this hypothesis, we initially made

observations of DNA fragmentation in Cd-exposed cells

using the fluorescent DNA stain propidium iodide (PI) [48,

53]. Preliminary experiments indicated that after 3 h Cd

exposure, *10% of cells had a well-defined, weakly

staining ‘‘sub-G1’’ DNA content, indicative of apoptosis

(data not shown). Moreover, given that significant YCA1

induction occurred between 2 and 30 min of Cd exposure

(Fig. 1A), the possibility that 1 h exposure was sufficient to

initiate an apoptotic response was tested. Accordingly,

cells were incubated with 30 lM Cd(NO3)2 for 1 h, fol-

lowed by a 3 h ‘recovery’ period in fresh YEPD growth

medium to allow common apoptotic indicators, such as

DNA fragmentation, to become apparent. The presence of

a tell-tale, distinctive sub-G1 peak, representative of a

subpopulation of cells within the cultures, indicated that

1 h exposure to Cd was indeed sufficient to promote an

apoptosis-like response (Fig. 1B). This was despite the fact

that overt cellular indicators of apoptosis (e.g., enhanced

cellular complexity associated with cellular ‘‘blebbing’’)

did not become apparent until much later (data not shown).

As increased expression of YCA1 was observed by both

microarray and real time RT-PCR analyses (Fig. 1A), we

ascertained whether activated caspase could be used to

monitor apoptotic responses of individual cells to cad-

mium. We employed a fluorescent dye with the caspase

inhibitor SR_VAD_FMK (SR_FLICA), which is a strong

and selective indicator of the presence of ‘‘activated’’

caspase [49, 54]. Staining of cells that had been exposed to

Cd revealed that some cells had markedly increased levels

of activated caspase (Fig. 1C, D). Flow cytometric analysis

further indicated that this caspase-positive subpopulation

comprised approximately 10–15% of the total cell popu-

lation. Specificity of the fluorescent marker for caspase was

confirmed by showing that the SR-FLICA-positive sub-

population was completely abolished in a (Cd-exposed)

yca1D mutant (Fig. 1E).

Unlike necrotic cell death scenarios, programmed apop-

totic responses to cellular stress are known to require

ongoing protein synthesis and cellular metabolism [50, 55].

We applied SR_FLICA to determine the requirement for

glucose in the response of S. cerevisiae to 30 lM Cd. Cells

that were exposed to cadmium (as above), but in the com-

plete absence of glucose, failed to exhibit any signs of

caspase-specific apoptosis (data not shown). More specifi-

cally, cells that were exposed to cadmium in the presence of

glucose for 1 h, but which were subsequently allowed to

recover from Cd exposure in the absence of glucose, also

failed to exhibit any caspase-specific apoptotic response

(Fig. 1D). These results indicated that the apoptotic response

to cadmium is dependent on the continued metabolism of

glucose, consistent with other types of stress-induced

apoptotic responses observed in yeast [50, 53].
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Cadmium induces mitochondrial membrane hyper-

polarization and enhanced ROS levels in a cell

subpopulation

To substantiate an apoptotic response to 30 lM Cd and to

examine a potential role for miochondria in the apoptotic

process, we tested additional markers of PCD. Mitochon-

drial dysfunction in yeast has been discovered in a number

of apoptotic scenarios, the effects including mitochondrial

membrane hyper-polarization, oxidative bursts and, ulti-

mately, breakdown of membrane potential and

mitochondrial fragmentation [52, 56–58]. Alterations in the

mitochondrial membrane potential (Dwm; an early indica-

tor of apoptosis) were assessed in Cd-treated cells,

according to uptake of the cationic, lipophilic dye rhoda-

mine123 (RH123) [59]. In contrast to control (untreated)

cells, a sub-population (comprising *5–10% of the total

population of Cd-exposed cells) exhibited a distinct hyper-

polarization of the mitochondrial membrane (Fig. 2A).

This fraction of cells corresponded well with that exhibit-

ing high levels of bound SR_FLICA (Fig. 1D), suggesting

that these cells may induce a caspase-related, hyper-

polarization of their mitochondrial membranes.

Elevated cellular ROS levels are also a characteristic of

apoptotic yeast cells [17, 50]. Furthermore, even though

cadmium itself cannot induce ROS directly, it is a potent

pro-oxidant and can promote oxidative stress even at the

relatively low concentrations used here [22]. Considering

also that mitochondria are principal sources of cellular

ROS and that Cd-treatment is associated with mitochon-

drial membrane hyper-polarization (Fig. 2A), we tested for

ROS over-production in cells exposed to 30 lM Cd. Di-

hydrorhodamine123 (DHR123) was used to monitor the

presence of ROS in cells, as this dye readily permeates

Fig. 1 Cadmium induces the yeast caspase, and a glucose-dependent

apoptosis. (A) Transcriptional induction of the yeast caspase gene

(YCA1) was determined using realtime RT-PCR at various intervals

after the exposure of S. cerevisiae (BY4741) to 30 lM Cd(NO3)2 in

YEPD medium. Fold changes in YCA1 mRNA were calculated using

SDS software through the DDCt method, with ACT1 mRNA as an

internal control. The data represent fold-changes (log2) in YCA1
mRNA levels. Each data point (with associated standard deviations)

represents the mean of at least 3 independently derived values, with

error bars representing standard deviation from the mean. (B) Cells

were exposed to 30 lM Cd(NO3)2 for 1 h then ‘recovered’ in fresh

YEPD medium for 3 h. Following cell permeabilization with ethanol,

cellular DNA was stained with propidium iodide, before the relative

DNA content of individual cells were determined with flow cytom-

etry. The presented data are representative of 2 independent

experiments. (C) Cells treated as in (B) were tested for caspase

activation with SR_FLICA detection chemistry (Immunochemistry,

LLC) and analyzed by fluorescence microscopy: the left-most panel is

a representative phase contrast image, with the two other panels being

fluorescent micrographs of the same cells stained with Hoechst

(middle) and SR_FLICA (right). No brightly fluorescent cells were

observed within control populations that were not exposed to Cd. (D)

Cells prepared as described in (C) were analyzed by flow cytometry.

Data in panels C and D are representative of at least 3 independent

experiments. The lower panels show the corresponding analyses for

cells that were incubated in the absence of glucose during the 3 h

recovery period. The red dots define cells or cell clusters that exhibit a

higher fluorescence than the cells within the gated control sample. (E)

Cells of the yca1D mutant were tested for caspase activation

(SR_FLICA fluorescence) after incubation, as described in (C).

Again, red dots define cells or cell clusters that exhibit a higher

fluorescence than the cells within the gated control sample. Data

shown are representative of at least 2 independent experimental

analyses
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cells and is quantitatively oxidized to its fluorescent

product in the presence of ROS [9]. Analysis of ROS levels

in this way showed that cadmium treatment did indeed

elicit a marked increase in ROS production, and in a

similar manner to that observed for caspase and mito-

chondrial membrane hyper-polarization (Fig. 2B, C). It

should be noted that it is possible for dead cell particles and

cellular debris to bind fluorescent dyes, such as DHR123,

nonspecifically, giving rise to artifactual labeling problems

[60, 61]. Such concerns were alleviated here by the use of

appropriate controls, and the absence of any apoptotic

response (heightened levels of fluorescence; for example

SR_VAD_FMK in Fig. 1D) in the absence of glucose.

Beyond this, care was taken to confirm that the forward

scatter plots of stained cells adequately reflected the typical

forward scatter pattern of living cells. In addition, the

enhanced fluorescence exhibited by some of the cells in

response to Cd, remained responsive to antioxidants, such

as N-Acetyl cysteine (NAC: Fig. 2E).

To determine whether the cells generating increased

ROS, following Cd treatment (Fig. 2B, C), constitute the

same apoptotic sub-population of cells as those showing

Fig. 2 Cadmium induces mitochondrial membrane hyperpolarization

and enhanced ROS levels in a cell subpopulation. Cells were

incubated in the absence or presence of 30 lM Cd(NO3)2 for 1 h then

recovered in fresh YEPD medium for 3 h. (A) Changes in the

mitochondrial membrane potential as a consequence of Cd treatment

were determined following staining with RH123. Fluorescence from

RH123 was analyzed using flow cytometry. Control cells were treated

in precisely the same way as the +Cd cells except for the absense of

Cd. (B) Heterogeneous production of intracellular ROS was detected

using the oxidant-sensitive fluorescent dye DHR123, which was

added to the cells after incubation in the absence or presence of Cd as

above. The left most panel is a representative phase contrast image,

with the images to its immediate right being fluorescent micrographs

of the same cells stained with Hoechst33342 (middle) and DHR123

(far right). (C) Scatter lots depicting cells treated in the same way as

in (B) with DHR123 and analyzed using flow cytometry. (D) Cells

were dual-stained with DHR123 (for ROS levels) and SR_FLICA (for

caspase activation) prior to flow cytometric analysis. The sector

labeled ‘Q2’ contains cells (labeled in red) that are both ROS- and

activated caspase-positive. In the figure, data shown are a represen-

tative of at least 2 independent analyses. (E) A series of scatter plots,

representing fluorescence of cells using DHR123, which were

pretreated with indicated concentrations of N-Acetyl cysteine

(NAC) prior to the addition of Cd, as in (C). Red dots denote cells

or cell clusters that exhibit a higher fluorescence than the cells within

the gated control sample. Percentage values in the top right corner of

each panel indicate the relative loss in highly fluorescent cells as a

consequence of NAC treatment. Data shown are representative of at

least 2 independent analyses. (F) A similar series of scatter plots to

those shown in (E), representing fluorescence of cells labeled with

SR_FLICA, that were pretreated with NAC, as described in text.

Again, percentage values indicate the relative loss in highly

fluorescent cells, relative to a control, as a consequence of NAC

treatment. Data shown are representative of 2 independent analyses
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increased activated caspase (Fig. 1D), cells were simulta-

neously labeled with caspase inhibitor SR_VAD_FMK and

DHR123. These analyses required compensation for the

spectral overlap of the fluorochromes (see Materials and

Methods section). The resultant dot-plots showed that the

cells, which had accumulated high ROS were the same

cells that exhibited high levels of caspase-induced apop-

tosis (Fig. 2D).

As ROS have been shown to be key regulators of

apoptosis in yeast [50], and knowing that there are marked

overlaps in the responses of cells to cadmium and hydrogen

peroxide [21, 62], it could be argued that it is the height-

ened production of ROS that is responsible for the caspase-

dependent apoptotic response of yeast to cadmium.

To test this idea, first the effect of adding the antioxi-

dant, N-acetylcysteine (NAC) was determined. N-

Acetylcysteine is a thiol containing antioxidant that is

commonly used as a ROS scavenger [63]. At low con-

centrations (4 mM), NAC had little effect (*3%) on either

the levels of ROS in the cells, or their apoptotic response

(Fig. 2E and F). Addition of 10 mM NAC, however, sig-

nificantly decreased the proportion of cells that exhibited

exaggerated ROS levels and caspase activation by 43 and

54%, respectively (Fig. 2E and F).

The NAC doses required to suppress apoptosis here

were higher than those typically used elsewhere [64].

Consequently, to test further any role for heightened ROS

in Cd-induced apoptosis, apoptotic indicators seen above in

cadmium-treated cells were tested in cells exposed to a

range of H2O2 concentrations, under otherwise similar

conditions. Even at the highest concentration of H2O2

tested (5 mM), the presence of H2O2 in the growth medium

for 1 h failed to cause any perceptible apoptotic response

within the exposed cells, according to an absence of cas-

pase activation or mitochondrial membrane hyper-

polarization (Fig. 3A). H2O2-induced caspase activation

and apoptosis evidently requires prolonged exposures such

as those used previously [17]. Nonetheless, relatively high

concentrations of H2O2 (1–5 mM) did cause elevated lev-

els of ROS in cells after a 1 h exposure (Fig. 3B). These

levels were at least as great as those observed with 30 lM

Cd(NO3)2 (Fig. 2B) without, however, eliciting any con-

comitant apoptotic cell death. Consequently, the levels of

ROS in Cd-exposed cells, alone, are not sufficient to

explain the apoptotic response to Cd seen after 1 h

exposure.

An additional observation made during the above series

of experiments was that cellular ROS levels increased

gradually with increasing H2O2 concentration (Fig. 3B),

and in a much more homogeneous fashion than those seen

with Cd (Fig. 2B). Thus, Cd exposed cell populations,

stained with DHR123, exhibited a clear binary phenotype

(i.e., individual cells had either low or high ROS), whereas

ROS levels were relatively uniform across the population

after 1 h exposure to any concentration of H2O2. Binary

phenotypes commonly stem from bi-stable gene expression

patterns upstream. In turn, these can arise from positive

auto-regulatory feedback and similar regulatory mecha-

nisms, increased input of noise in regulatory cascades, or

changes in the rates of promoter state transitions [27]. The

binary nature of ROS generation among Cd-exposed cells

sets this apoptotic response apart from that of cells exposed

to H2O2, and reinforces the value of Cd-induced stress as a

model heterogeneous phenotype [30].

Fig. 3 Hydrogen peroxide exposure causes a homogeneous increase

in ROS levels in the absence of apoptosis. Cells were incubated in the

absence or presence of H2O2 for 1 h then allowed to recover in fresh

YEPD medium for 3 h. (A) The cells were stained for caspase

activation with SR_FLICA (upper panels) or for mitochondrial

membrane hyperpolarization with RH123 (lower panels), and

analyzed by flow cytometry. Control cells (left panels) were not

incubated with H2O2, whereas the test cells (right panels) were treated

with 5 mM H2O2. Similar data as for 5 mM H2O2 were obtained for

cells treated with 0.5 mM or 1 mM H2O2 (not shown). Data are

representative of at least 2 independent analyses. (B) Cells treated

with the indicated concentrations of H2O2 were analyzed for ROS

levels (using DHR123 fluorescence) by flow cytometry. Red dots

denote cells or cell clusters that exhibit a higher fluorescence than the

cells within the gated control sample (0 mM H2O2). Data are

representative of 2 independent analyses. (C) Cells treated with the

indicated concentrations of H2O2 were analyzed for plasma mem-

brane permeabilization (PI fluorescence) using flow cytometry. The

data shown are representative of data from at least 3 independent

analyses. Similar data as for 5 mM H2O2 were obtained for cells

treated with 0.5 or 1 mM H2O2 (not shown)
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Cadmium causes membrane damage

In an attempt to obtain additional labels for differentiating

apoptotic and non-apoptotic cells within the Cd-exposed

population, propidium iodide (PI) staining was employed.

The application of PI as a DNA stain (Fig. 1B) relies on a

membrane-permeabilization step to allow entry of the dye.

The PI-impermeability of live (or apoptotic) yeast cells is

commonly exploited to distinguish these from necrotic

cells, in which the cellular entry of PI indicates that the

membranes have been severely compromised [65]. As even

low Cd concentrations cause peroxidation of membrane

lipids in yeast [20], we speculated that cadmium could be

causing some cellular necrosis, in addition to the observed

apoptosis; a possibility that we sought to test with PI

(Fig. 4). Unexpectedly, the proportion of Cd-treated cells

that we found to be PI-positive (*10%) approximated the

proportion which we had shown earlier to be undergoing

apoptotic, PCD. To ascertain whether the cells that were

undergoing apoptosis were the same cells that had become

PI-permeant, Cd-exposed cells were dual-labeled. Owing

to a significant overlap in the fluorescence properties of PI

and most of the other dyes used in this study, only DHR123

could be used in combination with PI here (with appro-

priate compensation). Dual-labeling with PI and DHR123

demonstrated that the cells which accumulated high ROS

(which were also those with activated caspase; Fig. 2D)

were the same cells that had become sufficiently perme-

abilized for PI to gain entry (Fig 4B). Permeabilization of

plasma membranes is normally associated with late apop-

tosis, and it is unusual for it to be evident so early after the

onset of apoptosis. Moreover, permeabilization of the

plasma membrane did not occur in the yca1D mutant

(Fig. 4C), nor did a similarly timed exposure to high levels

of H2O2 (Fig. 3C), indicating that this, seemingly Cd-

specific, membrane damage requires an active caspase. In

this regard it is interesting to note that even prolonged

exposure exposure to H2O2, which does initiate a caspase

dependent apoptosis [17], failed to elicit an associated

permeability to PI (data not shown). One common cause of

membrane permeabilization in cells is lipid peroxidation,

which is known to be a principal mechanism of Cd toxicity

[19, 20]. Lipid peroxidation has previously been implicated

in the apoptotic cell death of yeast, mediated by the het-

erologous action of human Bax [15]. Furthermore, fatty

acid induced lipoapoptosis in the fission yeast, Schizosac-

charomyces pombe, has also been shown to have an

essential ROS component [66]. Thus, it is possible that Cd-

induced lipid peroxidation (and associated plasma mem-

brane permeabilization) provides additional cellular cues

that enhance the ability of this metal to elicit an apoptotic

response in yeast.

Fig. 4 Cadmium-induced apoptosis in yeast is characterized by

plasma membrane permeabilization that requires YCA1. Cells were

incubated in the absence or presence of 30 lM Cd(NO3)2 for 1 h then

recovered in fresh YEPD medium for 3 h, before staining for loss of

plasma membrane integrity with propidium iodide (PI). (A) The upper

panel is a representative phase contrast image, and the lower panel a

fluorescence micrograph of the same PI-stained cells. (B) Cells were

dual-stained with DHR123 (for ROS levels) and PI, before flow

cytometric analysis. The sector labeled ‘Q2’ contains cells (red dots)

that are both PI- and ROS-positive. (C) Cells of the yca1D mutant

were tested for plasma membrane integrity with PI after incubation,

as described previously. All data presented here, represent at least 2

independent sets of analyses
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The apoptotic response to cadmium is abrogated

in caspase- and glutathione-deficient mutants

Having demonstrated the apparent involvement of caspase

in Cd-induced membrane damage and apoptosis (Figs. 1,

4C), a yca1D mutant was further used to investigate whether

this caspase is required for the apoptotic response and

associated cell death. Cell viability was determined

according to colony forming ability on YEPD agar after

incubation in broth with 30 lM Cd(NO3)2. These analyses

showed that there was a progressive loss in viability (from

*20 to 40% cell death) of wild type cells with time of

incubation in the presence of Cd (Fig. 5A). This progression

was mirrored by the proportions of cells undergoing cas-

pase-induced apoptosis under similar conditions of

prolonged exposure to cadmium (Fig. 5A). In corroboration

of the suggestion that the viability loss was due to a caspase-

mediated response, *100% of yca1D cells retained their

viability under identical conditions of Cd exposure

(Fig. 5A). As indicated above, the yca1D mutant does not

exhibit any upregulation of activated caspase within the first

hour of Cd exposure (Fig. 1E). Moreover, these cells also

failed to show any overproduction of intracellular ROS

(Fig. 5B, left panels) or mitochondrial membrane hyper-

polarization (Fig. 5B, right panels), which all occur in wild

type cells (Fig. 2). This indicates not only that caspase

production is required for Cd-induced apoptosis, but also

that the activation of caspase precedes (and is potentially a

prerequisite for) the stages of the programmed cascade in

this cell death response that involve mitochondrial hyper-

polarization and increased ROS production [67]. The latter

conclusion is consistent with the observation (discussed

above) that elevated levels of ROS are not sufficient, in

themselves, to initiate apoptosis within 1 h.

Glutathione (GSH) plays a major role in the cellular

regulation of redox homeostasis, being directly (and indi-

rectly) involved in the sequestration of oxidatively

damaged proteins [42, 68]. Glutathione is also a key

component in the cellular response to cadmium stress as, in

addition to its role in relieving oxidative stress, it is asso-

ciated with the direct chelation and vacuolar detoxification

of cadmium [43, 69, 70]. Consequently, cells lacking the

ability to synthesize glutathione were tested to see if the

absence of glutathione might precipitate an exaggerated

response to cadmium. Intriguingly, gsh1D cells lacking c-

glutamyl synthetase, which catalyzes the rate-limiting step

of glutathione (GSH) synthesis, retained *100% viability

following incubation in the presence of 30 lM Cd

(Fig. 5A). In addition, this glutathione-deficient mutant

failed to show any discernible induction of activated cas-

pase, or heightened intracellular ROS (Fig. 5C).

Given the detoxification role of glutathione against

cadmium toxicity (see above), the finding that a gsh1D
mutant effectively resists Cd-induced apoptotic cell death is

seemingly contradictory to the known glutathione function.

Furthermore, glutathione is reported to suppress apoptosis

in a number of other systems [9, 50, 71–73], although there

are also examples of glutathione-stimulated apoptosis

similar to our findings [38, 39]. Evidently, in yeast there is a

specific requirement for glutathione in the process of

apoptotic cell death that is triggered by low concentrations

of Cd. Glutathione is known to play a critical role in a

number of other cellular processes, including FeS-cluster

biosynthesis and metabolic oscillations (ultradian rhythms;

Fig. 5 Cadmium-induced apoptosis is caspase- and glutathione-

dependent. S. cerevisiae BY4741 (wild type) or the isogenic mutants

yca1D and gsh1D were incubated in the presence of 30 lM Cd(NO3)2

for up to 3 h. (A) Viability was determined at intervals after the

addition of Cd by spread plating aliquots from dilutions

(OD600 = 1.0) of the wild type (s), yca1D (•) and gsh1D (h)

cultures onto YEPD agar. Colonies were enumerated after incubation

for 3 days at 30�C. Percentage viability was calculated with reference

to the number of colonies formed by untreated cells at zero time. The

histogram shows the proportion of apoptotic cells within wild type

cultures at intervals after Cd addition-determined using SR_FLICA

staining. No SR_FLICA-positive cells were detected in yca1D

cultures. Each data point represents the average viability of 3

independent experiments. Error bars denote standard deviation from

the mean. (B) Cells of the yca1D mutant were tested for ROS levels

(DHR123 fluorescence) and mitochondrial membrane hyper-polari-

zation (RH123 fluorescence), after incubation for 1 h in the absence

(top panels) or presence of 30 lM Cd(NO3)2 (lower panels), followed

by 3 h recovery in fresh YEPD. The corresponding analyses with wild

type cells are shown in Fig. 2B. (C) Cells of the gsh1D mutant were

tested for caspase activation (SR_FLICA fluorescence) and ROS

levels (DHR123 fluorescence) after incubation, as described in (B).

All data shown represent data sets from at least 3 independent sets of

analyses
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period \24 h) [28–30]. These oscillations are associated

with concerted transcriptomic and metabolomic changes

[31–33], and are susceptible to particular perturbations,

such as altered levels of glutathione [74–76]. Indeed,

rhythm-dependent oscillations in cellular levels of reduced-

glutathione (GSH) have recently been shown to underpin

the variable Cd resistances of individual yeast cells [30]. It

is possible, therefore, that such variation in GSH could also

play a role in the marked cell-to-cell heterogeneity in Cd-

induced apoptosis which we describe. That apoptosis only

occurs within some cells of a population (i.e., is heteroge-

neous) is a key feature of the anticipated benefits to

unicellular organisms of apoptotic cell death [9, 10].

Conclusions

This paper provides the first demonstration that yeast cells

mount an apoptotic response to cadmium. Moreover, there

are a number of features of this response that distinguish it

from other apoptotic scenarios. The apoptotic response to

Cd was highly heterogeneous, even when examined with

markers such as DHR123 that, under similar growth con-

ditions, produced a homogeneous response to another

apoptotic agent, H2O2. These differences reflect a more

complex and rapid cellular response to the presence of Cd

than that described for H2O2; potentially mediated by a

caspase-dependent mitochondrial pathway. In addition, the

plasma membranes of apoptotic cells were permeabilized

to an extent that allowed entry of PI. This raises some

questions about the general applicability of PI as a common

marker of necrosis, at least with regard to toxins that are

known to induce membrane damage directly. Furthermore,

the caspase- and glutathione-dependency of Cd-induced

apoptosis provide further key insights into the nature of this

response. Common apoptotic mechanisms are now known

to exist in yeast and mammalian cells, and new tools for

apoptosis research are being developed with yeast. Given

the absence of a number of key mammalian apoptotic

regulators in yeast, however, it would be premature (at this

stage) to extrapolate these results too far beyond the con-

fines of the yeast system. Even so, the discovery of this

novel apoptotic phenotype in Saccharomyces cerevisiae

should prove a timely stimulus to progress in our under-

standing of Cd-induced apoptosis.
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