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by 
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Under the direction of Dr. John E. Houghton 

 

ABSTRACT 

Heavy metals, such as copper and cadmium have been linked to a number of cellular 

dysfunctions in single and multicellular organisms that are associated with apoptosis.  

The yeast, Saccharomyces cerevisiae, provides a valuable model for elucidating 

apoptosis mechanisms, and this study extends that capability to Cu and 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 YCA1∆ mutant. Other apoptotic markers, 

including sub-G1 DNA fragmentation and hyper-polarization of mitochondrial 

membranes, were also evident among Cd-exposed cells. We also show that low levels 

of copper can induce a similar apoptotic response in yeast within the first hour of 



 
 

exposure. Such cellular responses were verified by analyzing mitochondrial 

perturbation, generation of superoxide ions, activation of the yeast caspase1, and the 

eventual fragmentation of nuclear DNA (through TUNEL). In analyzing the response of 

yeast to the different metals, we also demonstrated that the metal-induced PCD is 

instigated through the sequential activity of at least two caspase-like proteins (i.e., Yca1 

and Atg4), both of which appear to be in involved in the process of inducing 

mitochondrial stress. The additional caspase-like activity is shown to be derived from an 

enzyme involved in the latter stages of autophagy (Atg4), and provides an intriguing 

association of apoptosis with autophagy. Here we also demonstrate that metals such as 

copper and cadmium causes oxidative damage to mitochondrial proteins. Such 

oxidative attack is targeted and we show that oxidation of certain crucial proteins is 

required for apoptosis upon metal exposure. By showing that such targeted protein 

oxidation is dependent on YCA1 and ATG, we also confirm the finding that in yeast that 

have been exposed to a heavy metal, YCA1 and ATG are essential for damaging 

mitochondria and to initiate apoptosis. These novel findings highlight several new 

perspectives about the mechanism of metal-dependent apoptosis, while opening up 

future analyses to the power of the yeast model system. 
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GENERAL INTRODUCTION 
 

 

Why study metal induced oxidative stress?  

Metals generate reactive oxygen species (ROS) and hence cause oxidative stress in 

the cell (Fig 1) 1,51. Metal induced oxidative stress has been implicated in the 

pathogenesis of Alzheimer’s disease, Parkinson’s disease, spongiform encephalopathy, 

and familial amyotrophic lateral sclerosis 2-3. The imbalance in copper homeostasis is 

observed in hereditary neurodegenerative disorders (ND) such as Menke’s and Wilson’s 

disease. The impairment of copper transporting gene leads to fatal neurodegeneration 

in Menke’s syndrome 4. Moreover, the excessive accumulation of copper in liver, kidney 

and brain leads to hepatic, renal and neurological abnormalities in case of Wilson’s 

disease 5. Cadmium (Cd) is known to be carcinogenic and known to be associated with 

renal damage. 

 

 In the above mentioned disorders, metal alters mitochondria and decreases 

cytochrome c oxidase activity giving rise to burst of ROS. These ROS that can cause 

oxidative stress are also neurotoxic, because they trigger neuronal death due to 

apoptosis (programmed cell death) 3,6,7. Loss of neurons because of apoptosis in ND is 

of serious health concern. 
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Why study metal toxicity, apoptosis and mitochondria dysfunction in 

Saccharomyces cerevisiae? 

Saccharomyces cerevisiae is an excellent model system for the molecular study of 

metal toxicity, because its genome and proteome are well characterized. Yeast is easier 

to manipulate experimentally than higher eukaryotes. The effects of metal toxicity and 

the response to oxidative stress, which can cause apoptosis, are similar to those seen 

in higher eukaryotes. Cellular mechanisms are conserved between higher eukaryotes 

and yeast (Fig 2)32.  

      Recently, unicellular yeast have been seen to undergo apoptosis under different 

stress conditions. As seen in case of higher eukaryotes, ROS are found to be the major 

cause of apoptosis in yeast 8. Orthologs of genes such as caspase, AIF1 and BI-1 that 

are important for apoptosis, have been characterized in yeast 8-9,10. Yeast has been 

found to be useful in elucidating some of the problems related to aging and 

neurodegeneration. A mutation in CDC48, a homologue of VCP in mammalian cells, 

was first shown to result in apoptosis in yeast and then later was found to be involved in 

the formation of inclusion bodies in Paget’s disease and in neurodegeneration caused 

by polyglutamine 11-14. Likewise yeast has been proven to be a useful system in the 

studies related to Alzheimer’s, Parkinson’s and Huntington’s disease 14-15.  Hence, yeast 

is a good tool for studying apoptosis related to ageing and neurodegeneration. 

 

In the past, yeast have been studied to elucidate mitochondrial function in cells. 

Recently, mitochondria have gained importance even in the pathway for cell death  
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Figure 1: Metal generate ROS and cause oxidative stress. 

Metal can generate ROS and cause oxidative stress by damaging cellular 
macromolecules.  
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pathway, as yeast have been shown to undergo mitochondrial-mediated apoptosis 

under various stress conditions 16. Although mitochondrial dysfunction has also been 

associated with oxidative stress and apoptosis in cases of neurodegenerative diseases 

(ND), it is difficult to elucidate even this form of cell death in higher eukaryotes. In yeast, 

it is simple to perform mitochondrial manipulations because it is easier to create specific 

mutations in mitochondrial DNA. In addition, cells can be grown on a variety of different 

carbon sources (fermentative and non-fermentative) to control the mode of respiration, 

i.e., aerobic and anaerobic, and thus the different involvement of mitochondria in cellular 

activities. As a result, yeast is an excellent model organism to elucidate the events of 

mitochondrial-mediated cell death. Even so, the exact path of mitochondria-mediated 

apoptosis in yeast is still unclear. The greater the understanding of yeast mitochondria 

mediated apoptosis, the easier it will be to solve some important issues regarding these 

above mentioned ND 14.  

 

Metal generates Reactive oxygen species (ROS) and cause oxidative stress 

In the cell, ROS originates in mitochondria. Mitochondria, a powerhouse of a cell, 

can generate energy through the electron transport chain by producing ATP. In doing 

so, mitochondria also generate ROS, such as peroxide and superoxide anions but to a 

lesser extent. Mitochondria are equipped with antioxidant defenses such as superoxide 

dismutase (SOD) and glutathione (GSH imported from cytosol); these convert 

superoxide and peroxide to other harmless products before these species can become 

a substrate for Haber-Weiss or Fenton's reaction, which generates more potent ROS 

3,17.  
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Figure 2: Apoptosis pathways in Yeast. 

All the components and known yeast proteins involved in apoptosis are depicted 
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Copper is a transition metal, because it is able to cycle between Cu (II) and Cu (I) as 

shown in the reaction below. In doing so, copper can generate superoxides, a reactive 

oxygen species (ROS). Copper also qualifies as a redox active metal because by using 

Fenton’s reaction it is able to generate more potent ROS such as hydroxyl radical (OH°) 

from the less reactive species such as peroxide (H2O2) and superoxide (O2
-) that are 

generated due to cellular respiration in the mitochondria 3.  

 

 Copper is also able to catalyze Haber-Weiss reaction to give OH°18. Hence, in 

the presence of excess of copper, cells will be overloaded with potent ROS. Such 

humungous amounts of ROS are difficult to be disarmed by antioxidants. Excess ROS 

damages all of the cellular macromolecules, such as proteins, lipids and DNA, and 

hence a condition called oxidative stress develops inside the cell 19 (Fig 2) 32.  

Transition metal Cu: 

Cu (II) + e-  Cu (I)         

Cu (I) + O2  Cu (II) + O2
-   

Fenton’s reaction: 

Cu (I) + H2O2  Cu (II) + OH- + OH° 

Haber-Weiss cycle: 

O2
-+ H2O2  O2+ OH- + OH° 

2O2
- + 2H+  H2O2 + O2 

 

Cadmium by nature is a redox-inactive metal. Cadmium hence cannot catalyze 

Fenton Haber-Weiss reaction, but it can generate ROS indirectly by depleting the cell’s 
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anti-oxidant defenses or by displacing redox-active metals from proteins 20.  Therefore, 

cadmium is able to still cause oxidative stress in the cells. 

 

Even though there is a clear difference in ROS species formed by copper and 

cadmium, there is no overt difference in cellular oxidation levels between both metals 47 

(Shanmuganathan, A., personal communication).  

 

Apoptosis and the role of oxidative stress or ROS in the process 

Apoptosis is a programmed cell death i.e. a cell commits suicide. Apoptosis is not a 

random process; rather it happens in a very controlled and coordinated manner. 

Apoptosis involves a series of events that ultimately lead to the removal of cells from a 

population with no harmful substances released in the environment. An apoptotic cell 

shows a typical morphology (e.g., shrinkage of a cell, condensed chromatin, fragmented 

DNA), and finally a cell is broken into numerous small apoptotic bodies that are 

phagocytosed rapidly. Apoptosis involves a complex signaling network and is an active 

process that requires energy. The two pathways by which apoptosis can occur are the 

extrinsic and intrinsic pathways (Fig 3,4) 52,53. In the extrinsic pathway, ligands serve as 

stimuli when they bind to the receptors on a target cell and trigger activation of 

caspases. Caspases are able to fragment DNA and, hence, cause apoptosis. The other 

apoptotic path is the intrinsic pathway or mitochondria mediated pathway, in which the 

signals for the cell death are internal (e.g., DNA damage, oxidative stress, mutations in 

mitochondrial DNA). ROS induced oxidative stress precedes apoptosis in many  
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Figure 3: Intrinsic and extrinsic pathway of apoptosis. 

There are two different pathways of apoptosis in higher eukaryotes- intrinsic or 
mitochondria mediated and extrinsic pathway or death receptor mediated apoptosis.
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Figure 4: Apoptotic cell death. 

Cells destined for apoptosis triggered by either mitochondria or death receptor shows 
certain features before the cell death. 
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cell death scenarios indicating that ROS is an important stimulus for the intrinsic 

pathway of apoptosis. Numerous studies with antioxidants have shown that oxidative 

stress when prevented by scavenging ROS, there is no apoptosis 21. This indicates that 

ROS can trigger apoptosis. However, the steps involved in ROS triggered mitochondria 

mediated apoptosis are unclear.  

 

ROS is generated and released from mitochondria. Studies have also shown that 

once released from mitochondria, ROS can oxidize mitochondrial pore proteins. Such 

an oxidation can lead to mitochondrial fission or dysfunction. Mitochondria fission is 

associated with apoptosis. Mitochondria are, therefore, not only a source but also the 

target of ROS during apoptosis 22.  

 

Mitochondria in apoptosis 

 

In ND, mitochondria dysfunction and apoptosis are commonly observed toxic effects. 

Mitochondria are key players in the intrinsic pathway of apoptosis (Fig 5) 14. 

Mitochondria dysfunction is a cause of apoptosis in intrinsic pathway. In some cell 

types, ROS released from mitochondria causes transient hyperpolarization of the 

mitochondrial inner membrane leading to mitochondrial inner membrane 

permeabilization (MMP). Because of MMP, solutes less than 1.5KDa can enter the 

mitochondrial matrix along with an influx of water leading to mitochondrial swelling and 

rupture of an outer mitochondrial membrane. This phenomenon causes a drop in the 

mitochondrial membrane potential or depolarization.  
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Figure 5: Mitochondria in yeast apoptosis. 

The events leading to mitochondrial dysfunction in yeast apoptosis are shown.
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The pro-apoptotic factors(e.g., Apoptosis inducing factor(AIF) and cytochrome c) are 

then released from the inner-mitochondrial space into the cytosol 23-25. Both AIF and 

cytochrome c are able to trigger apoptosis. Not only AIF and cytochrome c, but several 

other mitochondrial proteins can participate in apoptosis. 

 

Mitochondrial proteins and apoptosis 

 

Mitochondria are not only the source but also the target of ROS (Fig 6) 54. 

Mitochondrial proteins are oxidized upon exposure to certain oxidants 18. In some 

mammalian cell types, oxidation of some of the mitochondrial proteins leads to 

mitochondrial fission 29-31.  

 

Isolated yeast mitochondria lacking Voltage dependent anionic channel (a 

mitochondrial protein), are not sensitive to human Bax mediated apoptosis as 

suggested in Fig 3. 32. Yeast strains lacking mitochondrial pore genes(e.g., POR1 and 

ANT1) do not undergo HIV-1 viral protein R (VPR) induced apoptosis 33. On exposure to 

oxidizing agent such as paraquat, mitochondrial proteins are carbonylated (oxidized) in 

yeast 18. Both copper and cadmium cause oxidative stress by oxidizing the cellular 

proteins in yeast (Shanmuganathan A, personal communication) 47. High concentration 

of cadmium causes mitochondria mediated pathway in higher eukaryotes 27. To 

understand the toxicity associated with relatively low concentrations of copper and 

cadmium, we will investigate their role in oxidation of mitochondrial proteins 
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Figure 6: Mitochondria permeability transition during apoptosis. 

Mitochondrial damage during apoptosis could be due to lipid peroxidation or oxidation of 
mitochondrial proteins. 
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 (e.g., POR1 and ANT1) and mitochondrial collapse in apoptosis.  

 

Mitochondrial flavoprotein, AIF, is present in the inter-mitochondrial space and 

has oxidoreductase activity 34. It is an important regulator of cell death in mammals, 

because it is involved in mitochondria mediated apoptosis 34. In higher eukaryotes, on 

induction of apoptosis, AIF translocates from mitochondria to the nucleus 10,35. In the 

nucleus, it fragments DNA itself or with the help of endonuclease G 26,36. AIF has a DNA 

binding domain, which is essential for its apoptogenic activity 37. AIF can also contribute 

to the release cytochrome c from inter-mitochondrial space with the mechanism still 

unclear. Cytochrome c can lead to activation of caspases. Hence, AIF and caspase can 

cooperate and cause apoptosis 26,36. The structure and function of AIF are conserved in 

Saccharomyces cerevisiae 10. In yeast, AIF essentially performs the same role as in 

higher eukaryotes, upon peroxide exposure 10.  
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Figure 7: Viability of yeast upon copper and cadmium exposure. 

S. cerevisiae YCA1∆ was incubated in the presence of 8mM  Cu(NO3)2 and 
30µMCd(NO3)2 for up to 3 h. Viability was determined at intervals after the addition of 
metals by spreading aliquots from dilutions (OD600 = 1.0) cultures onto YEPD agar and 
incubated for 3 d at 30°C. 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.
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Experimental Question 
 

Copper (Cu) and cadmium (Cd) are implicated in many neurodegenerative disorders. 

5,40. Cadmium is a redox-inactive metal, whereas copper is a redox-active metal and 

therefore is able to generate potent reactive oxygen species (ROS) directly as opposed 

to cadmium, which is able to do so indirectly. Both the metals cause oxidative stress in 

the cell 41. Metal induced oxidative stress is associated with mitochondria dysfunction 

and apoptosis (programmed cell death) in cases of neuronal death 39,42-44. In 

neurodegenerative disorders, neuronal death due to apoptosis is the major concern 1. 

To prevent apoptotic cell death, it is crucial to know the cascade of events leading to 

apoptosis and involvement of mitochondria in the process.  

 

In Saccharomyces cerevisiae (yeast), metals such as copper and cadmium 

generate ROS and cause cell death with the induction of cell death genes. Yeast, being 

a simple unicellular eukaryote, serves as an excellent model to elucidate the 

mechanism of metal toxicity. The hypothesis of this dissertation study is that heavy 

metals induce apoptosis in yeast in a mitochondria-dependent manner that 

involves the role of solitary yeast caspase, Yca1.  
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SA1: In yeast, what is the cellular response on exposure to copper and cadmium? 
 

Copper has been associated with apoptosis in human hepatoma cells and breast 

cancer cell line40-41. Cadmium also has been associated with apoptosis in human 

hepatoma cells and cultured renal tissues 3,26. However, cadmium has not been shown 

to cause apoptosis in yeast. In addition, low doses of copper have not yet been 

associated with apoptosis in yeast. When treated with very low doses of metals, such as 

copper and cadmium, yeast cells do show, however, a decrease in viability (Fig 7). 

Moreover, upon exposure to either copper or cadmium, proteins are damaged through 

metal-induced oxidative stress (Shanmuganathan, personal communication) 47, and 

oxidative stress (when induced by hydrogen peroxide) is a known trigger for apoptosis 

in yeast (32, 33). To examine the relationship between cadmium or copper and reduced 

yeast viability, the following questions were asked:  

 

Specific Aim 1.1:  Does exposure to very low doses of cadmium (~30µM) cause 

apoptosis (programmed cell death)?  

Specific Aim 1.2:  Does exposure to very low dose of copper (8mM) cause apoptosis? 
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SA2: What is the role of mitochondria in copper and cadmium induced apoptosis, 

and how is Yeast caspase-1 involved in the process? 

 

Copper and cadmium toxicity at low concentration has not been studied 

extensively in yeast or higher eukaryotes. In higher eukaryotes, Cd-induced apoptosis 

appears to involve mitochondria although not much is known about the precise 

mechanism. In mitochondria-mediated pathways, mitochondrial proteins such as VDAC 

and ANT1 are oxidized in higher eukaryotes 28. Thereafter, this oxidation of 

mitochondrial proteins is thought to lead to mitochondrial dysfunction and collapse, 

which is believed to trigger apoptosis by releasing pro-apoptotic factors such as AIF and 

cytochrome c 32,18,29-30. In yeast, some of the events associated with mitochondrial 

perturbation have been observed in case of pheromone induced apoptosis 14.  However, 

the cascade of such mitochondrial events related to oxidative stress is poorly 

understood 14. Exposure of yeast to copper and cadmium does generate oxidative 

stress (Shanmuganathan A, personal communication) 47. Therefore, it is important to 

study mitochondrial events, such as mitochondrial protein oxidation and involvement of 

AIF, in response to the presence of cadmium.  

Importantly, cadmium induced apoptosis in higher eukaryotes is thought to be 

independent of caspase  49-50. However, preliminary data in our laboratory does suggest 

that in yeast, cadmium-induced apoptosis involves both mitochondria and Yeast 

caspase-1.  Intriguingly, YCA1∆ mutant do not show any mitochondrial perturbation in 

response to cadmium suggesting that Yca1 plays a significant role in mitochondrial 

perturbations. It is considered important, therefore, in any determination of metal 

induced apoptosis whether the singular caspase in yeast is involved in triggering each 
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of the mitochondrial events and/or subsequent stages of the apoptotic process. We 

have designed experiments to address the following questions: 

 

Specific Aim 2.1: Does metal-induced oxidative stress include increase oxidation of 

mitochondrial proteins? Are proteins such as VDAC and ANT1 targeted? 

Specific Aim 2.2: Are proteins such as AIF (Apoptosis Inducing Factor) involved in 

apoptosis? If so, do they translocate to the nucleus. 

Specific Aim 2.3: Does mitochondrial protein oxidation depend upon YCA1? 
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CHAPTER 1 
 
 

CADMIUM INDUCES A HETEROGENEOUS AND CASPASE-DEPENDENT 
APOPTOTIC RESPONSE IN SACCHAROMYCES CEREVISIAE 

 
 

Amrita Nargund, Simon V. Avery1 and John E. Houghton* 
 

   
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 YCA1∆ mutant. Cadmium-dependent apoptosis was also 

suppressed in a GSH1∆ 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 uniformly 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) and unusually, 

permeabilized plasma membranes. The heightened ROS levels alone were not 

sufficient to induce apoptosis. These findings highlight several 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 organisms, such as Saccharomyces 

cerevisiae also undergo programmed cell death 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 rationalized 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 caspase-dependent 

apoptosis in yeast 16, the retention of specific cell death pathways in common with 

humans 11 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 17, to more acute responses involving protein damage and/or lipid 

peroxidation 18.  The cellular responses to Cd overlap markedly with those attributed to 

other forms of oxidative stress 19-22. While cadmium is unable to catalyze the production 



27 
 

of ROS directly, it has been shown to promote oxidative stress by depleting the cell’s 

anti-oxidant defenses 23-24, or by displacing redox-active metals from proteins 25. 

Similarly, the sensitivities of individual yeast cells to oxidative stressors such as 

peroxides, superoxide and cadmium are heterogeneous 26, and have been shown to 

fluctuate (under varying concentrations of oxidative stressors) during yeast metabolic 

oscillations (ultradian rhythms; period <24 h) 27-29, which are associated with concerted 

transcriptomic and metabolomic changes 15,30-31. 

 

A major consequence of ROS induced oxidative stress in yeast is apoptosis 16, although 

this has not previously been tested in the case of cadmium-induced ROS.  Cadmium, 

however, has been associated with apoptosis in rat testes 32, human hepatoma cells 33 

and cultured renal tissue 34-35.  Even so, the precise role(s) that cadmium plays in these 

processes is only now starting to become apparent 34,36-37.  In particular, the caspase-

dependency of Cd-induced apoptosis remains uncertain 38-39.  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 component in the cellular 

response of yeast to oxidative- and cadmium- induced stresses 40-41. 
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Materials and methods 

 

Strains and growth conditions 

Saccharomyces cerevisiae BY4741 (MATα his3∆1 leu2Δ0 met15Δ0 ura3∆0) and the 

isogenic mutants YCA1∆ and GSH1∆ were obtained from Euroscarf (Frankfurt, 

Germany). 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 min1) in YEPD broth 42. When necessary for experiments, 

cadmium nitrate [Cd(NO3)2] was added to growing cultures to a final concentration of 30 

µM. Also, when necessary, to test for the requirement for glucose, additional glucose 

was not added to the medium. 

 

RNA isolation, microarray analysis and realtime RT-PCR 

Total RNA was isolated using Qaigen RNeasy kit.  RNA samples were prepared from 

BY4741 untreated and samples treated with Cd(NO3)2 for 5, 15, 30 and 60 mins.  

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 

5'GGATGCGCAACCCAATGA3'; reverse primer 5'AAATCTTCAGTTTGGC -CACCAT3' ; 

probe FAM-TCTTTGTTCCTTCATTATT-CTGGA-TAMRA), ACT1 -endogenous control: 

(forward primer 5'ATGCAAACCGCTGCT-CAA3'; reverse primer 

5'AGTTTGGTCAATACCGG-CAGA3' and probe 6 FAM–TGGTAACGAA -
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AGATTCAGAGCCC–TAMRA). Fold changes in gene expression were calculated using 

the comparative Ct∆∆Ct method  43-44. 

 

Cell viability and tests for apoptotic markers 

The viability of Cd-treated and untreated cells was determined according to colony 

forming ability. Cultures were diluted and spread plated onto YEPD plates. Colonies 

were enumerated after incubation for 3 d at 30°C.  

For determination of apoptosis, cell cultures were grown to an OD600 ~ 2.0 and induced 

by exposure to 30 μM Cd(NO3)2 for 1 h (unless otherwise specified). Cells were 

harvested by centrifugation. To test for DNA fragmentation, the cell pellet was 

resuspended in 300 μl of ddH2O, and 700 μl of 95% ethanol was added before 

incubation for 3 d 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 resuspended in 1 ml of 16 μg 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) 20. 

The presence of yeast caspase was detected using an SR_FLICA activated-caspase 

detection kit (Immunochemistry Technologies, LLC) 45. 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 
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530nm/590nm 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 rhodamine filter and a Zeiss AxioCam MRc5.  

Intracellular ROS were detected using the oxidant-sensitive dye dihydro-rhodamine-123 

(DHR123, Sigma Aldrich) 46. DHR123 was added at 5 µg 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. Fluorescence was also 

determined with the FACSCanto at 525 nm to measure the ROS content.  To determine 

whether the same cells that have high intracellular ROS are also caspase-positive, cells 

were incubated with both DHR123 and SR_FLICA reagent for 3 h. Spectral overlap of 

the dye emissions at 535 nm 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 µM 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 µg ml-1, and cells were incubated for an additional 1 to 3 h at 
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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 incubated with both DHR123 and PI for 3 h. 

Compensation for spectral overlap between the two fluorochromes at emission 

wavelengths of 535 nm and 613 nm was calculated using Facs Diva software v (5.0.1). 
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Results and discussion 

 

Cadmium induces the yeast caspase, and a glucose-dependent apoptosis 

Previously it was established that 30-50 μM Cd(NO3)2 was sufficient to initiate 

discernible oxidative stress in yeast, but insufficient to cause acute cellular damage and 

extensive loss of viability 22,47. In preliminary microarray analyses of the transcriptional 

response of S. cerevisiae to 30 µM Cd (Fig 16), we noted that a principal upregulated 

gene in Cd-treated cultures was YCA1.  YCA1 encodes the pivotal apoptotic marker 

protein, yeast caspase 16,48. Consequently, RT-PCR measurements were used to 

investigate this upregulation of YCA1 more rigorously (Fig. 8A). These analyses 

revealed a 2-log increase in the YCA1 mRNA levels of Cd-treated versus control cells, 

an increase that was detectable 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 16,46. We hypothesized, therefore, that 30 μM Cd(NO3)2 provokes 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) 20,49.  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. Moreover, given that significant YCA1 

induction occurred between 5 and 60 min of Cd exposure (Fig. 8A), the possibility that 1 

h exposure was sufficient to initiate an apoptotic response was tested. 
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Figure 8:   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 
µM Cd(NO3)2 in YEPD medium. Fold changes in YCA1 mRNA were calculated using 
SDS software through the ∆∆Cτ method, with ACT1 mRNA as an internal control. The 
data represent fold-changes (log2) in YCA1 mRNA levels. (B) Cells were exposed to 30 
µM Cd(NO3)2 for 1 h then ‘recovered’ in fresh YEPD medium for 3 h. Cellular DNA was 
stained with propidium iodide, before the relative DNA contents of individual cells were 
determined with flow cytometry. (C) Cells treated as in (B) were tested for caspase 
activation with SR_FLICA detection chemistry (Immunochemistry, LLC) and analyzed 
by fluorescence microscopy: the top panel is a representative phase contrast image, the 
lower two panels are fluorescent micrographs of the same cells stained with Hoechst 
(middle) and SR_FLICA (bottom). 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. The lower panels show the corresponding analyses 
for cells that were incubated in the absence of glucose during the 3 h recovery period.  
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  Accordingly, cells were incubated with 30 μM Cd(NO3)2 for 1 h, followed 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 (Fig. 8C), 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. 8C). 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 (Fig 32B).  

 

As increased expression of YCA1 was observed by both microarray and real time 

RT-PCR analyses (Fig. 8A), we ascertained whether activated caspase could be used 

to monitor apoptotic responses of individual cells to cadmium. 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 45,50. Staining of cells that 

had been exposed to Cd revealed that some cells had markedly increased levels of 

activated caspase (Fig 8C, D). Flow cytometric analysis further indicated that this 

caspase-positive subpopulation comprised approximately 10-15% of the total cell 

population. Specificity of the fluorescent marker for caspase was confirmed by showing 

that the SR-FLICA-positive subpopulation was completely abolished in a (Cd-exposed) 

YCA1∆ mutant (Fig 8E). 

 

Unlike necrotic cell death scenarios, programmed apoptotic responses to cellular stress 

are known to require ongoing protein synthesis and cellular metabolism 46,51. We 
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applied SR_FLICA to determine the requirement for glucose in the response of S. 

cerevisiae to 30 μM Cd.  Cells that were exposed to cadmium (as above) failed to 

exhibit any signs of caspase-specific apoptosis in the absence of glucose (Fig 8D). 

Similarly, cells that were exposed to cadmium in the presence of glucose, but which 

were subsequently allowed to recover from Cd exposure in its absence, also failed to 

exhibit any caspase-specific apoptotic response (Fig. 8D). 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 46,49. 

 

Cadmium induces mitochondrial membrane hyper-polarization and enhanced 

ROS levels in a cell subpopulation  

 

To substantiate an apoptotic response to 30 μM Cd and to examine a potential role for 

mitochondria in the apoptotic process, we tested additional markers of programmed cell 

death.  Mitochondrial dysfunction in yeast has been discovered in a number of apoptotic 

scenarios, the effects including mitochondrial membrane hyper-polarization, oxidative 

bursts and, ultimately, breakdown of membrane potential and mitochondrial 

fragmentation 52-54. Alterations in the mitochondrial membrane potential (Δψm; an early 

indicator of apoptosis) were assessed in Cd-treated cells, according to uptake of the 

cationic, lipophilic dye 
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Figure 9: Cadmium induces mitochondrial membrane hyperpolarization and 
enhanced ROS levels in a cell subpopulation 

Cells were incubated in the absence or presence of 30 µM 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 with flow cytometry. Control cells were 
treated in exactly the same way as the +Cd cells (except for the exclusion of Cd from 
incubations). (B) Heterogeneous production of intracellular ROS was detected using the 
oxidant-sensitive fluorescent dye DHR123. Cells were stained with DHR123 after 
incubation in the absence or presence of Cd as above. The left-most panel is a 
representative phase contrast image, and the images to its right are fluorescent 
micrographs of the same cells stained with Hoechst (middle) and DHR123 (right). (C) 
The dot plots show cells treated in the same way as in (B) and analyzed with flow 
cytometry. (D) Cells were dual-stained with DHR123 (for ROS levels) and SR_FLICA 
(for caspase activation), before flow cytometric analysis. The sector labeled ‘Q2’ 
contains cells that are both ROS- and activated caspase- positive.  
rhodamine123 (RH123) [Gross, 2000]. 
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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. 9A). This fraction of cells corresponded well with that 

exhibiting high levels of bound SR_FLICA (Fig. 8D), suggesting that these same cells 

induce a caspase-related, hyper-polarization of their mitochondrial membranes. 

 

Elevated cellular ROS levels are also a characteristic of apoptotic yeast cells 16,46. 

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 mitochondrial membrane hyper-polarization (Fig. 

9A), we tested for ROS over-production in cells exposed to 30 μM Cd. 

Dihydrorhodamine123 (DHR123) was used to monitor the presence of ROS in cells, as 

this dye readily permeates cells and is quantitatively oxidized to its fluorescent product 

in the presence of ROS 10.  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 mitochondrial membrane hyper-polarization 

(Fig. 9B,C). It should be noted that there is a potential for dead cells to bind fluorescent 

dyes, such as fcDHR123 55-56, nonspecifically, giving rise to the artifactual labeling of 

dead cells and cellular debris. Such concerns were alleviated by confirming that the 

stained cells were still living, by their location in forward scatter plots, and by the fact 

that the cells remained responsive to antioxidants, such as N-Acetylcysteine (NAC: Fig. 

9E).   
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To determine whether the cells generating increased ROS, following Cd treatment (Fig. 

9B, C), constitute the same apoptotic sub-population of cells as those showing 

increased activated caspase (Fig. 8D), cells were simultaneously 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 apoptosis (Fig. 9D). 

 

As ROS have been shown to be key regulators of apoptosis in yeast 46, and knowing 

that there are marked overlaps in the responses of cells to cadmium and hydrogen 

peroxide 21,57, it could be argued that it is the heightened production of ROS that is 

responsible for the caspase-dependent apoptotic response of yeast to cadmium.  

To test this idea, various concentrations of the antioxidant, N-Acetylcysteine (NAC) 

were added to the cells to determine whether the removal of ROS was involved in the 

apoptotic response. N-Acetylcysteine is a thiol containing antioxidant that is commonly 

used as an ROS scavenger. At low concentrations (4mM) addition of NAC had little, if 

any affect, upon either the levels of ROS in the cells, or their apoptotic response.  At 

higher levels (10 mM, 20 mM and 40mM), however, NAC was seen to reduce the 

proportion of cells that exhibited exaggerated levels of ROS (above threshold) by ~36%, 

96% and >98%, respectively. This effect was also reflected in a reduced apoptotic 

response, which was completely abrogated at the higher concentrations (Fig. 8E).  

Unfortunately, especially at the higher concentrations, it is feasible that NAC may also 

be chelating Cd, and thereby influencing the apoptotic response in this way. 
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Consequently, to test the role of heightened ROS in the Cd-induced apoptosis, 

apoptotic indicators of cells treated with cadmium (namely caspase activation or 

mitochondrial membrane hyper-polarization, described above [Fig. 9]), were compared 

with those of 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 caspase activation or 

mitochondrial membrane hyper-polarization (Fig. 10A).  H2O2-induced caspase 

activation and apoptosis evidently requires prolonged exposures such as those used 

previously 16. Nonetheless, relatively high concentrations of H2O2 (1 - 5 mM) did cause 

elevated levels of ROS in cells after a 1 h exposure (Fig. 10B).  These levels were at 

least as great as those observed with 30 μM Cd(NO3)2 (Fig. 9B) without, however, 

eliciting any concomitant 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. 10B), and in a 

much more homogeneous fashion than those seen with Cd (Figs. 9B). Thus, Cd 

exposed cell populations, stained with DHR123, exhibited a clear binary phenotype (i.e., 
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Figure 10: 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). (B) Cells treated with the indicated concentrations of H2O2 were 
analyzed for ROS levels (DHR123 fluorescence) using flow cytometry. 
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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 bistable gene expression patterns upstream. In turn, 

these can arise from positive auto-regulatory feedback and similar regulatory 

mechanisms, increased input of noise in regulatory cascades, or changes in the rates of 

promoter state transitions 26.  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 27. 

 

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. 8B) 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 58. 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. 11).  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, 
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Figure 11: Cadmium-induced apoptosis in yeast is characterized by plasma 
membrane damage 

Cells were incubated in the absence or presence of 30 µM 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 that are both PI- and ROS- 
positive. 
 



43 
 

programmed cell death. 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 appropriate compensation).  Dual-labeling with PI and DHR123 demonstrated 

that the cells which accumulated high ROS (which were also those with hyper-polarized 

mitochondrial membranes; Fig. 9C) were the same cells that had become sufficiently 

permeabilized for PI to gain entry (Fig 11B). While permeabilization of plasma 

membranes is normally associated with late apoptosis, it is unusual for it to be evident 

so early after the onset of apoptosis.. Moreover, permeabilization of the plasma 

membrane does not occur in the YCA1∆ mutant (Fig. 11C), indicating that this, 

seemingly Cd-specific, membrane damage requires an active caspase. In this regard it 

is interesting to note that, even after prolonged exposure to H2O2, which does initiate a 

caspase dependent apoptosis 16, there is no 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 18,20. Lipid peroxidation has 

previously been implicated in the apoptotic cell death of yeast, mediated by the 

heterologous action of human Bax 59. Furthermore, fatty acid induced lipoapoptosis in 

the fission yeast, Schizosaccharomyces pombe, has also been shown to have an 

essential ROS component 60. Thus, it is possible that Cd-induced lipid peroxidation (and 

associated plasma membrane permeabilization) provides additional cellular cues that 

enhance the ability of this metal to elicit an apoptotic response in yeast. 
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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 (Fig. 8, 2D), YCA1∆ mutant was further used to investigate 

whether the apoptotic response, itself, was dependent on this activated caspase.  Cell 

viability was determined according to colony forming ability on YEPD agar after 

incubation in broth with 30 μM Cd(NO3)2. These analyses showed that there was a 

progressive loss in viability (from ~20–40% cell death) of wild type cells with time of 

incubation in the presence of Cd (Fig. 12A).  This progression was mirrored by the 

proportions of cells undergoing caspase-induced apoptosis under similar conditions of 

prolonged exposure to cadmium (Fig. 12A). In corroboration of the suggestion that the 

viability loss was due to a caspase-mediated response, ∼100% of YCA1∆ cells retained 

their viability under identical conditions of Cd exposure (Fig. 12A).  Not unexpectedly, 

the YCA1∆ mutant did not exhibit any upregulation of activated caspase within the first 

hour of Cd exposure (Fig 8E). Moreover, these cells also failed to show any 

overproduction of intracellular ROS (Fig. 12B left panels) or mitochondrial membrane 

hyper-polarization (Fig. 12B, right panels), which all occur in wild type cells (Fig. 9). 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 61.  The latter  



45 
 

 

Figure 12:  Cadmium-induced apoptosis is caspase- and glutathione-dependent 

S. cerevisiae BY4741 (wild type) or the isogenic mutants YCA1∆ and GSH1∆ were 
incubated in the presence of 30 µM 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 ( ), YCA1∆ ( ) and GSH1∆ ( ) cultures onto YEPD agar.  
Colonies were enumerated after incubation for 3 d at 30°C. Percentage viability was 
calculated with reference to the number of colonies formed by untreated cells (zero 
time). The histogram shows the proportion of apoptotic cells within wild type cultures at 
intervals after Cd addition, determined with SR_FLICA staining. No SR_FLICA-positive 
cells were detected in YCA1∆ cultures. (B) Cells of the YCA1∆ mutant were tested for 
ROS levels (DHR123 fluorescence) and mitochondrial membrane hyper-polarization 
(RH123 fluorescence), after incubation for 1 h in the absence (top panels) or presence 
of 30 µM Cd(NO3)2 (lower panels), followed by 3 h recovery in fresh YEPD. The 
corresponding analyses with wild type cells are shown in Fig. 9B. (C) Cells of the 
GSH1∆ mutant were tested for caspase activation (SR_FLICA fluorescence) and ROS 
levels (DHR123 fluorescence) after incubation, as described in (B). The corresponding 
analyses with wild type cells are shown in Figs. 8D (top panels) and 9B. 
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conclusion is consistent with the observation (Figs. 9B, 10B) 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 indirectly) involved in the sequestration of oxidatively damaged 

proteins 40,62. Glutathione is also a key component in the cellular response to cadmium-

induced stress as, in addition to its role in relieving oxidative stress, it is associated with 

the direct chelation and vacuolar detoxification of cadmium 41,63-64.  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, 

GSH1∆ cells lacking γ-glutamyl synthetase, which catalyzes the rate-limiting step of 

glutathione (GSH) synthesis, retained ∼100% viability following incubation in the 

presence of 30 μM Cd (Fig. 12A).  In addition, this glutathione-deficient mutant failed to 

show any discernible induction of activated caspase, or heightened intracellular ROS 

(Fig. 12C).   

 

Given the detoxification role of glutathione against cadmium toxicity (see above), the 

finding that a GSH1∆ 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 10,46,65-67, although there 

are also examples of glutathione-stimulated apoptosis similar to our findings 36-37.  

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 
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to play a critical role in a number of other cellular processes, including FeS-cluster 

biosynthesis and metabolic oscillations (ultradian rhythms; period <24 h) 27-29. These 

oscillations are associated with concerted transcriptomic and metabolomic changes 

15,30-31, and are susceptible to particular perturbations, such as altered levels of 

glutathione 68-70. 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 27. 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 

heterogeneous) is a key feature of the anticipated benefits to unicellular organisms of 

apoptotic cell death 9-10. 
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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. In particular, the plasma membranes of 

apoptotic cells were permeabilized to an extent that allowed entry of PI. This raises 

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 apoptotic response to Cd was highly heterogeneous, even when examined with 

markers such as DHR123 that, under similar growth conditions, 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. 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. Consequently, the discovery of this novel apoptotic 

phenotype should prove a timely stimulus to progress in our understanding of Cd-

induced apoptosis.  

 

 

 

 



49 
 

Acknowledgements 

This work was supported by grants from the NIH (R01 GM57945) and the Georgia 

Research Alliance. 

 
 

  



50 
 

References 

1 Duke, R. C., Ojcius, D. M. & Young, J. D. Cell suicide in health and disease. Sci 
Am 275, 80-87 (1996). 

2 Shivapurkar, N., Reddy, J., Chaudhary, P. M. & Gazdar, A. F. Apoptosis and lung 
cancer: a review. J Cell Biochem 88, 885-898, doi:10.1002/jcb.10440 (2003). 

3 Hess, E. V. Environmental chemicals and autoimmune disease: cause and 
effect. Toxicology 181-182, 65-70, doi:S0300483X02002561 [pii] (2002). 

4 Brunet, A. et al. Stress-dependent regulation of FOXO transcription factors by the 
SIRT1 deacetylase. Science 303, 2011-2015, doi:10.1126/science.1094637 

1094637 [pii] (2004). 

5 Phaneuf, S. & Leeuwenburgh, C. Cytochrome c release from mitochondria in the 
aging heart: a possible mechanism for apoptosis with age. Am J Physiol Regul 
Integr Comp Physiol 282, R423-430, doi:10.1152/ajpregu.00296.2001 (2002). 

6 Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57-70, 
doi:S0092-8674(00)81683-9 [pii] (2000). 

7 Lowe, S. W. & Lin, A. W. Apoptosis in cancer. Carcinogenesis 21, 485-495 
(2000). 

8 Madeo, F., Frohlich, E. & Frohlich, K. U. A yeast mutant showing diagnostic 
markers of early and late apoptosis. J Cell Biol 139, 729-734 (1997). 

9 Gourlay, C. W., Du, W. & Ayscough, K. R. Apoptosis in yeast--mechanisms and 
benefits to a unicellular organism. Mol Microbiol 62, 1515-1521, doi:MMI5486 [pii] 

10.1111/j.1365-2958.2006.05486.x (2006). 

10 Reiter, J., Herker, E., Madeo, F. & Schmitt, M. J. Viral killer toxins induce 
caspase-mediated apoptosis in yeast. J Cell Biol 168, 353-358, 
doi:jcb.200408071 [pii] 

10.1083/jcb.200408071 (2005). 



51 
 

11 Blanchard, F. et al. Targeted destruction of DNA replication protein Cdc6 by cell 
death pathways in mammals and yeast. Mol Biol Cell 13, 1536-1549, 
doi:10.1091/mbc.02-02-0010 (2002). 

12 Chae, H. J. et al. Evolutionarily conserved cytoprotection provided by Bax 
Inhibitor-1 homologs from animals, plants, and yeast. Gene 323, 101-113, 
doi:S0378111903009016 [pii] (2003). 

13 Ligr, M. et al. Mammalian Bax triggers apoptotic changes in yeast. FEBS Lett 
438, 61-65, doi:S0014-5793(98)01227-7 [pii] (1998). 

14 Manon, S., Chaudhuri, B. & Guerin, M. Release of cytochrome c and decrease of 
cytochrome c oxidase in Bax-expressing yeast cells, and prevention of these 
effects by coexpression of Bcl-xL. FEBS Lett 415, 29-32, doi:S0014-
5793(97)01087-9 [pii] (1997). 

15 Murray, D. B., Beckmann, M. & Kitano, H. Regulation of yeast oscillatory 
dynamics. Proc Natl Acad Sci U S A 104, 2241-2246, doi:0606677104 [pii] 

10.1073/pnas.0606677104 (2007). 

16 Madeo, F. et al. A caspase-related protease regulates apoptosis in yeast. Mol 
Cell 9, 911-917, doi:S1097276502005014 [pii] (2002). 

17 Jin, Y. H. et al. Cadmium is a mutagen that acts by inhibiting mismatch repair. 
Nat Genet 34, 326-329, doi:10.1038/ng1172 

ng1172 [pii] (2003). 

18 Avery, A. M., Willetts, S. A. & Avery, S. V. Genetic dissection of the phospholipid 
hydroperoxidase activity of yeast gpx3 reveals its functional importance. J Biol 
Chem 279, 46652-46658, doi:10.1074/jbc.M408340200 

M408340200 [pii] (2004). 

19 Filipic, M., Fatur, T. & Vudrag, M. Molecular mechanisms of cadmium induced 
mutagenicity. Hum Exp Toxicol 25, 67-77 (2006). 



52 
 

20 Howlett, N. G. & Avery, S. V. Flow cytometric investigation of heterogeneous 
copper-sensitivity in asynchronously grown Saccharomyces cerevisiae. FEMS 
Microbiol Lett 176, 379-386, doi:S0378-1097(99)00264-5 [pii] (1999). 

21 Lee, J. et al. Yap1 and Skn7 control two specialized oxidative stress response 
regulons in yeast. J Biol Chem 274, 16040-16046 (1999). 

22 Vido, K. et al. A proteome analysis of the cadmium response in Saccharomyces 
cerevisiae. J Biol Chem 276, 8469-8474, doi:10.1074/jbc.M008708200 

M008708200 [pii] (2001). 

23 Fortuniak, A., Zadzinski, R., Bilinski, T. & Bartosz, G. Glutathione depletion in the 
yeast Saccharomyces cerevisiae. Biochem Mol Biol Int 38, 901-910 (1996). 

24 Stohs, S. J., Bagchi, D., Hassoun, E. & Bagchi, M. Oxidative mechanisms in the 
toxicity of chromium and cadmium ions. J Environ Pathol Toxicol Oncol 20, 77-88 
(2001). 

25 Stohs, S. J. & Bagchi, D. Oxidative mechanisms in the toxicity of metal ions. Free 
Radic Biol Med 18, 321-336, doi:089158499400159H [pii] (1995). 

26 Avery, S. V. Microbial cell individuality and the underlying sources of 
heterogeneity. Nat Rev Microbiol 4, 577-587, doi:nrmicro1460 [pii] 

10.1038/nrmicro1460 (2006). 

27 Smith, M. C., Sumner, E. R. & Avery, S. V. Glutathione and Gts1p drive 
beneficial variability in the cadmium resistances of individual yeast cells. Mol 
Microbiol 66, 699-712, doi:MMI5951 [pii] 

10.1111/j.1365-2958.2007.05951.x (2007). 

28 Wang, J., Liu, W., Mitsui, K. & Tsurugi, K. Evidence for the involvement of the 
GTS1 gene product in the regulation of biological rhythms in the continuous 
culture of the yeast Saccharomyces cerevisiae. FEBS Lett 489, 81-86, 
doi:S0014-5793(01)02083-X [pii] (2001). 

29 Wang, J. et al. Cellular stress responses oscillate in synchronization with the 
ultradian oscillation of energy metabolism in the yeast Saccharomyces 



53 
 

cerevisiae. FEMS Microbiol Lett 189, 9-13, doi:S0378-1097(00)00240-8 [pii] 
(2000). 

30 Klevecz, R. R., Bolen, J., Forrest, G. & Murray, D. B. A genomewide oscillation in 
transcription gates DNA replication and cell cycle. Proc Natl Acad Sci U S A 101, 
1200-1205, doi:10.1073/pnas.0306490101 

0306490101 [pii] (2004). 

31 Tu, B. P., Kudlicki, A., Rowicka, M. & McKnight, S. L. Logic of the yeast 
metabolic cycle: temporal compartmentalization of cellular processes. Science 
310, 1152-1158, doi:1120499 [pii] 

10.1126/science.1120499 (2005). 

32 Xu, C. et al. In vivo studies of cadmium-induced apoptosis in testicular tissue of 
the rat and its modulation by a chelating agent. Toxicology 107, 1-8, 
doi:0300483X9503195L [pii] (1996). 

33 Aydin, H. H. et al. Characterization of the cellular response during apoptosis 
induction in cadmium-treated Hep G2 human hepatoma cells. Biol Trace Elem 
Res 95, 139-153, doi:BTER-95-2-139 [pii] 

10.1385/BTER:95:2:139 (2003). 

34 Lee, W. K., Abouhamed, M. & Thevenod, F. Caspase-dependent and -
independent pathways for cadmium-induced apoptosis in cultured kidney 
proximal tubule cells. Am J Physiol Renal Physiol 291, F823-832, 
doi:00276.2005 [pii] 

10.1152/ajprenal.00276.2005 (2006). 

35 Yokouchi, M. et al. Atypical, bidirectional regulation of cadmium-induced 
apoptosis via distinct signaling of unfolded protein response. Cell Death Differ 14, 
1467-1474, doi:4402154 [pii] 

10.1038/sj.cdd.4402154 (2007). 

36 Kim, S. C., Cho, M. K. & Kim, S. G. Cadmium-induced non-apoptotic cell death 
mediated by oxidative stress under the condition of sulfhydryl deficiency. Toxicol 
Lett 144, 325-336, doi:S0378427403002339 [pii] (2003). 



54 
 

37 Sancho, P. et al. Regulation of apoptosis/necrosis execution in cadmium-treated 
human promonocytic cells under different forms of oxidative stress. Apoptosis 11, 
673-686, doi:10.1007/s10495-006-5879-3 (2006). 

38 Kim, M. S. et al. Cadmium induces caspase-mediated cell death: suppression by 
Bcl-2. Toxicology 145, 27-37, doi:S0300-483X(99)00176-6 [pii] (2000). 

39 Shih, C. M. et al. Mitochondria-mediated caspase-independent apoptosis 
induced by cadmium in normal human lung cells. J Cell Biochem 89, 335-347, 
doi:10.1002/jcb.10488 (2003). 

40 Grant, C. M., MacIver, F. H. & Dawes, I. W. Glutathione is an essential 
metabolite required for resistance to oxidative stress in the yeast Saccharomyces 
cerevisiae. Curr Genet 29, 511-515 (1996). 

41 Li, Z. S. et al. A new pathway for vacuolar cadmium sequestration in 
Saccharomyces cerevisiae: YCF1-catalyzed transport of 
bis(glutathionato)cadmium. Proc Natl Acad Sci U S A 94, 42-47 (1997). 

42 Shanmuganathan, A., Avery, S. V., Willetts, S. A. & Houghton, J. E. Copper-
induced oxidative stress in Saccharomyces cerevisiae targets enzymes of the 
glycolytic pathway. FEBS Lett 556, 253-259, doi:S0014579303014285 [pii] 
(2004). 

43 Chung, J., Bachelder, R. E., Lipscomb, E. A., Shaw, L. M. & Mercurio, A. M. 
Integrin (alpha 6 beta 4) regulation of eIF-4E activity and VEGF translation: a 
survival mechanism for carcinoma cells. J Cell Biol 158, 165-174, 
doi:10.1083/jcb.200112015 

jcb.200112015 [pii] (2002). 

44 Kapitanovic, S. et al. Effect of indomethacin on E-cadherin and beta-catenin 
expression in HT-29 colon cancer cells. Exp Mol Pathol 80, 91-96, doi:S0014-
4800(05)00050-X [pii] 

10.1016/j.yexmp.2005.04.008 (2006). 

45 Grabarek, J., Amstad, P. & Darzynkiewicz, Z. Use of fluorescently labeled 
caspase inhibitors as affinity labels to detect activated caspases. Hum Cell 15, 1-
12 (2002). 



55 
 

46 Madeo, F. et al. Oxygen stress: a regulator of apoptosis in yeast. J Cell Biol 145, 
757-767 (1999). 

47 Strouhal, M., Kizek, R., Vacek, J., Trnkova, L. & Nemec, M. Electrochemical 
study of heavy metals and metallothionein in yeast Yarrowia lipolytica. 
Bioelectrochemistry 60, 29-36, doi:S1567539403000434 [pii] (2003). 

48 Madeo, F. et al. Apoptosis in yeast. Curr Opin Microbiol 7, 655-660, doi:S1369-
5274(04)00136-5 [pii] 

10.1016/j.mib.2004.10.012 (2004). 

49 Balzan, R. et al. Aspirin commits yeast cells to apoptosis depending on carbon 
source. Microbiology 150, 109-115 (2004). 

50 Wolbers, F., Buijtenhuijs, P., Haanen, C. & Vermes, I. Apoptotic cell death 
kinetics in vitro depend on the cell types and the inducers used. Apoptosis 9, 
385-392, doi:5273061 [pii] (2004). 

51 Hauptmann, P. et al. Defects in N-glycosylation induce apoptosis in yeast. Mol 
Microbiol 59, 765-778, doi:MMI4981 [pii] 

10.1111/j.1365-2958.2005.04981.x (2006). 

52 Drakulic, T. et al. Involvement of oxidative stress response genes in redox 
homeostasis, the level of reactive oxygen species, and ageing in Saccharomyces 
cerevisiae. FEMS Yeast Res 5, 1215-1228, doi:S1567-1356(05)00109-1 [pii] 

10.1016/j.femsyr.2005.06.001 (2005). 

53 Hall, A. G. Review: The role of glutathione in the regulation of apoptosis. Eur J 
Clin Invest 29, 238-245 (1999). 

54 Ludovico, P. et al. Cytochrome c release and mitochondria involvement in 
programmed cell death induced by acetic acid in Saccharomyces cerevisiae. Mol 
Biol Cell 13, 2598-2606, doi:10.1091/mbc.E01-12-0161 (2002). 

55 Poliakova, D., Sokolikova, B., Kolarov, J. & Sabova, L. The antiapoptotic protein 
Bcl-x(L) prevents the cytotoxic effect of Bax, but not Bax-induced formation of 



56 
 

reactive oxygen species, in Kluyveromyces lactis. Microbiology 148, 2789-2795 
(2002). 

56 Wysocki, R. & Kron, S. J. Yeast cell death during DNA damage arrest is 
independent of caspase or reactive oxygen species. J Cell Biol 166, 311-316, 
doi:10.1083/jcb.200405016 

jcb.200405016 [pii] (2004). 

57 Wemmie, J. A., Steggerda, S. M. & Moye-Rowley, W. S. The Saccharomyces 
cerevisiae AP-1 protein discriminates between oxidative stress elicited by the 
oxidants H2O2 and diamide. J Biol Chem 272, 7908-7914 (1997). 

58 Waring, P., Lambert, D., Sjaarda, A., Hurne, A. & Beaver, J. Increased cell 
surface exposure of phosphatidylserine on propidium iodide negative thymocytes 
undergoing death by necrosis. Cell Death Differ 6, 624-637, 
doi:10.1038/sj.cdd.4400540 (1999). 

59 Manon, S. Utilization of yeast to investigate the role of lipid oxidation in cell 
death. Antioxid Redox Signal 6, 259-267, doi:10.1089/152308604322899323 
(2004). 

60 Zhang, Q. et al. Schizosaccharomyces pombe cells deficient in triacylglycerols 
synthesis undergo apoptosis upon entry into the stationary phase. J Biol Chem 
278, 47145-47155, doi:10.1074/jbc.M306998200 

M306998200 [pii] (2003). 

61 Silva, R. D. et al. Hyperosmotic stress induces metacaspase- and mitochondria-
dependent apoptosis in Saccharomyces cerevisiae. Mol Microbiol 58, 824-834, 
doi:MMI4868 [pii] 

10.1111/j.1365-2958.2005.04868.x (2005). 

62 Wheeler, G. L. & Grant, C. M. Regulation of redox homeostasis in the yeast 
Saccharomyces cerevisiae. Physiol Plant 120, 12-20, doi:10.1111/j.0031-
9317.2004.0193.x 

PPL193 [pii] (2004). 



57 
 

63 Dormer, U. H. et al. Cadmium-inducible expression of the yeast GSH1 gene 
requires a functional sulfur-amino acid regulatory network. J Biol Chem 275, 
32611-32616, doi:10.1074/jbc.M004167200 

M004167200 [pii] (2000). 

64 Fauchon, M. et al. Sulfur sparing in the yeast proteome in response to sulfur 
demand. Mol Cell 9, 713-723, doi:S1097276502005002 [pii] (2002). 

65 Flower, T. R., Chesnokova, L. S., Froelich, C. A., Dixon, C. & Witt, S. N. Heat 
shock prevents alpha-synuclein-induced apoptosis in a yeast model of 
Parkinson's disease. J Mol Biol 351, 1081-1100, doi:S0022-2836(05)00744-8 [pii] 

10.1016/j.jmb.2005.06.060 (2005). 

66 Sugiyama, K., Izawa, S. & Inoue, Y. The Yap1p-dependent induction of 
glutathione synthesis in heat shock response of Saccharomyces cerevisiae. J 
Biol Chem 275, 15535-15540, doi:275/20/15535 [pii] (2000). 

67 Watjen, W. & Beyersmann, D. Cadmium-induced apoptosis in C6 glioma cells: 
influence of oxidative stress. Biometals 17, 65-78 (2004). 

68 Adams, C. A., Kuriyama, H., Lloyd, D. & Murray, D. B. The Gts1 protein stabilizes 
the autonomous oscillator in yeast. Yeast 20, 463-470, doi:10.1002/yea.976 
(2003). 

69 Murray, D. B., Engelen, F., Lloyd, D. & Kuriyama, H. Involvement of glutathione 
in the regulation of respiratory oscillation during a continuous culture of 
Saccharomyces cerevisiae. Microbiology 145 ( Pt 10), 2739-2745 (1999). 

70 Sohn, H. Y. et al. GLR1 plays an essential role in the homeodynamics of 
glutathione and the regulation of H2S production during respiratory oscillation of 
Saccharomyces cerevisiae. Biosci Biotechnol Biochem 69, 2450-2454, 
doi:JST.JSTAGE/bbb/69.2450 [pii] (2005). 



58 
 

CHAPTER 2 
 

METAL TOXICITY RESULTS IN CHANGE IN GENE EXPRESSION PATTERN 
 

Introduction 

 
Heavy metal such as copper and cadmium cause oxidative damage to the 

proteins leading to oxidative stress in the cells 1. Such oxidative stress is known to be 

involved in pathogenicity of Alzheimer’s and Parkinson’s disorder 2-3. Oxidative stress 

also seems to alter protein homeostasis by causing very high rates of protein unfolding 

4. Such unfolded proteins can aggregate and become a cause of malfunction and cell 

death in neurodegenerative disorder 5. Oxidative stress also influences the 

transcriptional expression in the cells. Oxidative stress causes transcriptional induction 

of antioxidant genes and proinflammatory genes 6. Certain transcription factors like 

ATF4 are known to be induced during glutathione depletion during oxidative stress 7. In 

yeast, on copper exposure, Copper Responsive Transcription factor (CRF1) is 

activated, and it offers copper and cadmium resistance 8. Metal responsive transcription 

factor 1 is also induced due to oxidative stress caused by heavy metal and peroxide 

toxicity.  In all, metals can induce stress responsive transcription factors. These 

transcription factors can induce several different stress related genes.   

 When cells are treated with copper, metabolic enzymes are targeted. Most of the 

enzymes of glycolysis are damaged. Such damage has been suggested to be a 

targeted response, even in peroxide treated yeast cells, to route the carbon flow through 

pentose phosphate pathway, to generate NADPH/reducing power. NADPH is important 

to maintain cellular redox and overcome stress 1. Oxidation of glycolytic enzymes leads 
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to reduced activity of these enzymes (Shanmuganathan A, personal communication). 

Because metals in fact can regulate transcription factors, metals possibly repress 

glycolysis pathway genes and induce pentose phosphate pathway genes. Such 

regulation would ensure the flow of carbon through pentose phosphate pathway to deal 

with long term oxidative stress.  

 Metals can also cause an oxidative damage to the important machinery of 

chromatin such as DNA, histones, and protamines 9 Exposure to metals can lead to 

genetic and epigenetic changes. Gene expression can also be influenced by these 

changes therefore; it would be therefore interesting to study whether metals influence 

the transcription levels of proteins responsible for histone modification 16.  

 Copper and cadmium both have been shown to cause apoptosis in yeast 10 

(Nargund et. al 2010). Apoptosis is programmed cell death with a cascade of events 

leading to cell demise. There are several genes and pathways involved in apoptosis. 

Transcription factors such as NF-κB, p53, Mad, Max and c-Myc, are induced by different 

kinds of apoptotic stimulus. These transcription factors are involved in expression of 

pro-apoptotic genes in higher eukaryotes 11-14. Different transcription factors could be 

induced or repressed in metal induced yeast cells- metal specific transcription factors 

(e.g., SKN1 and YAP1) and apoptosis specific transcription factor such as AP-1. Due to 

the effect of metals on transcription factors, it is expected that on addition of metal, 

there are changes in the gene expression patterns. It is important to study the 

differential gene expression patterns to understand the metal toxicity and its role in 

apoptosis and other metabolic changes in the cells. 
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 Here we report that the genes that belong to Apoptosis, Autophagy, cell death, 

and cell cycle pathway show significant changes in transcriptional expression upon 

metal exposure. Cell cycle pathway genes are induced more than ten-fold upon copper 

and cadmium insult. On analyzing changes in metabolic pathway genes e.g., glycolysis, 

pentose phosphate pathway and TCA, we found that glycolysis and TCA pathway 

genes are barely induced but some genes from Pentose phosphate pathway (e.g., 

ZWF1, GND1, and TKL1 are highly induced on metal exposure.  
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Material and methods 

Microarray 

7 µg of total RNA was used to synthesize cDNA.  A custom cDNA kit from Life 

Technologies was used with a T7-(dT)24 primer for this reaction.  Biotinylated cRNA was 

then generated from the cDNA reaction using the BioArray High Yield RNA Transcript 

Kit.  The cRNA was then fragmented in fragmentation buffer (5X fragmentation buffer: 

200mM Tris-acetate, pH8.1, 500mM KOAc, 150mM MgOAc) at 94oC for 35 minutes 

before the chip hybridization.  15 µg of fragmented cRNA was then added to a 

hybridization cocktail (0.05 µg/µl fragmented cRNA, 50 pM control oligonucleotide B2, 

BioB, BioC, BioD,  and cre hybridization controls, 0.1 mg/ml herring sperm DNA, 0.5 

mg/ml acetylated BSA, 100mM MES, 1M [Na+], 20mM EDTA, 0.01% Tween 20).  10 µg 

of cRNA was used for hybridization.  Arrays were hybridized for 16 hours at 45oC in the 

GeneChip Hybridization Oven 640.  The arrays were washed and stained with R-

phycoerythrin streptavidin in the GeneChip Fluidics Station 400.  After this, the arrays 

were scanned with the Hewlett Packard GeneArray Scanner.  Affymetrix GeneChip 

Microarray Suite 5.0 software was used for washing, scanning, and basic analysis.  

Sample quality was assessed by examination of 3’ to 5’ intensity ratios of certain genes. 

Arrays were scaled to the same target value ‘500’. Data was normalized against 

housekeeping gene actin. Data was analyzed and represented using GenSpring GX. 

 
 
Realtime RT-PCR 
 

Real-time qualitative RT-PCR was used to measure the mRNA expression levels of the 

one reference gene actin-a house keeping control and 3 candidate genes ZWF1, GND1 
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and GSH1. The One step RT-PCR kit, and 7500 SDS system (PE Biosystems) were 

utilized in these studies. Gene specific primers and FAM-TAMRA dual labeled probes 

for these genes were designed using the Primer express software. Two hundred 

nanograms of total RNA with 1µM primers and 0.2µM probes were used for the RT-

PCR under the following conditions: reverse transcription (30 min at 48°C), one cycle of 

denaturation at 95°C for 10 mins, and PCR reaction of 45 cycles with denaturation (15s 

at 95°C), annealing  and elongation (1min at 55°C).  Data are presented as a fold 

change in gene expression for the candidate genes ZWF1, GND1 and GSH1 as 

compared to the actin (house keeping control) using the SDS software ∆∆Ct method. 
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Results 

Highly differential expression of genes on copper and cadmium exposure. 

 On copper exposure, when the genes are clustered according to the fold change 

in expression, there are approximately 75 genes are either more than 10 fold 

upregulated or down regulated during copper treatment time course in yeast cells (Fig  

13). Cell cycle is the most significant pathway found in the result set of highly differential 

expression of genes on copper and cadmium exposure. The other interesting genes 

that are highly expressed in copper exposed yeast cells are genes of heat shock 

proteins. Some genes from glutathione metabolism and pentose phosphate pathway 

such as GSH1, STR3  and SOL4 respectively are also upregulated more than 4 fold. 

Gene that produced protein important for the cell to mount a response to oxidative 

stress (MXR1) is also upregulated 4.3 fold. Even gene such as ERO1 that produces a 

protein involved in oxidative protein folding is upregulated more than 4 fold. VPS51, a 

gene that produces a product protein that recycles the proteins from endosomes to 

GOLGI, is upregulated 4.6 fold.    

Similar to copper treated WT yeast cells, cadmium treated WT yeast cells also 

show a lot of genes that are highly expressed or repressed as compared to the 

untreated WT cells (14). There are about ~120 genes that are different more than 10 

fold at time point during the 1 hour exposure. Like copper, the most represented 

pathway in these highly expressed or repressed genes is cell cycle pathway.  Also, heat 

shock proteins and glutathione metabolism genes are higher induced on cadmium 

exposure. FMO1, a gene for a protein that is required to balance the redox condition so  
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Figure 13: Highly differential expression of genes, upon 1hour exposure of wild 
type yeast, to copper. 

GeneSpring analysis of microarray data of cells exposed to copper versus untreated 
cells was performed to determine the fold-change of the highly differentially expressed 
genes. Up-regulated and down-regulated genes referred by a positive or negative sign, 
respectively. 
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Figure 14: Highly differential expression of certain genes, upon 1hour exposure 
of wild type yeast, to cadmium. 

GeneSpring analysis of microarray data of cells exposed to cadmium versus untreated 
cells was performed to determine the fold-change of the highly differentially expressed 
genes. Up-regulated and down-regulated genes referred by a positive or negative sign, 
respectively. 
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that protein with disulfide bond will be accurately folded, is induced 5 fold at the end of 

60mins. SRX1 (gene product: Sulfiredoxin) is 4.6 fold upregulated in cadmium treated 

cells and is responsible for resistance to oxidative stress.  

 

Fold change analysis of genes involved Autophagy, apoptosis and cell 

death in response to metals. 

Metal such as copper and cadmium induce apoptosis in yeast. As expected 

therefore, apoptotic genes such as AIF1, YCA1, RNY1, CDC48 and POR1 are induced 

in both copper and cadmium treated cells (15). Although the above genes are induced 

there is a difference in their level of induction. Apoptosis inducing factor (AIF1) is 

induced 6 fold in copper as compared to 2.5 fold in cadmium exposed yeast cells. 

However, Yeast caspase 1 (YCA1) is induced more in cadmium 4 fold than in copper 

treated cells. Cell division cycle (CDC48) that has been shown to be important for 

apoptosis goes up 3 fold in copper and 2.7 fold in cadmium (16). Ribonuclease from 

yeast (RNY1) that can promote apoptosis in yeast is expressed 6 fold higher as 

compared to the control in both copper and cadmium treated cells. There is no change 

in the expression of PET9, an ADP/ATP carrier is required for apoptosis when 

compared to untreated samples.  

 On metal exposure proteins are oxidized and damaged. Damaged proteins and 

organelles are usually removed by a process called Autophagy (Fig 17,18) 65.  Hence 

on metal treatment it is possible that autophagic genes are upregulated. Autophagic 

genes such as ATG1, ATG2, ATG3, ATG4, ATG5, ATG7, ATG8, ATG9, ATG10, 

ATG11, ATG13, ATG14, ATG16, ATG17, ATG20, ATG21, ATG22, ATG23, ATG26,  
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Figure 15: Fold change in expression of apoptotic genes, upon exposure of wild 
type yeast to copper. 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to apoptosis. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 16: Fold change in expression of apoptotic genes, upon exposure of wild 
type yeast to cadmium. 

GeneSpring analysis of microarray data of cells exposed to cadmium for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to apoptosis. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 17: Fold change in expression of cell death genes, upon exposure to 
copper. 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to cell death. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 18: Fold change in expression of cell death genes, upon exposure to Cd. 

GeneSpring analysis of microarray data of cells exposed to cadmium for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to cell death. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 19: Fold change in expression of autophagy genes, upon exposure to Cu 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to autophagy. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 20: Fold change in expression of autophagy genes, upon exposure to Cd 

GeneSpring analysis of microarray data of cells exposed to Cd for 5min, 15min, 30min 
and 60mins versus untreated cells was performed to determine the trend in the 
expression of genes related to autophagy. Data is represented using heat maps. Up-
regulated and down-regulated genes are indicated by a blue or red color, respectively. 
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ATG29 are induced on metal exposure except for genes like ATG12, ATG15, ATG18, 

ATG19 and ATG27 that are either repressed or not changed on metal exposure. 

 Several other genes that are involved in cell death such as UBX (Ubiquitin 

regulatory X), COX3, CPR3, COX8, QCR2, COR1, ATP1 etc are at least somewhat 

induced on metal treatment. Whereas some genes such as RIP1, COX4 and NUC1 

though involved in cell death is certain scenarios, remain unchanged under metal 

exposure.  

 

Fold change analysis of genes involved metabolic pathways in response to 

metals. 

 We analyzed Glycolysis, Pentose phosphate pathway and TCA amongst several 

different metabolic pathways available (Fig 18,19,20). In glycolysis, expression of the 

genes except for GPM2 and TDH1 do not change on copper exposure. Even 

expression of GPM2 and TDH1 is barely 2 fold higher than the untreated sample. In 

general, there is no significant difference in the transcriptional induction of glycolytic 

genes in copper treated and untreated cells. In cadmium treated cells, genes such as 

GPM2, GLK1 and TDH1 are induced about more than 1.5 fold when compared to 

untreated cells.  

 On analysis of pentose phosphate pathway, we found that genes such as SOL4, 

NQM1 and GND2 are induced more than 3 fold on both copper and cadmium treatment 

as compared to untreated. And genes such as RPE1 and RKI1 are down regulated in 

WT treated with copper and cadmium when compared to the untreated WT.  
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Figure 21: Fold change in expression of glycolytic genes, upon exposure to 
copper. 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to metabolic pathway of glycolysis. Data is 
represented using heat maps. Up-regulated and down-regulated genes are indicated by 
a blue or red color, respectively. 
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Figure 22: Fold change in expression of glycolytic genes, upon exposure to 
cadmium. 

GeneSpring analysis of microarray data of cells exposed to cadmium for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to metabolic pathway of glycolysis. Data is 
represented using heat maps. Up-regulated and down-regulated genes are indicated by 
a blue or red color, respectively. 
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Figure 23: Fold change in expression of pentose phosphate pathway genes, upon 
exposure to copper. 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to metabolic pathway of glycolysis. Data is 
represented using heat maps. Up-regulated and down-regulated genes are indicated by 
a blue or red color, respectively. 
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Figure 24: Fold change in expression of pentose phosphate pathway genes upon 
cadmium exposure. 

GeneSpring analysis of microarray data of cells exposed to cadmium for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to metabolic pathway of glycolysis. Data is 
represented using heat maps. Up-regulated and down-regulated genes are indicated by 
a blue or red color, respectively. 
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Figure 25: Fold change in expression of TCA pathway genes, upon copper 
exposure. 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the fold change 
in the expression of genes related to metabolic pathway of TCA. Data is represented 
using heat maps. Up-regulated and down-regulated genes are indicated by a blue or 
red color, respectively. 
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Figure 26: Fold change in expression of TCA pathway genes, upon cadmium 
exposure. 

GeneSpring analysis of microarray data of cells exposed to Cd for 5min, 15min, 30min 
and 60mins versus untreated cells was performed to determine the trend in the 
expression of genes related to metabolic pathway of TCA. Data is represented using 
heat maps. Up-regulated and down-regulated genes are indicated by a blue or red 
color, respectively. 
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In WT cells treated with copper and cadmium, there is an increase in transcript levels of 

IDP2 and EMI5; there is a decrease in the transcript level of ACO1. In cadmium treated 

cells, there is an increase in transcript levels of IDH1.  

 

Fold change analysis of genes involved histone modification in response to 

metals. 

On cadmium treatment some genes such as SPT8, SWD1, ACS1 and FPR4 that are 

involved in histone modification are upregulated transcription (21). Only some genes 

such as TRA1 and MEC1 are down regulated on cadmium exposure. There are more 

histone modification genes that are down regulated in copper treatment as compared to 

cadmium treatment. 

 

Fold change by realtime RTPCR 

Microarray being a high through put method; we verified our data by using real time RT-

PCR (Taqman probe based assay). We used the sensitive FAM-TAMRA chemistry to 

detect the changes in the gene expression over the time period studied upon copper or 

cadmium exposure. Because glycolytic proteins are oxidized upon metal exposure, it is 

expected that flow of carbon will be routed through pentose phosphate pathway. We 

studied transcription of glycolysis and pentose phosphate pathway genes to better 

understand or speculate the carbon flow. On testing a few genes by real time RT-PCR, 

as seen in case of microarray we also found that transcription of adh1 and eno2 are not 

impacted as much on metal exposure. But as expected and Similar to microarray data, 

genes from pentose phosphate pathway such as ZWF1 is upregulated and TKL1 is 
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down regulated in real time RT-PCR. Our data from microarray corroborated very well 

with the real time RT-PCR data.  

Hyp2 is a translation elongation factor, which we suppose will be impacted upon 

metal exposure, to control the level of protein translation in the cell during stress. We 

analyzed this factor by both microarray and real time RT-PCR and we found that HYP2 

is down regulated both in copper and cadmium treated cells. To understand the 

implication of such result, HYP2 has to be further studied. 
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Discussion 

When the WT yeast cells are treated with metals such as copper and cadmium, cells 

generate potentially toxic oxygen radicals (ROS). These ROS can cause oxidative 

stress in the cells – one potential cause of metal toxicity. Oxidative stress is also 

implicated in apoptosis. Previously we have demonstrated that copper and cadmium 

can cause apoptosis in yeast. In general, oxidative stress may compromise protein 

homeostasis, and is likely to induce a change in transcription pattern. In the current 

study we demonstrate that in the subset of genes that we analyzed that oxidative stress 

caused by both copper and cadmium mostly lead to similar changes in the transcription 

induction pattern. There are very few metal specific transcriptional differences. The 

reason could be that these metals though they belong to different categories such as 

redox active and redox inactive and though they preferentially produce different types of 

ROS, the induction pattern is a result of generic ROS toxicity and not as a result of 

direct effects of metals. 
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Figure 27: Fold change in expression of histone modifiers, upon Cu exposure. 

GeneSpring analysis of microarray data of cells exposed to copper for 5min, 15min, 
30min and 60mins versus untreated cells was performed to determine the trend in the 
expression of genes related to histone modifiers. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 28: Fold change in expression of histone modifiers, upon Cd exposure. 

GeneSpring analysis of microarray data of cells exposed to Cd for 5min, 15min, 30min 
and 60mins versus untreated cells was performed to determine the trend in the 
expression of genes related to histone modifiers. Data is represented using heat maps. 
Up-regulated and down-regulated genes are indicated by a blue or red color, 
respectively. 
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Figure 29: Fold change in expression of glycolytic genes, upon metal exposure as 
measured by real time RT-PCR. 

Real time RT-PCR of cells treated with Cu and Cd for various time points are 
represented as black bars on left panel and grey bars (right panel) respectively. The 
fold-change was determined between untreated and treated using ∆∆Ct method, for the 
genes Adh1 and Eno2.  
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Figure 30: Fold change in expression of pentose phosphate pathway genes, upon 
metal exposure as measured by real time RT-PCR. 

Real time RT-PCR of cells treated with Cu and Cd for various time points are 
represented as black bars on left panel and grey bars (right panel) respectively. The 
fold-change was determined between untreated and treated using ∆∆Ct method, for the 
genes Zwf1 and Tkl1.  
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Figure 31: Fold change in expression of translation elongation factor, upon metal 
exposure as measured by real time RT-PCR. 

Real time RT-PCR of cells treated with Cu and Cd for various time points are 
represented as black bars on left panel and grey bars (right panel) respectively. The 
fold-change was determined between untreated and treated using ∆∆Ct method.  
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In this study, we also show that Autophagy genes are induced along with certain key 

apoptotic and cell death pathway genes. Both the metals cause oxidative damage and 

such damage has been reported to trigger apoptosis. Because proteins are damaged, 

autophagy may be triggered to get rid of damaged proteins. Autophagy can also remove 

damaged organelles. In copper and cadmium treatment, we know organelles such as 

mitochondria are also damaged 15. Therefore, it may be possible that induction of 

Autophagy is a mechanism to deal with stress. If the cells are still not able to cope with 

stress, then may be apoptosis will be triggered. So induction of both apoptosis and 

autophagy genes could be a potential mechanism by which cells keep the machinery 

ready. It has become more and more evident that autophagy and apoptosis are 

connected but the connection is not known. Therefore, to guarantee a failsafe 

mechanism, it may be possible that one process may lead to another. To ensure such 

system, it is required to induce both set of genes are induced as seen in case of the 

current study.    

 Metal can not only damage protein by causing protein oxidation but also damage 

DNA and histones to cause epigenetic changes. Such changes can lead to a complete 

change in transcription pattern in the cell. Here we show that metals can induce or 

repress transcription of some crucial chromatin modifiers/histone modifiers. We suspect 

that such induction or repression may lead to the change in the histone modification and 

hence lead to epigenetic changes. Such DNA and/or chromatin modification is shown to 

be the major cause of cancers 9. 

In this study, we show that there is an induction of pentose phosphate pathway. 

But the TCA and glycolytic pathway genes do not show much difference in induction 
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between a control and treated samples. It has been previously reported that metals 

such as copper and cadmium causes oxidation of protein. Such oxidation seems to 

preferentially damage glycolytic proteins leading to reduced rate of glycolysis. It is 

predicted that such reduction of the rate of glycolysis is a targeted response in the cell 

to increase the flow of carbon from glycolysis onto pentose phosphate pathway to 

produce more NADPH. NADPH, a reducing power of the cell is produced to equip Gsh, 

an antioxidant moiety to combat oxidative stress 1. Although, the current study does not 

completely prove the flux but it does indicate the flux through pentose phosphate 

pathway. 

Finally in this study, we not only show that copper and cadmium toxicity is not only at 

the level of proteins by causing post translational modification but is also at the level of 

genetics and epigenetics. 
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CHAPTER 3 
 
 

HEAVY METAL –INDUCED APOPTOSIS IN SACCHAROMYCES CEREVISIAE 
REQUIRES THE INTERCESSION OF AN AUTOPHAGIC PROTEASE, ATG4 

 
Amrita M. Nargund and John E. Houghton* 

 

Heavy metals, such as copper and cadmium have been linked to a number of cellular 

dysfunctions associated with autophagy and apoptosis in both uni- and multicellular 

organisms.  Having recently demonstrated that low levels of cadmium elicit a caspase-

specific programmed cell death (PCD) in Saccharomyces cerevisiae 1, we here confirm 

that low levels of copper can also provoke a similar apoptotic response in yeast -as 

evidenced by mitochondrial hyperpolarization, superoxide generation, activation of the 

Yeast caspase-1 (Yca1) and resultant DNA fragmentation. In attempting to delineate the 

mechanism of apoptosis, induced by such inherently different redox-reactive metals, we 

determined a number of similarities and differences in the way that each involves an 

additional caspase-like protease, which (along with Yca1) precedes hyperpolarization of 

the mitochondrial membrane in the apoptotic process. We further demonstrated the 

intriguing dependence of this caspase-like proteolytic activity on Atg4, a cysteine 

protease that is intimately involved in the latter stages of autophagy. This study also 

shows that Atg4 participates in the cleavage activation of Yca1 in cells exposed to either 

metal, and as such, provides a critically important link between metal-induced 

autophagy and apoptosis in Saccharomyces cerevisiae. 
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Introduction 

 

(Macro)autophagy and apoptosis specify two similar, but distinct programs for 

organellar and cellular fragmentation, the one -effectively to recycle damaged or toxic 

cellular components (sequestered within double membrane autophagosomes), the other 

-to dismantle the cell from within, and thus minimize the spread of cell debris resulting 

from cell death 2, 3. Both cellular programs provide integral components of cellular 

homeostasis, cell development and differentiation 4, 5, with each also providing a 

potential counterpoint to unfettered cell proliferation and, in higher eukaryotes, aberrant 

cancerous growth (at least in the early stages of tumorigenesis) 4, 6-8.  Both apoptosis 

and autophagy have been shown to occur in the budding yeast, Saccharomyces 

cerevisiae, which not only demonstrates a remarkable mechanistic conservation of 

these cellular programs among eukaryotes, but also that yeast can provide a useful 

cellular repository for the heterologous expression and evaluation of autophagic and 

apoptotically related proteins 9, 10. 

 

While the potential for Saccharomyces cerevisiae to undertake autophagy has been 

well documented, and the autophagic pathway is well characterized 11, 12, the role of an 

apoptotic program in its cellular response to stress, are less well established.   Indeed, 

from the first determination that yeast encoded a solitary caspase (Yca1p) 13, 14, the 

potential for programmed cell death (PCD) within a unicellular organism raised more 

than a few concerns as to why such a process should be retained in a unicellular 

organism.  Moreover, given the paucity, in yeast, of additional analogues of many of the 
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other apoptotic–related intermediates, significant questions have been raised as to 

whether a singular yeast caspase (Yca1p) is even capable of initiating a fully-fledged 

response 15, 16.  Even so, modeling of the yeast caspase has indicated that Yca1p 

retains sufficient structural homology with other caspases, which, together with its 

caspase–like processing from an ~45 KDa inactive form to a smaller 35KDa active 

cysteine protease with a substrate preference for an aspartate residue within its target 

sequence 14, 17, 18, provide sufficient justification for Yca1p to be considered as a bone 

fide caspase. Moreover, a number of benefits for the retention of Yca1p activity in 

mediating oxidative stress, osmotic shock and viral toxins have been proposed 16, 19, 20. 

To this list of environmental stressors that induce some form of Yca1p-dependent 

cellular response, we have recently been able to add the heavy metal, cadmium, which 

elicits a caspase-dependent apoptosis within a subset of exposed cells with markers of 

apoptosis such as ROS generation, Yca1p activation, mitochondrial hyperpolarization 

and DNA fragmentation 1.  Moreover, as cadmium is unable to generate ROS by itself 

21, 22, we were also able to conclude that Yca1p was necessary for the induction of any 

and all discernable markers of apoptosis (including heightened levels of ROS), 

indicating that at least some of the required Yca1p activity preceded any mitochondrial 

membrane perturbation. This was in contrast to similar caspase-dependent  cellular 

responses of yeast to oxidative stress induced by peroxide or menadione 14, 17, 23, in 

which the activation of the yeast-caspase was found to be subsequent to any 

mitochondrial damage. These findings prompted a series of questions as to the 

potential mechanism(s) that underpin the response of yeast to a low level exposure of 

the heavy metal, cadmium, and whether such a response was limited to cadmium, or 
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whether other heavy metals -even those able to generate ROS directly- initiate a similar 

apoptotic response. 

 

Here, we show that copper (a redox-active heavy metal, fully capable of directly 

inducing high levels of ROS) appears to induce a pattern of apoptotic response in yeast 

that is similar, but distinct to that induced by the redox-inactive heavy metal, cadmium. 

We further demonstrate that the caspase-dependent apoptotic response to either metal, 

in Saccharomyces cerevisiae, is more complex than had been anticipated, and that this 

metal-induced programmed cell death requires the intercession of an autophagic 

protease, Atg4p. 
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Materials and methods 

 

Strains and treatments 

S. cerevisiae strains wild type BY4741 (MATα his3∆1 leu2∆0 met15∆0 ura3∆0),  

∆ATG4 (YNL223W) and ∆YCA1 (YOR197W) were obtained from Euroscarf (Frankfurt, 

Germany). ∆ATG4/∆YCA1 double knockout strain was made using PCR based gene 

deletion strategy as described in Janke et. al. To achieve a double knockout 

∆ATG4/∆YCA1 strain, ATG4 gene deletion was carried out  in ∆YCA1 mutant 

background.  Strains were inoculated from 24 h starter cultures into YEP broth with 2% 

glucose as a carbon source. For induction, at the beginning of the experiments, 

Cu(NO3)2 or Cd(NO3)2 was added to culture flasks (OD600 ~2.0) to a final concentration 

of 8mM and 30µM respectively. Cells were then washed and incubated in YEPD for 3 

hrs for apoptosis markers to develop. Again when necessary N-acetyl cysteine was 

added to the final concentration of 10mM as described in Nargund et al. ’08 1 

 

Cell viability 

For Viability, both untreated and BY4741 cells treated Cu(NO3)2 for 1, 2, and 3 hours 

were analyzed by serial 10-fold dilutions spotted onto YEPD plates and incubated for 3 

d at 30°C. Cell death was quantified by plating 1:1000 dilution onto YEPD plates and 

counting colonies. The percentage of colony-forming units (c.f.u.) of cells treated with 

cadmium nitrate was obtained by relating the c.f.u. counts of treated cells to those of 

untreated cells, which were considered 100 %.   
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Test for Apoptotic markers. 

To assess apoptosis, presence of the caspase was detected by FLICA Apoptosis 

detection kit (Immunochemistry Technologies, LLC). Cells were induced as mentioned 

in strains and treatments and stained with SR_FLICA reagent as per manufacturer’s 

protocol. The relative intensity of Sulphorhodamine fluorescence in the cells was 

determined at 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 red filter and a Zeiss AxioCam MRc5.  

Intracellular ROS were detected by using the oxidant-sensitive Dihydroethidium 

(DHE, Sigma aldrich) as described in Madeo et al. ’99 33. Cells were then imaged under 

fluorescent microscope as described above using a red filter and quantified on 

FACSCanto (BD Biosciences) at 590nm emission filter. 

  To assess mitochondrial membrane potential, cells were incubated with final 

concentration of 2µM Rhodamine 123 and analyzed on FACSCanto (BD biosciences) at 

525nm as emission wavelength as described in Gross et al. ’00 26  and Nargund et al. 

’08 1. To determine live cells from dead cells, fluorescein diacetate (FDA) was added to 

the cells at a final concentration of 10μg/ml and incubated for 15mins. Cells were then 

observed under microscope equipped with Zeiss CP-ACHROMAT 100X/1.25 oil 

objective, a green filter and a Zeiss AxioCam MRc5 and were also quantified using 

FACSCanto at 525nm emission wavelength to make sure FDA gets into the cells and is 

metabolized to Fluorescein by cellular esterases. 
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Fluorimetric analysis of caspase activity 

Caspase activity assay was carried out as described in Saraiva et al. ’06 32. Cells were 

grown and induced as mentioned in the strains and treatment section above. Cells were 

harvested and mechanically disrupted in lysis buffer (20mM Hepes pH7.4, 84mM KCl, 

10mM MgCl2, 0.2mM EDTA, 0.2mM EGTA, 1mM DTT and 10% glycerol). Caspase 

activity was determined for per μg of protein by incubation of protein lysate with 50μM 

fluorogenic caspase substrates N-acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin (Ac-

DEVD-AMC) and N-acetyl-Ile-Glu-Thr-Asp (Ac-IETD-AMC) in 200μl assay buffer (50mM 

Hepes pH7.4, 100mM NaCl, 0.1% CHAPS, 10mM DTT, 1mM EDTA and 10% glycerol). 

Untreated cells were used as a negative control. AMC release was monitored using 

Victor3 microtitre plate reader (excitation 380nm and emission 460nm) for 90mins at 

30°C. Caspase activity was measured by calculating slope of linear regressions and 

expressed as arbitrary fluorescence unit/min/μg of protein. 

 

Western blot analysis of caspase activity 

Proteins were harvested from WT, ∆ATG4 before and after metal treatment for 1hr and 

then 3hr of incubation in YEPD. Proteins from ∆YCA1 were also prepared to serve as 

negative control. Cadmium treated WT cells were also sorted using FACS Aria to obtain 

non-apoptotic cell population (98% purity). Proteins prepared from these non-apoptotic 

cells were also used to serve as a negative control. Proteins were then run on 8% SDS-

PAGE and blotted overnight onto nitrocellulose membrane. Yca1 was then detected by 

western blotting using rabbit anti-yca1 antibody (manufactured by Genscript Inc, using 

custom peptide ‘CGGQTEDLDGDEEDG’ as an antigen). 
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Results and Discussion 

 

Copper induces apoptosis in the presence of an activated yeast caspase 

We have previously demonstrated that relatively low concentrations of copper and 

cadmium are able to induce oxidative-stress in yeast, and that, for cadmium at least, 

this stress results in the rapid onset (within 4 h) of apoptotic, programmed cell death in 

some of the exposed yeast cells 1, 24. These studies have further shown that metal-

induced oxidative stress peaked within 1h of exposure, and that such a limited exposure 

to cadmium was sufficient to elicit an apoptotic response in some of the cells, which 

accounted for any and all loss of cell viability as a result of exposure to cadmium. A 

similar series of apoptotic cellular responses as indicated by some of the more 

diagnostic events that are known to characterize the apoptotic process; such as 

activation of caspase, DNA fragmentation and apoptotic bodies formation (Fig 32A, B, C 

& D); 1, 20, 25, are also apparent for cells exposed to low levels of copper (8mM) for 1hr 

and then incubated in YEPD (devoid for copper) for 3 hrs for the apoptosis to develop. 

That the yeast caspase, Yca1p, was involved in this apoptotic response was confirmed 

by the absence of any apoptotic response in the deletion mutant to an extended 

exposure (up to 3 h; Fig 32A). Data also confirm that apoptosis accounts for any and all 

loss of cell viability in the wild-type cells exposed to copper, and that such a short term 

exposure is sufficient to induce a caspase-specific apoptotic response in a sub set of 

the population of exposed cells (15-20%; Fig 32A).  
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Figure 32: Copper induces caspase-dependent apoptosis in Saccharomyces 
cerevisiae 

 (A) S. cerevisiae strains, BY4741 (wild type) and YCA1∆, were incubated in the 
presence of 8 mM Cu(NO3)2 for up to 3 h. Viability was determined at hourly intervals 
after the addition of Cu by the spotting of aliquots from dilutions (OD600 = 1.0) cultures 
onto YEPD agar, and incubation for 3 d at 30°C. (B) Formation of apoptotic bodies after 
treatment of wild-type cells, using phase contrast microscopy.  Cells were exposed to 
8mM Cu(NO3)2 for 1 h then allowed to ‘recover’ in fresh YEPD medium for 3-4 h. (C) 
WT Cells were treated as in (B), after which time the cells were stained for active 
caspase (red) with SR_FLICA detection chemistry (Immunochemistry, LLC), and 
detected by FACS Canto (top panel) and fluorescent microscope (bottom panel). (D) 
Cells were prepared as in (B), and subsequently stained (green) with TUNEL reagents, 
as described in Madeo et al. ’99 33 and observed under fluorescent microscope. 
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Copper induces mitochondrial membrane hyper-polarization and enhanced 

superoxide levels in a sub population cells. 

Copper, as one of the more potent redox-active metal, is capable of generating ROS, 

even after only 1h of exposure, as opposed to cadmium, which is considered to be 

redox-inactive and cannot. The extent to which ROS are produced in cells treated with 

copper is seen to be far in excess of any produced by cells exposed to cadmium (Fig 

33A).   Yet the presence of either heavy metal seems to modulate an apoptotic 

response after just an hour of metal exposure, suggesting that the two metals could 

take potentially different routes for inducing apoptosis. This rationale prompted further 

evaluation of the action and route of copper mediated apoptotic process.  Mitochondrial 

membrane hyperpolarization (∆ψm) is an early indicator of apoptosis, and was assessed 

in Cu-treated cells by analyzing the uptake of the cationic, lipophilic dye rhodamine123 

(RH123) 26.  In contrast to untreated cells, ~15-25% of the total population of cells that 

had been exposed to copper exhibited hyper-polarization of their mitochondrial 

membrane (Fig 33C). Elevated levels of ROS, due to stress, is also a characteristic of 

apoptotic yeast cells 14, 17. Consequently, dihydroethidium (DHE) was used to 

demonstrate the presence of increase superoxide within ~19% of the cells that had 

been exposed to the copper (Fig 33C).  Copper is a “redox-active” metal, and is 

therefore capable of inducing reactive oxygen species (ROS) within the cell directly, 

though Fenton or Harber-Weiss reactions 27, 28.  Thus ROS in copper-treated cells can 

result from either direct formation of free radicals through these reactions, or through 

hyperpolarized mitochondrial membranes, which can result in oxidative bursts and, 

ultimately the breakdown of membrane potential and mitochondrial fragmentation 1, 29-31.  
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This would not be the case for cells exposed to the “redox-inactive”, cadmium, which 

requires the intercession of other metals or cellular functions to produce ROS 21, 22.  

What is more, previous comparisons of wild-type and YCA1∆ mutant responses to 

cadmium strongly implicated a requirement for an activated Yca1p to provide both 

mitochondrial hyperpolarization and ROS production 1. 

 

Yeast Caspase-1 is also involved in copper mediated mitochondrial membrane 

hyperpolarization. 

In order to take advantage of this potential difference between the two types of heavy 

metals, and to ascertain whether an activated caspase is also a minimal requirement for 

mitochondrial perturbations in copper-induced apoptosis, ROS and mitochondrial 

membrane hyperpolarization (∆ψm) were monitored in different yeast cell types exposed 

to either cadmium or copper, and then in the presence or absence of a pan-caspase 

inhibitor Z-VAD-FMK (Figs 33B & C). 

 The results demonstrate that Z-VAD-FMK is able to mitigate Yca1p activity, as it 

effectively abrogates any Yeast caspase-1-mediated mitochondrial membrane 

hyperpolarization and ROS production in cells that were exposed to cadmium (Fig 33B) 

in a manner that is equivalent to a YCA1 deletion mutant (YCA1∆). The effects of Z-

VAD-FMK on cells that had been exposed to copper were less dramatic, however (Fig 

33C), as it reduced, but did not completely abolish mitochondrial hyperpolarization in 

these cells. The incomplete removal of mitochondrial membrane hyperpolarization and 

ROS in similar experiments using YCA1∆ cells that were exposed to copper, further 

indicates that Yca1p is not the sole mechanism through which   
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Figure 33: Yca1 is not the only route for copper mediated mitochondrial 
membrane hyperpolarization 

(A) Differential production of ROS in cells within 1h of exposure to either cadmium, 
using oxidant sensitive dye Dihydroethidium (DHE) and flow cytometry analysis on 
FACS Canto. Untreated control cells labeled with DHE are on the left, with cells 
exposed to cadmium and copper for 1h in the middle and right panels respectively. (B) 
Differing roles of cadmium and copper in mitochondrial membrane hyperpolarization 
and WT, z-vad-fmk treated WT cells were incubated in the presence of Cd for 1 h then 
allowed to recover in fresh YEPD medium for 3 h. Cells were then stained for 
mitochondrial membrane hyperpolarization using RH123 or stained with DHE to 
determine ROS and then analyzed by flow cytometry. The percentages of positive cells 
were then represented as bar graphs (black for ∆Ψm and grey for ROS). Control cells 
that were not incubated with Cd did not show any positively labeled cells.   (C) WT, z-
vad-fmk treated WT, YCA1∆, and N-Acetyl L-Cysteine (NAC) treated YCA1∆ cells were 
incubated in the presence of Cu for 1 h then allowed to recover in fresh YEPD medium 
for 3 h. Cells were then stained for mitochondrial membrane hyperpolarization with 
RH123 or stained with DHR123/DHE to determine ROS and then analyzed by flow 
cytometry. The percentages of positive cells were then represented as bar graphs 
(black for ∆Ψm and grey for ROS). Control cells that were not incubated with Cu did not 
show any labeling.  Data are representative of at least three independent experiments. 
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integrity of the mitochondrial membrane can be compromised, as it is in Cd exposed 

cells. This would be consistent with the expectation that the various ROS, which are 

generated directly by copper, also impinge upon the mitochondrial membrane integrity. 

To address this question directly, the antioxidant N-acetyl-l-cysteine (NAC) was used to 

assess mitochondrial membrane hyperpolarization in copper-exposed cells in which 

ROS levels had been depleted by NAC. The results, shown in Fig 33C, demonstrate 

that no mitochondrial membrane hyperpolarization was apparent in cells that are mutant 

for Yca1p or that had been pre-treated with NAC. These data are consistent with the 

previous finding that ROS -generated directly through exposure to copper- are able to 

cause mitochondrial membrane perturbation, and hence Yca1p- mediated mitochondrial 

hyperpolarization is not the only route through which the mitochondria can be perturbed 

upon Cu exposure.  While the involvement of Yca1p in mitochondrial perturbation is not 

a traditional activity associated with a caspase-like protease, it is not without 

precedence. Both caspase 3 and caspase 7 have been shown to mediate mitochondrial 

damage directly in mice 5, perhaps through interactions with electron transport 

complexes within the membrane 30. 

 In this regard, it is important to note that, even though ROS in Cu-treated YCA1∆ 

cells may be able to cause mitochondrial hyperpolarization, by itself, Cu is unable to 

cause DNA fragmentation or apoptosis (Fig 32A).  Copper-induced apoptosis, therefore, 

remains dependent upon the activation of the yeast caspase, suggesting that -while 

Yca1p presumably plays role in the perturbation of mitochondria upon exposure to 

heavy metals- it also plays a critical role in apoptotic events that occur subsequent to 

mitochondrial damage, as has been proposed by Eisenberg et al. 2007 23. 
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An additional caspase-like protease is involved in Cu-induced Yca1p-dependent 

mitochondrial perturbation 

To confirm the requirement for an activated Yca1p in apoptotic response upon copper 

exposure, YCA1∆ cells were exposed to copper and stained for the presence of 

activated yeast caspase-1, using SR-FLICA. Curiously, a substantial portion of these 

cells (~12.6%) still demonstrated significant levels of activated caspase (Fig 34A), 

although (as mentioned previously) none of these YCA1∆ cells were found to 

subsequently undergo apoptosis. Even so, given our expectation that Saccharomyces 

cerevisiae encodes for only one caspase, these results proved to be quite puzzling.  A 

number of research groups have expressed caution in using FITC-based fluorochromes 

to interpret any apoptotic events in yeast, which (they suggest) are possibly due to 

anomalous measurements in differentially stressed cells, and the added concern that 

dead yeast cells naturally present a high background fluorescence 15, 16. However, we 

have previously demonstrated the specificity of the SR-FLICA assay in detecting 

activated caspase activity in yeast 1. To address viability concerns, the metabolizable 

fluorescein diacetate (FDA) and appropriate control groups were employed to 

distinguish between living and dead cells (Fig 34B).  In so doing, we were able to 

reaffirm that the SR-FLICA stained YCA1∆ cells, which had been exposed to copper 

were viable and not, as yet, dead (Fig 34B). To determine further that these YCA1∆ 

cells truly exhibited caspase activity, and that the residual fluorescence is not an artifact, 

caspase activity was independently confirmed using commercially available caspase 

peptide substrates conjugated to the cleavable fluorescent dye, 7-Amino-4-

methylcoumarin (AMC) by performing enzyme assays 32. In this way, proteins prepared 
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from wild-type cells that had been exposed to either copper or cadmium exhibited both 

IETD and DEVD-like caspase activity (3E and 3D), consistent with previously published 

data for yeast caspase activity in cells exposed to peroxide 33. 

These results also confirmed that a proportion of YCA1∆ cells still exhibit a specific 

activity for an IETD-AMC linked substrate, more so when exposed to copper than 

cadmium. Furthermore this proteolytic activity disappears upon pretreatment of the cells 

with the pan caspase inhibitor, Z-VAD-FMK, prior to extraction of proteins (Fig 34E).  

Both lines of evidence strongly suggest that the residual SR-FLICA-based activity that 

was previously obtained in the YCA1∆ cells was not an artifact, and that an additional 

caspase-like enzyme activity, other than Yca1p, is present in cells exposed to both 

copper and cadmium (Figs 34D and 34E). 

 

The additional caspase-like activity is through ATG4 

A second caspase-like activity has been previously reported in apoptotic analyses in 

yeast under other stress yeast 34, Also, the intensity and specificity of the reactions in 

metal exposed YCA1∆ cells (as defined by both SR-FLICA and/or IETD-AMC cleaving 

capability) warranted further investigation as to the source of this additional caspase-like 

activity.   Database searches and primary sequence comparisons yielded little primary 

sequence similarities among the evolutionarily distant metacaspases and true caspases 

found in metazoans 35. The positional conservation of histidine and cysteine residues in 

the active sites of known caspases was, however, used to identify similar residue 

conservations in 5 - 6 cysteine proteases of yeast. One of these candidate proteases, 

ATG4, is a requisite protease involved in the final stages of autophagy 36, 37. The 3- 
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Figure 34: Caspase like protein may be responsible for Cu induced apoptosis 

(A) YCA1∆ mutant cells were exposed to 8mM Cu(NO3)2 for 1 h then ‘recovered’ in 
fresh YEPD medium for 3 h. Cells were stained for active caspases (red) with 
SR_FLICA detection chemistry (Immunochemistry, LLC) and cells demonstrating 
elevated levels of activated caspase were detected using flow cytometry. Control 
YCA1∆ cells were treated in exactly the same way as the treated Cu cells (except for 
the exclusion of Cu from incubations). (B) Copper treated YCA1∆ cells (blue histogram) 
were incubated with FDA and analyzed with flow cytometry. Heat killed and live cells 
were used as controls (red and green histogram respectively), and their fluorescence 
levels overlayed with cells that had been exposed to copper as in (A) for comparison. 
(C) ATG4YCA1∆ double mutant cells were treated and stained for active caspases (red) 
as explained in (A). (D) To determine caspase activity using IETD-AMC and DEVD-
AMC substrate, protein extracts from cadmium treated Wild Type, YCA1∆ mutant, 
ATG4YCA1∆ double mutant under indicated conditions. Protein extracts were tested for 
the cleavage of fluorescence labeled substrate such as IETD-AMC and DEVD-AMC as 
described in 32. The resultant fluorescence was read using a plate reader. (E) Protein 
extracts from copper treated wild-type cells, YCA1∆ mutant, ATG4/YCA1∆ double 
mutant under indicated conditions were tested as described in (D). The resultant 
fluorescence was read using a plate reader.  
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dimensional structure of the human Atg4 protease analog (HsAtg4B) has recently been 

determined 36, 37, and while HsATG4B has certainly not been classified as having a 

caspase-like structure, it does bear significant resemblance to papain-like cysteine 

proteases, which have previously been shown to be inhibited by caspase-specific 

substrates, including DEVD 38, 39. Moreover, HsATG4B shares some functional and 

distinctive regional primary sequence homology with Atg4p from yeast, especially 

around a conserved cysteine residue (cys159 in Atg4p) deemed essential for proteolytic 

activity in HsAtg4B 40. Interest in this protease was further heightened by the potential 

interplay and possible cross talk between autophagy and apoptosis, which has recently 

received some recognition 41, 42; especially since it was shown that activity of Atg4p is 

specifically regulated by increased ROS 43. 

 

The secondary nature of any additional caspase-like protease activity would, 

presumably, be masked by the presence of Yca1p activity in wild-type cells.  

Consequently, in an effort to implicate ATG4 as having such capase-like substrate 

specificity an ATG4/YCA1 double deletion mutant was constructed (in addition to 

obtaining ATG4∆, courtesy of Euroscarf). The ATG4∆/YCA1∆ double mutant failed to 

exhibit any caspase-like proteolytic activity in cells that had been exposed to copper 

(Fig 34C), which suggested that Atg4 indeed plays some role in providing background 

SR-FLICA fluorescence.  In an effort to corroborate this finding, and to identify substrate 

specificity, fluorescently labeled peptide substrates IETD-AMC and DEVD-AMC were 

used to assay for caspase activity.  When tested, two similar (but quite distinct) 

caspase-like activities in the wild-type and Yca1∆ strains were observed, following the  
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Figure 35: Atg4 is involved in processing of Yca1p 

(A) To detect mitochondrial perturbations in ATG4∆ mutant, cells incubated in the 
presence or absence of 8mM Cu(NO3)2 for 1 h then allowed to ‘recover’ in fresh YEPD 
medium for 3 h. Cells were subsequently either stained for mitochondrial membrane 
hyperpolarization with RH123 and detected by flow cytometry (upper panels), treated 
with oxidant sensitive DHE (red) to detect the presence of ROS using flow cytometry 
(lower panels).  For comparison, ATG4∆ were independently exposed to 30μM 
Cd(NO3)2 and tested for mitochondrial hyperpolarization and the presence of ROS in the 
same way (upper and lower panel inserts, respectively). (B) ATG4∆ and wild-type cells 
were harvested at 0 min and after exposure to either copper and cadmium exposure for 
1h. before being allowed to ‘recover’ in fresh YEPD medium for 3 h. Proteins were then 
extracted from these cells and electrophoresed though SDS-PAGE and blotted onto 
nitrocellulose membrane. Western blot analysis was then performed to detect Yca1p 
using an anti-Yca1p antibody (raised against an antigenic site ‘CGGQTEDLDGDEEDG’ 
within the yeast caspase, itself). Additional protein extracts were taken from similarly 
exposed YCA1∆ and “non-apoptotic” wild-type cells, which had been sorted away from 
their “apoptotic” counterparts, using a FACS-Aria cell sorter.  Both the YCA1∆ and 
sorted “non apoptotic” cells were used as controls in order to validate the presence of- 
and changes to- YCA1 specific bands within the gel. The absence of any 35 KDa band 
expressed in the sorted wild-type cells demonstrates that the specifically-cleaved 
35KDa band of “activated” caspase in lanes 2 & 3 is only present in the fraction of 
harvested cells, ranging from 5-15% of the treated cells that is defined by the apoptotic 
sub-population. (C) The cascade of events predicted or, in part, elucidated for metal 
induced apoptosis in yeast.  Atg4, an autophagic protease that is known to activate Atg8 
in the later stages of autophagy, is also directly (or indirectly) involved in activation of 
the Yeast caspase 1 (Yca1).  As such, Atg4 potentially provides a “sensory” role in 
metal-induced stress, wherein it can either activate Atg8 or activate Yca1, and thus 
initiate apoptotic programmed cell death. The intercession of both Atg4 and Yca1 is 
required for mitochondrial hyperpolarization in cells exposed to cadmium, but is not 
required for ROS-mediated mitochondrial damage in cells exposed to copper. 
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exposure of each strain to either of the two heavy metals, cadmium and copper (Figs 

34D & E). The absence of any IETD-like activity in ATG4∆/YCA1∆ double mutant 

suggested that Atg4 is minimally required for the “secondary” caspase-like activity.  The 

apparent specificity of yeast caspase-1 for DEVD is seen with the loss of DEVD-like 

activity in YCA1∆, which contrasts slightly with the results of a similar series of 

experiments undertaken by the Madeo group 14, 17, who reported that Yca1p 

demonstrated a preference for the substrate IETD over DEVD.  Not surprisingly, this 

conclusion assumed the presence of only a single caspase-like proteolytic enzyme 

activity, and was derived from data acquired from a yeast strain that overexpressed 

YCA1 14, 17, not from a YCA1∆ strain, lacking its function.  It is entirely possible, 

therefore, that -given the presence of an additional caspase-like protein in yeast- the 

elevated levels of IETD-specific activity that were previously attributed to Yca1p resulted 

from the relative over expression of more than one caspase-like protease, exhibiting a 

mixed preference for the two peptide substrates 44, with the over expression of the one, 

potentially increasing the specific activity of the other.  

 

ATG4 is required for metal-stressed activation of Yca1 

Having implicated the cysteine protease, Atg4p, as playing an essential role in the 

secondary “caspase-like” activity, the contribution of this protease in the metal-induced 

apoptosis was addressed further by analyzing the activation of Yca1p and the 

production of ROS in a metal stressed ATG4∆ strain.  Interestingly, both mitochondrial 

membrane hyperpolarization and ROS were significantly compromised in this ATG4∆ 

strain in cells exposed to copper (Fig 35A), and completely abolished in cells similarly 



111 
 

exposed to cadmium (Fig 35A inserts), These results, along with the result showing the 

presence of secondary caspase-like activity in a YCA1∆ upon metal exposure would 

indicate that ATG4 is required for any ROS-independent metal-induced activation of the 

Yca1 (3D, 3E, 4A). While this would not be the first time that autophagy and apoptosis 

have exhibited significant levels of cross-talk, it is the first instance in which the 

autophagic ATG4 4, 43, 45 has been shown to influence activation of a caspase in yeast or 

in any other organism. To determine further whether ATG4 is involved in the actual 

cleavage-activation of yeast caspase 14, 17, a series of Western blot analyses were 

undertaken, using an anti-Yca1p antibody to monitor the potential cleavage of Yca1p in 

a variety of wild-type and mutant strains exposed to either copper or cadmium (Fig 

35B). These data reinforce the argument that ATG4 is required for (and thus 

anticipates) activation of Yca1p and, indeed, that ATG4 is absolutely required for any 

metal-induced proteolytic “activation” of Yca1 from a 47kDa procaspase to an active 35 

KDa form, as defined previously by Madeo et al. 14, 17. Intriguingly, wild-type cells that 

had been sorted through a FACS Aria (BD Biosciences) –based upon their inability to 

demonstrate any apoptotic fluorescent marker- also lacked any caspase activity, 

suggesting that any and all activated caspase activity is confined to the 12-25% sub 

population of cells that have been shown to undergo apoptosis.  Furthermore, the 

presence of an additional caspase-specific band that is slightly larger than the 47KDa 

procaspase band, potentially indicates additional levels of protein modification of the 

Yca1 procaspase in yeast. While such modifications have not been addressed in this 

report, it is worthy of note that this additional band >47KDa is more prevalent in the 
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ATG4∆, which only adds to the potential importance of ATG4 in regulating activity of 

Yca1p. 

Even though the precise role of Atg4p in heavy metal-induced activation of yeast 

caspase has not yet been identified, the results of these experiments clearly suggest a 

working model for heavy metal-induced apoptosis in yeast (Fig 35C). In this model 

Atg4p would play a pivotal regulatory role in defining the ultimate fate of yeast cells that 

have been exposed to low concentrations of either cadmium or copper.  This model 

does not argue against the ability of Yca1 to be activated through the more standard 

mechanism of cytochrome C release from damaged mitochondria. Given that activation 

of Yca1p appears to be critical for any mitochondrial perturbation -at least for cadmium 

exposed cells and (in part) for cells exposed to copper (Fig 33) 1 -  a more directed 

activation of Yca1 though Atg4p would effectively bypass the need for mitochondrial 

damage to be an essential mechanistic component of metal-induced apoptosis.  Such a 

model would be entirely consistent with the more rapid apoptotic response that yeast 

cells present upon heavy metal exposure, as opposed to hydrogen peroxide 1.  The 

direct involvement of Atg4 in the cleavage of Yca1 remains to be confirmed, although 

the paucity of cysteine proteases in yeast and the requirement for Atg4p for any 

secondary “caspase-like” activity argues in favor of just such a direct role. Regardless, 

the evidence presented in this paper clearly demonstrates that metal–induced, caspase-

specific apoptosis in Saccharomyces cerevisiae is intimately associated with the 

autophagic protease, Atg4, which makes it potentially far more varied and complex than 

the involvement of a singular yeast caspase, Yca1, would have indicated. 
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CHAPTER 4 
 
 

YEAST CASPASE-1 MEDIATED OXIDATIVE DAMAGE OF MITOCHONDRIAL 
PROTEINS IN YEAST APOPTOSIS 

 
Amrita M. Nargund and John E. Houghton 

 

Heavy metals, such as copper and cadmium, have been linked to several cellular 

dysfunctions, neurodegenerative disorders and associated apoptosis. Saccharomyces 

cerevisiae has been shown to elicit a metal-induced stress response that ultimately 

results in a caspase-dependent apoptosis involving typical, key response markers such 

as high reactive oxygen species generation, activation of the singular yeast caspase 

(Yca1p), and DNA fragmentation. Given the simplicity of the yeast genetic system, and 

its well characterized genome, this unicellular budding yeast proved to be an excellent 

model organism to study the potential effects that are associated with initial exposure to 

such heavy metals. Previously we have also demonstrated the involvement of a key, 

autophagic gene, ATG4, which together with YCA1 is required for mitochondrial 

perturbation leading to apoptotic programmed cell death. Here we indicate further the 

importance of ATG4 n the activation of Yca1p and the overall apoptotic programme. We 

demonstrate that metals such as copper and cadmium cause oxidative damage to 

mitochondrial proteins, and that such damage appears to be targeted to the oxidative  

damage of certain, crucial proteins that appear to be required for metal-induced 

apoptosis. By showing that such targeted protein oxidation is dependent on YCA1 and 

ATG4, we also confirm our initial finding that, in yeast, both YCA1 and ATG4 activities 

are essential for any significant mitochondrial damage. In so doing, this study attempts 
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to identify and examine the mechanism(s) by which mitochondria can be damaged as a 

result of cellular exposure to heavy metals.    
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Introduction 

 

Metal-induced oxidative stress has been implicated in the pathogenesis of 

Alzheimer’s disease, Parkinson’s disease, spongiform encephalopathies, and familial 

amyotrophic lateral sclerosis  1-2.  While the precise role of heavy metals in these 

pathologies is still unclear, the ability of heavy metals to generate reactive oxygen 

species (ROS) –invariably leading to mitochondrial stress and dysfunction- is thought to 

play a significant part in the mechanisms that underpin damage to cells, potentially 

leading to apoptosis 3-4Besides playing a role in bioenergetics, mitochondria are 

intricately involved in a variety of cell death programmes, including apoptosis 3,5 . 

Mitochondria dysfunction is known to be an integral component of apoptosis in intrinsic 

pathway 6-7. In higher eukaryotes, mitochondria-mediated apoptosis (intrinsic pathway 

results from a transient hyperpolarization of the mitochondrial membrane, the 

generation of increased amounts of ROS leading to mitochondrial inner membrane 

permeabilization (MMP) and finally depolarization 8-10, promoting the release of pro-

apoptotic factors, such as AIF and cytochrome c, from the inner-mitochondrial space 

into the cytosol 11-12.  Both AIF and cytochrome c are able to trigger apoptosis. AIF, itself 

can translocate to the nucleus and initiate DNA fragmentation 13-14, while cytochrome c 

is able to activate downstream “executioner” caspases and trigger further targeted 

protease activity, ultimately leadting to programmed apoptotic cell death 15-16.  

Recently, unicellular yeast has been seen to undergo apoptosis under different 

stress conditions such as peroxide, copper, cadmium and acetic acid 17-19. As with 

higher eukaryotes, elevated levels of ROS are found to be among some of the major 
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causes of apoptosis in yeast 17,20-22.  In yeast, apoptosis that has been shown until now, 

is with mitochondrial involvement 21. Consequently, yeast appears to be an excellent 

model organism to elucidate some of the mechanisms by which mitochondrial-mediated 

cell death occurs. Even so, many of the components of mitochondria-mediated 

apoptosis in yeast are still unclear, as they are in higher eukaryotes 23.    

During apoptosis there are several death signals that can affect mitochondria 

leading to their dysfunction. Of these the most heavily  characterized mechanism is 

through tBID that can cause homodimerization of BAK or BAX form channels in the 

mitocochondrial membrane that facilitiate the release of key signaling molecules, 

including cytochrome c 24. However, BH3 domain -like proteins such as Bcl, Bak or Bax 

have yet to be found in Saccharomyces cerevisiae (although at least one potential BH3 

domain analogue has been found in the related yeast,  S. pombe 25.  Consequently, the 

precise cause of mitochondrial dysfunction, allowing the release of apoptotic agonists, 

such as cytochrome c, has yet to be identified.  We have previously proposed another 

potential mechanism for mitochondrial perturbation, wherein Yeast Caspase1, itself, can 

cause mitochondrial membrane hyperpolarization and increased ROS generation in 

Saccharomyces cerevisiae upon exposure to heavy metal such as copper and cadmium 

26. While such a role for any casapase has yet to be reported in vivo, some in vitro 

studies involving caspase 3, have shown that caspase 3 I able to cause mitochondrial 

damage and collapse 27. Once mitochondria are hyperpolarized by Yca1p intervention, 

ROS will be produced. However, what causes depolarization or mitochondrial 

dysfunction thereafter is not clear in yeast. Mitochondrial ROS can cause damage to 
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mitochondrial DNA, lipid peroxidation and oxidation of crucial mitochondrial membrane 

proteins leading to mitochondrial membrane permeability transition 28-29.   

Previous research in our laboratory has shown that specific oxidation of proteins 

is among the most immediate cellular responses to metal-induced stress 30.   Moreover, 

oxidation of certain mitochondrial proteins in some mammalian cell types, has been 

shown to lead to mitochondrial fission [England, 2001]31-32. Indeed,  oxidation of 

mitochondrial proteins such as Bcl-2 and ANT has been shown to precede Nitric oxide 

induced apoptosis 31.  Although not studied specifically for the purpose of mitochondrial 

dysfunction and apoptosis, oxidizing agent such as paraquat  have also been shown to 

carbonylate (oxidize) mitochondrial proteins in yeast 33.   

The possibility, therefore, that oxidative damage of mitochondrial proteins might 

be part of the mechanism leading to mitochondrial membrane dysfunction in yeast, 

warranted further investigation. We therefore set out to determine if specific 

mitochondrial proteins are targeted for oxidation during metal-induced apoptosis. In 

yeast, mitochondrial proteins such as VDAC have to present for mitochondria to be 

sensitive to human Bax mediated apoptosis 34. Yeast strains lacking mitochondrial pore 

genes such as POR1 and ANT1 fail undergo viral proteinR (VPR) induced apoptosis 35. 

It is possible, therefore that oxidation of mitochondrial proteins, such as these, may 

provide part of the mechanism by which mitochondrial fission and/or dysfunction is 

initiated during the metal-induced apoptotic response 
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Here we show for the very first time that specific mitochondrial proteins are 

oxidized during copper and cadmium induced apoptosis in yeast. Oxidation of some key 

proteins is required to cause apoptosis upon metal exposure and such oxidation is 

dependent on YCA1 and ATG4 – caspase like protease, confirming the role of these 

proteases in causing mitochondrial perturbation. 
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Materials and methods 

 

Strains and growth conditions 

Saccharomyces cerevisiae BY4741 (MATα his3∆1 leu2∆0 met15∆0 ura3∆0) and the 

isogenic mutant strains. YCA1∆ and ATG4∆, were obtained from Euroscarf (Frankfurt, 

Germany). 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-1) in YEPD broth 30.   When necessary, either copper nitrate 

[Cu(NO3)2] or cadmium nitrate [Cd(NO3)2] were added to growing cultures to a final 

concentration of 8 mM and 30 µM, respectively. After 1 h of incubation, cells were 

washed with YEPD and incubated in fresh YEPD for 3 hrs to allow cells to refract and 

any apoptotic program to develop. 

 

Preparation of protein extracts 

 

Mitochondrial protein extracts were prepared, as described in O’Brien et. al. [O’Brien, 

2004], with all steps being performed on ice, unless otherwise noted.   Breifly, yeast 

cells were treated with metals as described previously in strains and growth conditions. 

Thecells were harvested and washed twice with ice-cold distilled water before being 

resuspended in 0.5 g/ml spheroblast buffer (10 mM NaPO4 1.35 M sorbitol, 1 mM 

EDTA, 2.5 mM dithiothreitol, pH 7.5) along with zymolyase  20T (final conc. of 3 mg /g 

of cells), and allowed to incubate at 30oC wit hgentle shaking. The resulting 

spheroplasts were then lysed using an homogenizer in lysis buffer (0.6 M mannitol, 2 
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mM EDTA, pH 7.0 along with protease inhibitors such as; pepstatin, aprotinin and 

leupeptin). Cell debris was removed by centrifugation at 1,900 x g for 5 min. Cells were 

centrifuged at 12, 100 x g for 10 min to pellet the mitochondria. To remove the majority 

of the debris from the mitochondrial pellet, the pellet was again washed with lysis buffer 

and centrifuged at 1,900 x g for 5 min. Supernatant obtained from the above step was 

then further centrifuged at 23,000 x g and t resuspended in 10 mM NaPO4 to obtain 

relatively pure mitochondria.  

 

Two-dimensional gel electrophoresis and Western blot analysis 

The general methods used for 2D protein analysis and Western blotting were as defined 

by Shanmuganathan et al.,  2004 30.    For all 2D analyses, either 100 µg (for protein 

detection) or 100 µg (for Western blotting) of protein was used. 

For the analysis of carbonylated proteins by Western blotting, rabbit anti-DNP 

was used as the primary antibody (Molecular Probes Inc; 1:2500 dilution) and 

peroxidase-linked goat-anti rabbit IgG was used as the secondary antibody (Sigma; 

1:2500 dilution). Carbonylated proteins were detected using a chemiluminescent 

peroxidase substrate (Pierce), the presence of which was visualized using a LAS3000 

image analyzer (Fuji). Chemiluminescence was quantified using Multigauge software 

v2.3 
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To identify specific proteins spots in various gels, the spot profile from the 

different sources were compared to each other and compared with the YMP database. 

Also, to confirm the specific identity of particular protein spots of interest these proteins 

were analyzed further and their sequence verified using an ABI 4800 Plus MALDI-

TOFF/TOFF MS Analyzer. 
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Results 

 

Mitochondrial proteins are oxidized on metal treatment. 

ROS is generated and released from mitochondria 36-37. Studies have also shown that 

once released from mitochondria, ROS can oxidize mitochondrial proteins. Such 

oxidation can lead to mitochondrial fission or dysfunction 31.   Such mitochondria 

dysfunction is associated with apoptosis 12.   Mitochondria are therefore, not only a 

source of ROS, but also the potential target of ROS that are generated during 

apoptosis. Since yeast undergo apoptosis in response to metal treatment and also 

demonstrate significant mitochondrial perturbation, we wanted to determine whether 

yeast cells show any targeted oxidation of mitochondrial protein as a consequence of 

exposure to heavy metals such as Cd and Cu.  To address these questions directly, 

yeast mitochondrial proteins were obtained from mitochondrial preparations that had 

been harvested from a series of yeast strains, following transient exposure to either 

cadmium or copper.  As previously explained, the transient exposure to either metal 

defined as being for 1 hr with an additional 3 hours of growth in metal free media, to 

provide an adequate period for the apoptotic program to progress. The mitochondrial 

proteins were then analyzed for oxidative damage, using iwestern blot technique with 

anti-DNPH antibodies, and displayed n a two-dimensional array through 2D gel 

electrophoresis. The total mitochondrial protein oxidation data show 5.5 times more 

oxidation in copper treated yeast mitochondrial extracts than untreated Wild type 

samples. Also, cadmium induced mitochondrial protein oxidation is 4 times higher than 

untreated Wild type samples (Fig 36).  
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Figure 36: Total protein oxidation during apoptosis in Wild type. 

Cells were harvested as described in experimental procedures and mitochondrial 
fractions were prepared as described in O’Brien et. al 18. Carbonylation/Oxidation was 
determined by probing 2D western blots using anti-DNP antibodies. Oxidation was 
quantified using Multigauge software. Total oxidation was normalized to actin (loading 
control). Data consist of results from 2 independent experiments. 
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When looking at the individual proteins targeted and oxidized upon metal 

exposure, data shows that there is some background level oxidation even in the 

absence of metal treatments- heat shock proteins such as Hsp60, Ssa1 and Ssc1. Also, 

labile metabolic enzyme such as Aco1, Kgd2 and Pdh1 are somewhat oxidized even in 

the untreated samples. But on copper exposure about 8 proteins and upon cadmium 

exposure 7 proteins are oxidized that are untouched in untreated cells. These proteins 

are therefore, oxidized as a result of metal toxicity. Some proteins like Atp1, Cor1, Tdh3 

and Por1 are oxidized in both copper and cadmium treatment (Fig 37). Since both these 

metals induce apoptosis and mitochondrial damage, the proteins that are oxidized in 

both could be important for apoptosis. Two isoforms of Atp1 are oxidized on metal 

treatment. Atp1 is an alpha subunit of mitochondrial F1F0 ATP synthase. Data shows 

that isoform1 of Atp1 is oxidized 200 units in copper treated and 75 units in cadmium 

treated cells as opposed to not oxidized at all in untreated samples. Similarly isoform2 

of Atp1 is oxidized more in copper treated samples than cadmium (Fig 38A). Cor1 is a 

Core subunit of the ubiquinol-cytochrome c reductase complex (bc1 complex), which is 

a component of the mitochondrial inner membrane electron transport chain. Proteins 

from ETC are targeted during apoptosis 27.   Cor1p is about more than 110 units 

oxidized in copper and 70 units in cadmium treated cells (Fig 38B). Tdh3 is glycolytic 

enzyme Glyceraldehyde 3 phosphate dehydrogenase and it has been linked to 

apoptosis 38.   
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Figure 37: Wild type mitochondrial proteins are oxidized on metal treatment. 

Cells were harvested and mitochondrial proteins were prepared as described in 
experimental procedures. Panels A,C,E are 2D-profile of protein abundance and panels 
B,D,F are corresponding western blots probed with anti-DNP antibodies to detect 
oxidation. (A) Mitochondrial proteins from untreated WT and (B) shows corresponding 
oxidized mitochondrial proteins. (C) Mitochondrial proteins from copper treated WT and 
corresponding oxidized proteins are shown in (D). (E) Mitochondrial proteins from 
cadmium treated WT and corresponding oxidized proteins on the right in panel (F). 
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Figure 38: Oxidation levels of individual proteins that are affected during the 
apoptosis upon metal exposure. 

Oxidation levels of the targeted individual proteins from copper and cadmium treated 
Wild type samples are quantified from 2D-western blot using Multigauge software. The 
oxidation values were then normalized to relative abundance of actin. Data consist of 
results from 2 independent experiments.  
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Two isoforms of Tdh3 are oxidized on Cu and Cd exposure. Isoform1 of Tdh3 is 

less oxidized about 40 units in copper and 20 units in cadmium as compared to 

Isoform2 of Tdh3 which is heavily oxidized approximately 175 units in copper and 50 

units in cadmium (Fig 38C). Por1 is a Porin (Voltage dependent anionic channel) and is 

known to important for apoptosis in yeast 34.   All the three isoforms of Por1 are oxidized 

with isoform 3 being the most oxidized and isoform1 is the least oxidized (Fig 38D). 

From the above data we can say that these mitochondrial proteins could be important 

for apoptosis. And that oxidation of these proteins could potentially act as a signal for 

mitochondrial collapse and apoptosis.  

  

Yeast caspase 1 is required for mitochondrial protein oxidation during cadmium 

induced apoptosis. 

In yeast and mammalian apoptosis, it is predicted that stress inducer will somehow 

cause mitochondrial dysfunction during mitochondria mediated apoptosis. Such 

dysfunction has been shown to release proapoptotic factors, followed by activation of 

caspase and apoptosis. However, in cadmium treated YCA1∆ (caspase knock out), 

there is no mitochondrial membrane hyperpolarization and ROS suggesting that Yca1 is 

required for mitochondria collapse in cadmium induced apoptosis 18.   Such caspase- 

mediated ROS generation is also seen in a study of the effect of caspase 3 on ETC 

complex I and II 27.   The reason for mitochondrial dysfunction, once ROS is released by 

mitochondria, is still unclear.  It is known that oxidation of mitochondrial proteins in 

neuronal cells can lead to cellular dysfunction 2,28. Consequently, we wanted to  
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Figure 39: YCA1 is required for mitochondrial protein oxidation during apoptosis 
upon exposure to Cd. 

Cells were harvested and mitochondrial proteins were prepared as described in 
experimental procedures. Panels A,C are 2D-profile of protein abundance and panels 
B,D are corresponding western blots probed with anti-DNP antibodies to detect 
oxidation. (A) Mitochondrial proteins from untreated YCA1∆ and (B) shows 
corresponding oxidized mitochondrial proteins. (C) Mitochondrial proteins from cadmium 
treated YCA1∆ and corresponding oxidized proteins are shown in (D).  
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determine whether ROS were produced because of YCA1, and that such activity plays 

a role in mitochondrial protein oxidation. Mitochondrial proteins were harvested from 

YCA1∆ following metal treatment and detected mitochondrial protein oxidation after 

subjecting mitochondrial proteins to 2D gel electrophoresis. We found that in the 

absence of yeast caspase 1, there is background level oxidation as seen in wild type 

but the proteins predicted to be important apoptosis are not oxidized (Fig 39). This data 

confirms firstly that YCA1 is required for mitochondrial protein damage and secondly, 

that proteins such as Atp1, Cor1, Cor2, Tdh3 and Por1 are potentially important and 

linked to apoptosis.   

 

ATG4 is required for mitochondrial protein oxidation during cadmium induced 

apoptosis. 

Having recently suggested that Atg4, an autophagic protease is required for 

activation of Yca1 in metal-induced apoptosis, which (in turn) is involved in the 

hyperpolarization of the mitochondrial membrane 18,26.  To confirm these previous 

findings we also wanted to determine oxidation in ATG4∆.  We harvested mitochondrial 

proteins from ATG4∆ after metal treatment and detected mitochondrial protein oxidation 

after subjecting mitochondrial proteins to 2D gel electrophoresis. We found that in the 

absence of ATG4, for reasons yet unknown, oxidation of chaperone protein Ssc1 is 2.5 

times more than seen in wild-type and YCA1∆ (Appendix A). Significantly, the important 

apoptotic are not oxidized in ATG4∆ (Fig 40). This data confirms again that ATG4 is 

required for mitochondrial protein damage and that proteins such as Atp1, Cor1, Cor2, 

Tdh3 and Por1 are important and linked to apoptosis. 
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Figure 40: ATG4 is required for mitochondrial protein oxidation during apoptosis 
upon exposure to Cd. 

Cells were harvested and mitochondrial proteins were prepared as described in 
experimental procedures. Panels A,C are 2D-profile of protein abundance and panels 
B,D are corresponding western blots probed with anti-DNP antibodies to detect 
oxidation. (A) Mitochondrial proteins from untreated ATG4∆ and (B) shows 
corresponding oxidized mitochondrial proteins. (C) Mitochondrial proteins from cadmium 
treated ATG4∆ and corresponding oxidized proteins are shown in (D).  
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Figure 41: Unlike Cd, Cu can oxidize some mitochondrial proteins even in the 
absence of YCA1 and ATG4. 

Cells were harvested and mitochondrial proteins were prepared as described in 
experimental procedures. Panels A,C are 2D-profile of protein abundance and panels 
B,D are corresponding western blots probed with anti-DNP antibodies to detect 
oxidation. (A) Mitochondrial proteins from copper treated YCA1∆ and (B) shows 
corresponding oxidized mitochondrial proteins. (C) Mitochondrial proteins from copper 
treated ATG4∆ and corresponding oxidized proteins are shown in (D).  
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Unlike cadmium, copper can oxidize some proteins even in the absence of YCA1 

and ATG4  

Unlike cadmium, copper has 2 potential routes to induce mitochondrial ROS 

generation - one through the insidious ROS that it can produce and another via Yca1 26.   

Even though the presence of ROS in Cu-treated YCA1∆ cells may be able to cause 

mitochondrial membrane hyperpolarization but these ROS levels are insufficient to 

cause DNA fragmentation, or apoptosis 26. Since there is no apoptosis in copper treated 

YCA1∆ or ATG4∆ cells, we wanted to find if the oxidation profile of these copper treated 

mutants that still show some amount of ROS, are any different from Wild type. To 

determine the proteins oxidized on copper treatment in the absence YCA1 and ATG4, 

we performed 2D gel electrophoresis followed by detection of oxidation on the 

mitochondrial proteins prepared from YCA1∆ and ATG4∆. When we looked at the 

oxidation levels in copper treated wildtype, YCA1∆ and ATG4∆, we found proteins 

relevant to apoptosis are not oxidized.  This data suggests that oxidative damage of 

these proteins is a prerequisite to apoptosis. Although, copper itself can oxidize some 

mitochondrial proteins independent of YCA1 and ATG4, ROS induced by copper is not 

sufficient to cause damage to the crucial proteins leading to non-apoptotic phenotype. 

Metabolic enzymes such as Aco1, Kgd2, 4 isoforms of E2-PDH1 and Cit1 are heavily 

oxidized in copper treated YCA1∆ and ATG4∆ (Fig 41).   
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Discussion 

 

Protein carbonylation is known to play a significant role in several human diseases such 

as Alzheimer’s disease, chronic renal failures and diabetes, and is considered to be a 

major contributor to resulting oxidative stress and apoptosis 39.   Similar mechanisms 

have been shown to be involved in drug induced apoptosis, where ROS and protein 

modifications, such as oxidation, occur at an early stage in the apoptotic program of 

cells undergoing apoptosis 40.   Oxidative stress that results in protein modification could 

be a cause for apoptosis for a couple of reasons; either a specific protein could be 

targeted for modification and thus initiate a signaling cascade (leading to apoptosis), or 

it could be a more generic effect such as loss of cellular function  due to protein damage 

41.  Targeted protein carbonylation is shown to be associated with oxidative stress and 

apoptosis induced by photodynamic therapy. Such targeted response was defined as a 

signaling mechanism for apoptosis induced by photodynamic therapy 42. 

In this study we show that metals, such as copper and cadmium, are able to 

generate ROS, and mount an oxidative “attack” on mitochondria by causing 

carbonylation of mitochondrial proteins. In this study we also demonstrate that there is a 

targeted carbonylation of mitochondrial proteins such as ATP1, POR1, COR1, COR2, 

TOM40 and TDH3 along with some other heat shock chaperone proteins. Carbonylated 

TDH3 (GAPDH) in CNS-derived cells is thought to be involved in transporting apoptotic 

proteins from the cytoplasm to the nucleus 43.   It is, therefore, possible that the 

observed carbonylation of  TDH3 –resulting from metal exposure in yeast- could also be 

an important signal for apoptosis.  While it is possible that the oxidized  TDH3 could be 
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a result of cytosolic contamination of the mitochondrial preparation, the distribution 

pattern of TDH3 isoforms in the mitochondrial preps appear to be slightly different from 

those previously determined for the cytosol 30.  This would suggest that the TDH3 

present in the mitochondrial factions is indeed from the mitochondria. Damage of 

Mitochondrial ATP synthase caused by peroxynitrite causes permeability transition pore 

opening and cytochrome c release 44.   Oxidation of ATP1(ATP synthase ) upon metal 

exposure can also cause a damage and decline in activity which could lead to 

apoptosis. Similarly, oxidation of components of permeability transition pore- ANT and 

VDAC is required for apoptosis 28.   These proteins are involved in the apoptotic process 

under different stress conditions. Targeted oxidation of the above mentioned proteins 

upon metal exposure could potentially cause mitochondrial fragmentation or dysfunction 

in yeast apoptosis.  

So oxidation of these proteins and the involvement of caspase in the process 

give new insight regarding a potential mechanism. The fact that five different proteins 

are targeted also explains the notion of apoptosis process in yeast being even more 

complex. And that mitochondria damage during apoptosis may be regulated at different 

levels. It could be also that there is a redundancy to ensure a failsafe mechanism. 

 During intrinsic pathway of apoptosis, cytochrome c is released after 

mitochondrial permeability transition in ratbrain 45. Cytochrome c can then activate 

caspases and apoptosome formation takes place. We have reported previously and 

also demonstrated in the current study that upon metal exposure Yeast caspase 1 is 

required for of mitochondrial perturbation during apoptosis in yeast. Similar observations 

have been reported recently, wherein; Caspase 3 has been shown to impact complex I 
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and complex II of ETC in the mitochondria 27. In this study the authors report that the 

release of ROS is due to the impact of caspase 3 on complex I and II, caspase is 

therefore, said to be required for ROS generation 27.   Even so, the potential mechanism 

by which Yca1 leads to some form of mitochondrial permeability remains unknown. In 

this study we clearly show that mitochondrial protein oxidation takes place as a result of 

cellular exposure to  metals, and that these oxidation patterns are quite different 

depending upon whether or not the cells are exposed to copper or cadmium (Figure 37) 

and that such oxidation is dependent on the presence and activation of Yeast caspase1 

(Figure 39).  Oxidation of mitochondrial proteins has been shown to be the cause of 

mitochondrial permeability transition insulin-secreting RINm5F cells 31.   Such a 

mechanism, if initiated directly by Yeast Caspase1, would be unusual. In previous 

investigations the focus has been upon the Bcl2 family proteins as the only mechanism 

known to cause mitochondria mediated apoptosis -through tBid, Bax and Bcl2 46-47. With 

the evidence of presence of alternate route such as Yeast caspase1 mediated 

mitochondrial dysfunction, it is revealed that there could be several mechanisms to 

initiate mitochondrial perturbation that are still largely unexplored.  

Oxidation of metabolic enzymes such as aconitase and α-Ketoglutarate 

dehydrogenase has been demonstrated upon peroxide stress. Aconitase is a labile 

enzyme and known to be oxidized even at low concentrations of ROS. α-Ketoglutarate 

dehydrogenase is known to be oxidized and inhibited only at high concentrations of 

ROS. Such inhibition limits NADH/NADPH production leading to low reducing power 

environment 48.   It is known that low reducing environment will slow down the ETC and 

hence avoid generation of more ROS.  Although oxidation of metabolic mitochondrial 
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enzymes occurs in cells that have been exposed to copper, even in the absence of 

YCA1 and ATG4, such damage is unable to only cause cell death (Fig 32A).   

 In the light of recent evidence, Apoptosis and Autophagy seem to be 

interconnected processes 26. Proteins of either pathway are sometimes shown to be 

involved in the regulation of the other 49.   Our previous study indicates the role Atg4, an 

autophagic cysteine protease, plays in mitochondria perturbation by activating Yeast 

caspase1 during apoptosis in yeast. By showing the absence of targeted mitochondrial 

protein oxidation in ATG4∆ upon cadmium exposure, we have been able to confirm that 

like YCA1, ATG4 is involved in oxidation of key mitochondrial proteins. Intriguingly, 

when exposed to the presence of either Cd or Cu, ATG4∆ cells show heavy 

carbonylation/oxidation of chaperone protein such as Ssc1, above and beyond the 

levels experienced by Yca1 ∆ cells (Fig 40-41, Appendix A). It is possible that these 

elevated levels could be attributed to the absence of an active autophagic pathway that 

would have been capable of removing these damaged proteins. 

 

Whether the mitochondrial protein oxidation is a targeted mechanism, as argued 

in this study, or the consequence of the ROS, if such specific patterns of carbonylation 

are proven to be specific to each of the metal-induced stress response, such patterns of 

oxidation can potentially be used as biomarker for metal exposure (and the 

consequences thereof). Moreover, the relatively “novel” mechanism of oxidation of 

mitochondrial proteins via the activities of YCA1 and perhaps ATG4 cysteine proteases 

(previously suggested by the in vitro experiments of Ricci et al, 2003  27) provides an 
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additional level of regulation/control in the apoptotic response of cells to the presence of 

heavy metals.  
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GENERAL DISCUSSION 
 
 
 
Heavy metals have been associated with degenerative disorders and have also been 

identified as carcinogen1-2. Both in degenerative disorder and cancer, abnormal 

apoptosis or programmed cell death is the major concern. Apoptosis involves a series of 

events such as mitochondrial fall apart, caspase activation, and nuclear fragmentation 

that leads to the cellular demise. Apoptosis is essential in developmental process. 

Abnormal apoptosis, however, leads to various diseases. Abnormal up-regulation of 

apoptosis, in the cells, may lead to degenerative disorders. Similarly down-regulation of 

apoptosis may lead to cancer 3-4. Heavy metal such as copper is a redox-active metal 

and hence is capable of generating toxic reactive oxygen species directly by catalyzing 

Fenton Haber weiss reactions. Cadmium, on the other hand, is a redox-inactive metal 

and, therefore, unable to generate reactive oxygen species on its own. We chose to 

study these two metals copper and cadmium to understand the toxicity associated with 

different category of metals.  

Yeast, has been considered to be a very good model system to study cellular 

responses to heavy metal exposure. We found that on exposure to metals, genes 

involved in the pathway of apoptosis, autophagy and cell death were up regulated in 

yeast (Fig  16-18). Such transcriptional responses lead us to investigate possibility of 

induction of cell death upon metal exposure. Surprisingly, both copper and cadmium 

were able to cause cell death in spite of the inherent difference in the nature of these 

metals. Here we discovered for the first time that very low concentration of copper and 

cadmium induced apoptosis in a sub-population of the exposed yeast cells, with 
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canonical markers such as ROS, mitochondrial damage, caspase activation and DNA 

fragmentation5.  

Yeast, a unicellular organism, undergoing apoptosis was unanticipated. It was 

hard to rationalize such altruistic behavior of yeast. More and more studies have now 

speculated several reasons behind such “altruism”. The presence of genes that are 

required for apoptosis ensures the benefit of the population as a whole in aging cells 6. 

But the ability of dead yeast cells to accumulate fluorochrome nonspecifically also 

raised concerns over the possibility of yeast to commit apoptosis 7. We confirmed, 

however, that the labeled cells in our experiments were alive at the time of analysis, by 

using an additional dye Fluorescein diacetate (FDA). FDA can be metabolized to 

Fluorescein only in living cells, and as such can discriminate between and among live 

and dead cells. By staining live non-apoptotic cells, apoptotic cells, and dead cells with 

FDA, we here able to clearly demonstrate that yeast cells that demonstrated all 

apoptotic signals were alive (Fig  34). 

In this report, we also discovered the concentration of the metal that is toxic to 

yeast cells. When we treated Wild type and YCA1∆ with different concentration of 

copper, we could differentiate between a toxic metal concentration and a metal 

concentration that allows certain cells to undergo apoptosis for the benefit of the 

population (Fig 42). At the higher concentration of copper (9mM), we see that there is 

less cell death in WT cells that are able to offset certain population by apoptosis than 

YCA1∆. That at higher concentration of copper (toxic concentration) having apoptosis 

gives advantage to WT cells. We can hence say that there is difference in toxic dose Vs 

the dose that allows cell to respond (Fig 42). Using YCA1∆ we could demonstrate that  
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Figure 42: Viability curve for Wild type and YCA1∆ yeast cells exposed to 
different concentrations of copper 

S. cerevisiae Wild type and YCA1∆ were incubated in the presence of 6, 8, 9, and 
10mM Cu(NO3)2 for up to 3 h. Viability was determined at intervals after the addition of 
metals by spreading aliquots from dilutions (OD600 = 1.0) cultures onto YEPD agar and 
incubated for 3 d at 30°C. 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. 
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Figure 43: Viability curve for yeast cells exposed to different concentrations of 
copper and cadmium 

S. cerevisiae YCA1∆ was incubated in the presence of 6, 8, 9 mM  Cu(NO3)2 and 
100μM, 500μM and 1mM Cd(NO3)2 for up to 3 h. Viability was determined at intervals 
after the addition of metals by spreading aliquots from dilutions (OD600 = 1.0) cultures 
onto YEPD agar and incubated for 3 d at 30°C. 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. 
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concentration greater than or equal to 9mM Cu and 500μM Cd was toxic to the cells. 

The concentration of metals we used in this report therefore is not toxic to cells. Cells 

are able to respond and survive as a population at this concentration (Fig 43). 

When yeast cells undergo apoptosis under different kinds of stress, mitochondria 

play a significant role in the process 5,8. Given that the inductive signals are from within 

the cell, it is, therefore, considered to be equivalent to an intrinsic pathway of apoptosis 

in higher eukaryotes9,  in which mitochondria provide the major trigger mechanism for 

apoptosis. In such a response, mitochondria are depolarized with the release of 

cytochrome c that activate caspases and form apoptosomes10-11. In higher eukaryotes 

also, Bcl2 family proteins play major roles in the permeabilization of the mitochondria 12. 

In Saccharomyces cerevisiae, however, even though mitochondria still appear to play a 

significant part in the apoptotic program, no Bcl2 family proteins have yet been found13.  

As a consequence there is still a considerable lack of knowledge as to precisely what is 

involved in the break-apart of the mitochondria.  Some of the more novel findings in this 

report demonstrate address this particular issue, and suggest that –at least in metal-

induced apoptosis in yeast- the yeast caspase (Yca1), itself, is actually required for any 

mitochondrial membrane perturbations. While such a role for a caspase would be 

somewhat unusual, it is not without precedence, In this report we show that yeast 

caspase1 is not only required for generation of toxic oxygen radicals, but also for the 

directed oxidation of mitochondrial proteins.  

In the past mitochondrial protein oxidation has been reported during apoptosis in 

some studies, as has the carbonylation of Bcl2 and ANT1 apoptosis14-15. Such oxidation 

may lead to mitochondrial damage leading to depolarization of mitochondria. We have 
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further demonstrated that proteins involved in electron transport chain are oxidized upon 

exposure to copper and cadmium, and that such oxidation minimally involves the 

activation of Yca1 (in cadmium treated cells it is required for the process to occur). Any 

such damage to electron transport chain proteins can lead to depolarization of 

mitochondria. We, therefore propose that the yeast caspase 1 is minimally responsible 

for initiating the disruption of mitochondrial membranes While this is not the most well 

characterized attribute of caspases, it has been shown, by in vitro studies in higher 

eukaryotes, that caspase can interact directly with ETC protein to cause mitochondrial 

perturbation and depolarization 16. As a result, it will be interesting to study further the 

interaction(s) between Yeast caspase 1 and mitochondrial proteins such as ETC 

proteins that may lead to the breakup of mitochondria in yeast. Certain other 

mitochondrial proteins such as Por1 (Voltage dependent anion channel) are suspected 

to be involved in apoptosis in yeast17. The main function of VDAC is to allow metabolite 

diffusion and to maintain mitochondrial potential18. It is interesting to note that, in this 

study, we clearly show that Por1 is oxidized specifically, and in a Yeast caspase-1 

dependent manner, during metal-induced apoptosis. Oxidation of VDAC could, 

therefore, provide the all important link between Yca1 activity and mitochondrial stress -

leading to mitochondrial damage and eventual collapse.  

Another interesting protein that is specifically oxidized upon metal exposure is 

Tdh3, glucose 3 phosphate dehydrogenase. Tdh3 is a cytosolic enzymes that catalyzes 

the conversion of glycerldehyde 3 phosphate to 1,3 Biphosphoglycerate. Tdh3/Gapdh, 

however, is considered to be a pleiotropic enzyme, in that It has been shown to be 

involved in many different cellular activities in addition to its usual role in glycolysis 19. 
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One of the functions it has been shown to perform is that of a signaling molecule during 

apoptosis 20. It has been shown to translocate to nucleus prior to apoptosis21. Also, in 

some studies, Tdh3 has been demonstrated to translocate into mitochondria and 

interact with VDAC/Porins. Such interactions, it is believed, can cause mitochondrial 

disruptions and, perhaps, apoptosis 22. In this study, and in previous studies within our 

laboratory, we have shown that Tdh3 is specifically oxidized under metal-induced stress 

and we speculate that such oxidized protein may have a function unusually thereby 

causing damage to mitochondria that then causes depolarization.  

Following depolarization, it has been shown (in higher eukaryotes) that the 

apoptosis inducing factor (AIF) can translocate from mitochondria to the nucleus and 

cause DNA fragmentation 23-24. AIF1, an orthologue of AIF in yeast can perform similar 

function upon peroxide stress8. Even though not analyzed thoroughly, we have seen 

that AIF1 is also involved in metal induced apoptosis. Using microarray analysis, we 

have been able to show that AIF1 is induced upon metal exposure during apoptosis. We 

also confirm the involvement of AIF1 in apoptosis by showing that an AIF1∆ strain is 

unable to undergo apoptosis (Appendix B). GFP tagged AIF1 was created and studied 

for the nuclear translocation in copper and cadmium treated cells by determining the 

presence/absence of AIF1-GFP in sub cellular fractions. AIF1-GFP from mitochondria 

and nucleus was immuno-precipitated with anti-AIF1-GFP antibody and then analyzed 

for the presence/absence in respective sub-cellular fractions. We found that AIF1-GFP 

translocates to the nucleus upon metal treatment- confirming the involvement of AIF1 in 

metal induced apoptosis (Fig 44). In higher eukaryotes, there are 2 categories of 

apoptosis- caspase dependent and caspase independent apoptosis. AIF  
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Figure 44: AIF1 is involved in metal induced apoptosis 

Untreated and metals treated AIF1-GFP cells were fractionated to obtain mitochondrial 
and nuclear fraction. AIF1-GFP nuclear and mitochondrial extracts were confirmed 
using anti-cox3p as mitochondrial marker and anti-homocitrate-synthase as nuclear 
marker. (A) The presence of AIF1-GFP in the mitochondria was assessed using anti-
GFP antibody in the mitochondria extracts. (B) The presence of AIF1-GFP in the 
nucleus upon metal treatment was assessed using anti-GFP antibody in the nuclear 
extracts.  
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has been shown to be involved in caspase independent apoptosis25. It is called caspase 

independent because only executioner caspases are involved in the process. In yeast 

however, there is only one caspase-yeast caspase1. And AIF1 and Yca1 both seem to 

participate in apoptosis under peroxide stress8,26. We also observe the same 

phenomenon under metal induced apoptosis.  

Although yeast has only one known caspase, there have been many cases 

where YCA1∆ showed caspase like activity under different kinds of stress. We also 

noted such extra caspase-like activity on treatment of yeast cells with copper. In this 

study, we show for the first time that Atg4, a cysteine protease is responsible for extra 

caspase-like activity in yeast upon metal exposure. We confirmed the role of Atg4 by 

showing that ATG4∆ is unable to undergo apoptosis upon metal exposure. By showing 

the removal of extra caspase-like activity in a double knockout of ATG4YCA1∆, we 

were also able to confirm that ATG4 can directly (or indirectly) contribute to 

“background” caspase-like activity.  

Atg4 is an autophagic protein that is required to cleave-activate any Atg8 that is 

outside the vesicle, and in so doing allow completion of the “phagosome” 27. While 

initially it was surprising to find any involvement of an autophagic gene in the apoptotic 

process, more and more evidence now suggests that autophagy and apoptosis are 

interconnected processes 28-29. Although autophagy is considered to be a cell survival 

mechanism through the sequestration and removal of damaged proteins/organelles, it 

has also been suggested that, when the damage to the cell is overwhelming, autophagy 

may promote cell death, and perhaps trigger apoptosis. Recently ATG6, an autophagic 

protein has been shown to be cleaved by caspase suggesting that these two processes 



159 
 

are interconnected30. In another recent study, it was suggested with evidence that 

Beclin-1/ATG6 is a molecular switch that decides the fate of the cell31. Autophagy and 

apoptosis are both very important cellular processes that have been associated to 

cancer and degenerative disorders. Therefore it is of great interest to understand any 

interconnections between these two discrete cellular programs. In this study, we confirm 

that such interconnection do exist in yeast, independently from any Beclin or BCl-2-like 

interactions.  Even so, the exact signaling mechanism between autophagy and 

apoptosis are not yet clear. We have, however, confirmed that Atg4 can either instigate 

directly the cleavage activation of Yca1 in metal-induced apoptosis, or that it is 

minimally required for the process.  

  The purpose of choosing 2 different types of metal in this study was to 

understand the mechanisms that underlie metal toxicity, in general, and also to 

determine whether these metals that are inherently different in nature, possess similar 

or different pathways of cellular response. We found that copper and cadmium, not only 

generate different types of ROS, but also that copper can generate ROS more rapidly 

than cadmium (Fig. 33). This finding was not entirely unexpected, in that copper, unlike 

cadmium, is a redox-active metal , and therefore able to generate potentially toxic 

oxygen radicals directly.  Even so, we have also shown that can cadmium also “perturb“ 

the redox balance, but in a manner that is directly dependent upon that activation of the 

yeast caspase. In our studies, we further show that copper and cadmium exhibit similar 

but distinct patterns of transcriptional induction. Genes involved in apoptosis, autophagy 

and certain other pathways are induced both in copper and cadmium treated yeast cells 

(Fig 16-29).  As discussed previously, both metals can induce an apoptotic response in 
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yeast. Even so, their unique metallic characteristics invoke subtle differences in the 

potential mechanisms though which they initiate their distinct cellular response. Overall 

in this study we have shown that, even after a relatively low level exposure to either 

copper and cadmium, yeast demonstrates a full–blown apoptotic response, involving 

mitochondrial membrane hyperpolarization, increased levels of ROS, mitochondrial 

protein oxidation and DNA fragmentation, and that this response requires the presence 

of the Yeast caspase 1.  Moreover, for first time, we have also shown that the 

autophagic, cysteine protease, ATG4, is directly involved in this cellular response, 

providing additional levels of regulatory constraints upon this process. 
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APPENDICES 

Appendix A 

 

Figure 45: Relative oxidation of Ssc1 

Oxidation levels of Ssc1(Hsp70 family protein) in Wild type, YCA1∆, and ATG4∆ 
samples are quantified from 2D-western blot using Multigauge software. The oxidation 
values were then normalized to relative abundance of actin. Data consist of results from 
2 independent experiments. 
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Appendix B 

 

Figure 46: AIF1∆ is non apoptotic upon copper and cadmium exposure 

AIF1∆ mutant cells were exposed to 8mM Cu(NO3)2 and 30µM cadmium for 1 h then 
‘recovered’ in fresh YEPD medium for 3 h. Cells were stained for active caspases (red) 
with SR_FLICA detection chemistry (Immunochemistry, LLC) and then activated 
caspase were detected using flow cytometry. Control AIF1∆ cells were treated in exactly 
the same way as the treated cells (except for the exclusion of metals from incubations). 
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Appendix C 

 

Figure 47: Mitochondrial membrane depolarization study upon cadmium 
exposure. 

Cells were exposed to 30 µM Cd(NO3)2 for 1 h then ‘recovered’ in fresh YEPD medium 
for 3 h. Mitochondrial membrane depolarization was assessed using rhodamine 123 
and analyzed by confocal microscopy: No brightly fluorescent cells were observed 
within control populations that were not exposed to Cd (left top panel). Cell exposed to 
cadmium showing hyperpolarized mitochondria is shown in middle left panel and left 
bottom panel show treated cell with depolarized mitochondria.   
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Appendix D 

Table 1: Proteins that are differentially expressed within 60 minutes of copper and 
cadmium exposure in YCA1∆ 

Sr. 
No Category Gene Protein Name

~MW 
(KD) ~pI

Fold 
change 
after 60' 

Cu 
exposure 

Fold 
change 

after 60' Cd 
exposure

1 Metabolic  Aco1 Aconitase isoform1 85,368 8.15 3.54 2.41
enzymes Aco1 Aconitase isoform2 85,368 8.15 2.49 2.18

Tdh3 
Glyceraldehyde 3 
phosphate 35,746 6.96 Similar Similar
dehydrogenase Similar Similar

Cit1 Citrate synthase 53,360 8.86 Similar 2.23

Cit1 
Citrate synthase 
isoform 53,360 8.86 Similar 1.83

2 Heat shock  Ssa1 Atpase 69,657 4.82 Similar 1.89
proteins Ssc1 Atpase Hsp70 family 70,627 5.34 Similar 2.21

Hsp6
0 Heat shock protein 60,751 5.06 Similar 2.41

Similar Similar

3 
Karyogam
y Kar1 Karyogamy protein 50,653

10.0
9 Similar 2.83

4 Electron  Atp1 
Mitochondrial F1F0 
ATP synthase 58,617 9.85 2.28 Similar

transport 
chain Qcr1 

Ubiquinol-
cytochrome c 
reductase 50,227 7.34 -2.11 -2.06

Qcr1 

Ubiquinol-
cytochrome c 
reductase 50,227 7.34 -2.44 -2.39
Isoform
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Appendix E 

Table 2: Proteins that are differentially expressed within 60 minutes of copper and 
cadmium exposure in ATG4∆ 

Sr. 
No Category Gene Protein Name

~MW 
(KD) ~pI

Fold 
change 
after 60' 

Cu 
exposure 

Fold 
change 
after 60' 

Cd 
exposure

1 Metabolic  Aco1 Aconitase isoform1 85,368 8.15 Similar Similar
enzymes Aco1 Aconitase isoform2 85,368 8.15 Similar Similar

Tdh3 
Glyceraldehyde 3 
phosphate 35,746 6.96 Similar Similar
dehydrogenase Similar Similar

Cit1 Citrate synthase 53,360 8.86 Similar -2.35

Cit1 
Citrate synthase 
isoform 53,360 8.86 Similar Similar

2 Heat shock  Ssa1 Atpase 69,657 4.82 Similar Similar
proteins Ssc1 Atpase Hsp70 family 70,627 5.34 Similar Similar

Hsp6
0 Heat shock protein 60,751 5.06 Similar 1.95

Similar Similar

3 
Karyogam
y Kar1 Karyogamy protein 50,653 10.09 Similar Similar

4 Electron  Atp1 
Mitochondrial F1F0 
ATP synthase 58,617 9.85 Similar Similar

transport 
chain Qcr1 

Ubiquinol-
cytochrome c 
reductase 50,227 7.34 Similar -3.55

Qcr1 

Ubiquinol-
cytochrome c 
reductase 50,227 7.34 -2.43 -2.09
Isoform
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Appendix F 

 
Figure 48: Gene expression at various time points upon copper exposure. 

 Total mRNA isolated from copper (8mM) treated wild type Yeast BY4741 and from, 
untreated control cells was hybridized to Affymetrix SG-98 microarray chips. The four 
scatter plots represent gene expression profiles comparing the treated to the untreated 
yeast cells at different time points after exposure: (Left top) 5 minutes, (Right top) 15 
minutes, (Left bottom) 30 minutes, and (Right bottom) 60 minutes. Yellow dots 
represent unchanged gene expression, blue dots indicate down-regulated genes, and 
orange/red dots symbolize up-regulated genes compared with the control. Green bars 
represent two fold-change ranges for each chip hybridized. Each point depicts an 
individual element of the microarray. 
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Appendix G 

 

Figure 49: Gene expression at various time points upon cadmium exposure. 

Total mRNA isolated from cadmium (30µM) treated wild type Yeast BY4741 and from, 
untreated control cells was hybridized to Affymetrix SG-98 microarray chips. The four 
scatter plots represent gene expression profiles comparing the treated to the untreated 
yeast cells at different time points after exposure: (Left top) 5 minutes, (Right top) 15 
minutes, (Left bottom) 30 minutes, and (Right bottom) 60 minutes. Yellow dots 
represent unchanged gene expression, blue dots indicate down-regulated genes, and 
orange/red dots symbolize up-regulated genes compared with the control. Green bars 
represent two fold-change ranges for each chip hybridized. Each point depicts an 
individual element of the microarray. 


