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ABSTRACT 

The yeast Saccharomyces cerevisiae undergoes apoptosis upon either external or 

physiological stimuli, through the intervention of several orthologues of mammalian apoptotic 

regulators. Evidence indicated that like mammalian cells, yeast present distinct pathways that 

lead to an apoptotic cell death. However, integrative studies allowing the definition of key 

pathways in yeast apoptosis were still scarce at the moment this work began. Such studies are 

crucial for increasing the knowledge on the intrinsic yeast apoptotic mechanisms, allowing a 

better understanding of the roots of metazoan apoptosis. Using proteomic, biochemistry and 

functional analysis, data was obtained contributing to a further understanding of the apoptotic 

pathways induced by three well described apoptotic inducers, acetic acid, hydrogen peroxide 

(H2O2) and chronological aging. We revealed that contrarily to H2O2-induced apoptosis, acetic acid 

promotes intracellular amino acids starvation, and induces alterations in the levels of proteins 

directly or indirectly linked with the target of rapamycin (TOR) pathway, implicating this pathway 

in the progress of apoptosis. Further analysis demonstrated that the role of TOR pathway in 

acetic acid-induced apoptosis requires the downstream phosphatases Pph21p, Pph22p, but not 

Sit4p. We also demonstrated that general amino-acid control (GAAC) system, through its main 

players Gcn2p and Gcn4p, cooperates with TOR in the triggering of yeast apoptosis. The 

translation factor eEF1A appeared as a key factor on acetic acid-induced apoptotic mechanism, 

suggesting a role on the promotion of actin cytoskeleton alterations and mitochondrial 

dysfunction that culminate in cell death. Analysis of yeast H2O2-induced apoptotic process 

revealed the induction of a totally distinct mechanism. Upon H2O2 treatment, we demonstrated 

that yeast cells are able to synthesize the signaling molecule nitric oxide (NO), which in turn acts 

in two different ways: it boosts the intracellular levels of reactive oxygen species (ROS), and 

promotes, as in mammalian cells, S-nitrosation of the yeast glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). Additionally, we demonstrated that these molecular events 

also occur during the physiological triggering of apoptosis during chronological aging. By further 

analyzing the role of GAPDH in the commitment of yeast cells to apoptosis, we revealed that this 

protein is, at the present date, the only described yeast metacaspase substrate, being cleaved 

upon NO signaling. NO control of metacaspase-mediated GAPDH cleavage might rely on its 

capacity to activate yeast metacaspase or in the promotion of GAPDH S-nitrosation as a signal for 
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cleavage. Preliminary results indicate that GAPDH is cleaved by metacaspase in order to impair 

its role in survival through participation in autophagy.  

Since yeast cells display an endogenous apoptotic machinery, besides contributing for 

the elucidation of metazoan apoptosis, yeast also offers the opportunity for screening   

compounds with antifungal properties. In fact, the discovery of antifungal compounds able to 

promote cell death on antifungal-resistant fungi could be one of the major contributions of yeast 

for biomedical research. Thus, ciclopirox olamine (CPO), a fungicidal agent widely used in clinical 

practice but which mechanism of action was still elusive, was shown to induce in yeast cells a 

programmed cell death (PCD) process, characterized by nuclear morphology alterations, 

chromatin condensation associated with the appearance of a population in the sub-G0/G1 cell 

cycle phase and an arrest in the G2/M phases. Subsequent analysis on CPO-mediated cell death 

indicated that the PCD process induced by this antifungal agent is atypical, as it was neither 

associated with ROS signaling nor with a terminal deoxynucleotidyl transferase-mediated dUTP 

nick end labeling (TUNEL)-positive phenotype, or with the yeast homologue of apoptosis-inducing 

factor (AIF) and metacaspase. On the contrary, CPO effects seem to be dependent on unknown 

aspartic protease activity, indicating that CPO could also be employed for the further uncovering 

of yeast endogenous cell death machinery. 

In summary, the results presented in the scope of this thesis contributed to the 

knowledge on the yeast apoptotic processes, reinforcing yeast as an extremely valuable model for 

the study of metazoan apoptosis and for the screening of effective antifungal compounds able to 

modulate its endogenous apoptotic machinery. 
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RESUMO 

 A levedura Saccharomyces cerevisiae apresenta um mecanismo de morte celular 

programada com um fenótipo apoptótico, desencadeado por diferentes estímulos, quer externos, 

quer fisiológicos. Este processo é mediado por inúmeros reguladores apoptóticos, ortólogos aos 

existentes em mamíferos. Evidências anteriores indicam que as leveduras, tal como as células 

de mamífero, possuem diferentes vias de indução de morte apoptótica. No entanto são ainda 

muito limitados os estudos integradores demonstrando a existência de vias apoptóticas distintas 

e definidas. Tais estudos revestem-se de grande importância pois permitirão um melhor 

conhecimento sobre as origens do processo de morte apoptótica nos metazoa. Neste sentido, 

através de estudos proteómicos, bioquímicos e funcionais, apresentados no contexto desta tese, 

foi possível contribuir para uma melhor definição das vias apoptóticas existentes na levedura, 

após indução de morte por três estímulos bem caracterizados, ácido acético, peróxido de 

hidrogénio (H2O2), e envelhecimento cronológico. Verificámos que, contrariamente à morte 

apoptótica induzida por H2O2, o ácido acético actua nas leveduras promovendo uma depleção 

intracelular de aminoácidos, provocando alterações na expressão de proteínas directa ou 

indirectamente relacionadas com a via “target of rapamycin” (TOR), implicando esta via na 

progressão da morte apoptótica. Análises adicionais demonstraram que o papel da via TOR na 

morte apoptótica da levedura após indução com ácido acético envolve a actuação a jusante das 

fosfatases Pph21p,Pph22p, mas não Sit4p. Demonstrámos também que o sistema geral de 

controlo de aminoácidos (GAAC system), através dos seus principais intervenientes, Gcn2p e 

Gcn4p, coopera com a via TOR para o desenrolar da morte apoptótica induzida por ácido 

acético. Para além disso, o factor de tradução eEF1A aparece como estando relacionado com o 

processo de morte apoptótica induzida por ácido acético, através da promoção de alterações no 

citoesqueleto de actina e possivelmente disfunções mitocôndriais. Por outro lado, a análise do 

processo apoptótico induzido por H2O2 revelou a activação de um mecanismo completamente 

distinto. O tratamento com H2O2 promove a síntese de óxido nítrico (NO) nas leveduras, que por 

seu lado actua em dois sentidos: provocando uma amplificação dos níveis intracelulares de 

espécies reactivas de oxigénio (ROS) e promovendo, à semelhança do que ocorre em células 

eucarióticas superiores, a S-nitrosação da enzima glicolítica gliceraldeído-3-fosfato desidrogenase 

(GAPDH). Estes eventos moleculares também ocorrem durante o envelhecimento cronológico da 

levedura, ou seja, após um estímulo apoptótico fisiológico. A análise posterior da relevância 
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fisiológica da GAPDH para o processo apoptótico, permitiu concluir que esta proteína é, até à 

presente data, o único substrato conhecido da metacaspase da levedura, sendo clivada após 

sinalização pelo NO. A acção do NO no controlo da clivagem da GAPDH mediada pela 

metacaspase poderá estar relacionada com a capacidade do NO em activar a metacaspase ou 

com a promoção da S-nitrosação da GAPDH como um sinal de clivagem. Resultados 

preliminares indicaram ainda que a clivagem da GAPDH pela metacaspase parece inibir o seu 

papel protector de sobrevivência na promoção de autofagia, desencadeando a morte celular. 

Uma vez que as leveduras possuem uma maquinaria endógena de morte apoptótica, 

para além de poderem contribuir para a elucidação do processo apoptótico dos metazoa, 

oferecem ainda a oportunidade de serem usadas em “screenings” de compostos cuja actividade 

antifúngica resida na activação da maquinaria apoptótica da levedura. Esta poderá ser de facto, 

uma das maiores contribuições deste microrganismo para a investigação biomédica. Neste 

sentido, foi possível demonstrar que o agente fungicida ciclopirox olamine (CPO), amplamente 

usado na prática clínica mas cujo mecanismo de acção não era totalmente conhecido, induz na 

levedura um processo de morte celular programada, caracterizado por alterações morfológicas 

nucleares, condensação da cromatina associada à presença de uma população celular na fase 

sub-G0/G1 do ciclo celular e a uma paragem do ciclo na fase G2/M. Análises posteriores 

demonstraram que o processo de morte celular programada induzido por este antifúngico 

correspondia a um processo atípico pois não estava nem associado à sinalização via ROS, 

metacaspase ou factor de indução de apoptose (AIF), nem com um fenótipo TUNEL positivo. 

Pelo contrário, o seu efeito parece depender de proteases aspárticas desconhecidas, indicando 

que o CPO poderá também ser usado em investigações futuras para a descoberta de novos 

reguladores da maquinaria de morte endógena da levedura. 

Em resumo, os resultados aqui apresentados permitiram o aumento do conhecimento 

dos processos apoptóticos da levedura, reforçando o seu uso como um modelo extremamente 

valioso no estudo da morte apoptótica de metazoa, e no “screening” de composto antifúngicos 

capazes de modular a sua maquinaria apoptótica endógena. 
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OBJECTIVES AND OUTLINE OF THE THESIS 

It is nowadays consensual that the yeast Saccharomyces cerevisiae is able to undergo cell 

death, with features of apoptosis. In fact, several orthologues of mammalian apoptotic regulators 

and molecular pathways were already described and implicated in the yeast apoptotic 

mechanism, demonstrating an evolutionary conservation of this biological phenomenon in yeast. 

However, neither all yeast apoptotic regulators and molecular pathways nor the precise hierarchy 

of events leading to cell death are fully discovered. Specifically, the identification of new 

regulators in an integrative view of the molecular pathways affected/induced by distinct stimuli is 

needed, as yeast, like mammalian cells might use different pathways in order to commit to cell 

death. Additionally, the knowledge of yeast cell death mechanisms and the existence in yeast of 

endogenous apoptotic machinery, offered also the opportunity for screening compounds which 

antifungal properties rely on the activation of the yeast cells death machinery. Thus, the work 

developed under the scope of this thesis aimed to get new insights on the yeast apoptotic 

mechanisms induced by either two different external apoptotic inducers (acetic acid and 

hydrogen peroxide - H2O2) or by a physiologic apoptotic-inducing condition, such as chronological 

aging. Moreover, we also aimed to use the knowledge on the yeast apoptotic processes, in order 

to uncover the mode of action of clinically established antifungal drugs, such as ciclopirox 

olamine (CPO).  

With the intention to drive the reader through the main achievements, this thesis was organized 

in six chapters:  

In chapter 1, a general introduction mainly centered on the knowledge of the yeast 

apoptotic machinery and its molecular pathways will be given. 

In chapter 2, through the use of proteomic and functional approaches, insights on the 

acetic acid-induced apoptotic process will be given, revealing that both target of rapamycin (TOR) 

pathway and general amino acids control (GAAC) system are involved in acetic acid-induced 

apoptosis.  

In chapter 3, results are presented indicating that yeast cells undergoing apoptosis by 

exogenous application of H2O2 or during chronological aging, are able to synthesize nitric oxide 

(NO), which in turn mediates the death process. Additionally, results indicating the involvement of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the control of the apoptotic process will 

also be presented. 
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In chapter 4, the knowledge concerning GAPDH will be expanded, by revealing that this 

protein is a substrate of yeast metacaspase, Yca1p.  

In chapter 5, results will be presented indicating that ciclopirox olamine (CPO), an 

antifungal agent which mode of action was still elusive, induces in yeast cells an atypical 

programmed cell death process, without the involvement of yeast metacaspase, apoptosis-

inducing factor (AIF) or reactive oxygen species (ROS), but with the activation of still unknown 

aspartic protease(s).  

Finally, chapter 6 is devoted to an integrative discussion focused on the main 

contributions of the present work to the understanding of the yeast apoptotic processes, 

combined with future perspectives. 
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1.1 DISTINCT TYPES OF PROGRAMMED CELL DEATH 

Programmed cell death (PCD) is a physiological mechanism that was initially described to 

be responsible for the elimination of superfluous, ectopic, infected, transformed or damaged 

cells, crucial both in development and homeostasis of adult tissues, and involving the activation 

of an intrinsic cell suicide program characterized by an orderly pattern of events. Early classical 

ultrastructural studies by Kerr and coworkers [1, 2] provided evidence that cells may undergo at 

least two distinct types of cell death: The first type known as necrosis, a violent and quick form of 

degeneration affecting extensive cell populations, characterized by cytoplasm swelling, 

destruction of organelles and disruption of the plasma membrane, leading to the release of 

intracellular contents and inflammation, without the contribution of an intrinsic molecular 

program. A remarkably distinct type of cell death was called apoptosis, identified in single cells 

usually surrounded by healthy-looking neighbors, and characterized by cell shrinkage, blebbing of 

the plasma membrane, maintenance of organelle integrity, and condensation and fragmentation 

of DNA, followed by ordered removal through phagocytosis [1, 3]. During the last 30 years, cell 

death has usually been classified within this dichotomy, with researchers erroneously considering 

apoptosis and PCD as a single entity. However, accumulating evidence indicates that besides 

apoptosis, other forms of cell death might be programmed, such as autophagic cell death and 

programmed necrosis [4].  

Autophagic cell death (ACD), i.e. death with the occurrence of autophagy [5, 6], is 

morphologically defined as a type of cell death that occurs in the absence of chromatin 

condensation and is accompanied by massive autophagic vacuolization of the cytoplasm. In 

contrast to apoptotic cells, cells dying by ACD are not cleared by phagocytosis [7]. Indeed, the 

occurrence of ACD as a programmed mechanism that leads to cell death has been the subject of 

great controversy. The main question that arises is whether autophagic activity in dying cells is 

the cause of death or is actually an attempt to prevent it. This apparent contradiction derives 

majorly from the extremely limited information concerning the molecular basis of autophagic 

PCD. All currently knowledge about this form of cell death is that the same set of autophagy 

proteins needed for the formation of autophagosomes are involved in both autophagic cell death 

and autophagy that promotes cell survival [8, 9].  

Programmed necrosis, or necroptosis, refers to a cell death type with necrosis features, 

such as gain in cell volume, cytoplasm swelling and disruption of the plasma membrane, but 

regulated by molecular pathways and mechanisms that are now being established [4]. This type 
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of cell death was for many years disregarded, augmenting the confusion on cell death 

terminology.  Although a defined biochemical characterization of necroptosis does not exists, it 

has been shown that death domain receptors like tumour necrosis factor (TNF) receptor 1 

(TNFR1), Fas/CD95 and TRAIL-R or toll like receptors (TLR) 3 and 4 can elicit necroptosis under 

the presence of caspase inhibitors, by a mechanism dependent on the kinase RIP1 [10-12].  

 

 

Figure 1 – Main mammalian apoptotic pathways: extrinsic and intrinsic. Extracellular signals through cellular death 
receptors, and intracellular signals, trigger different apoptotic programmes that results in the activation of 
downstream effector caspases and cell death. Adapted from [13] with alterations. 

 

Even though different types of PCD exist, apoptosis is still the best recognized and studied 

form of PCD. Studies in higher eukaryotic cells enabled the identification of key molecular 

mediators such as the proteolytic enzymes cysteine-aspartic-acid-proteases, which are called 

caspases, and the Bcl-2 family of proteins. The specific activation of such of those mediators 

allowed the definition of different molecular pathways. The family of mammalian caspases 

encompasses several proteolytic enzymes, which cleave their substrates after specific aspartic 

acid residues, and that can be divided, according to their structure and function, into initiators 

(pro-caspases 2, 8, 9 and 10) and effectors (pro-caspases 3, 6 and 7). Following activation, 
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initiator caspases can cleave effector pro-caspases into their active forms. The effector caspases 

own un-functional pro-domains that are responsible for the negative control of their activity [14]. 

Once activated, effector caspases are responsible for the dismantling of the cell [14].  

The Bcl-2 family of proteins comprises members that have either anti-apoptotic (such as 

Bcl-2 and Bcl-xL) or pro-apoptotic (such as Bax and Bak) effects [15]. Structurally, they all share 

one or more Bcl-2 homology domains (BH1–BH4). Bcl-2 family of proteins may arrange 

themselves into homo or heterodimers contributing for the regulation of mitochondrial outer 

membrane permeabilization (MOMP) [16, 17] and thereby controlling the release of 

mitochondrial apoptogenic factors such as cytochrome c, Smac/Diablo or apoptosis-inducing 

factor (AIF). With the description of such apoptotic players, two main apoptotic pathways were 

characterized and intensively studied in higher eukaryotic cells. Those are the extrinsic (cell death 

receptors) and the intrinsic (mitochondrial) pathways (Figure 1).  

The extrinsic pathway is originated through the activation of cell death surface receptors 

such as Fas/CD95 or TNFR1. Death receptor activation is initiated by the interaction of specific 

ligands, called death activators, with their respective cell surface receptors. On binding, the 

intracellular death domains of these receptors become associated with adaptor proteins that then 

recruit initiator pro-caspases such as 8 or 10, leading to their activation [18, 19]. Activated 

caspase 8 can then activate other caspases, either directly or indirectly, by cleaving Bid, a BH3-

only protein (Figure 1). Truncated Bid induces the translocation of pro-apoptotic molecules (such 

as Bax) to the mitochondria, with the subsequent release of mitochondrial apoptogenic factors 

(such as cytochrome c) to the cytosol (Figure 1). In addition to being activated by adaptor 

proteins, pro-caspase 8 also seems to be cleaved by a mechanism that depends on the intrinsic 

pathway [20, 21], pointing to amplification loops between the two major apoptotic pathways 

(Figure 1). The mitochondrial apoptotic pathway (Figure 1) is initiated downstream of Bax and/or 

Bak activation through the induction of MOMP, which several authors believe to be the “point of 

no return”, where cells are already committed to death [17, 22]. Upon MOMP, cytochrome c is 

released from mitochondria [23], interacting with two other cytosolic protein factors [24], Apaf1 

and pro-caspase 9, forming the apoptosome, to activate effector pro-caspases such as pro-

caspase 3. Nonetheless, beside cytochrome c, other apoptogenic factors are released from 

mitochondria. Smac/Diablo is one of the mitochondrial intermembrane proteins that might be 

released into the cytosol [25]. Once in the cytosol, Smac/Diablo interacts with inhibitors of 

apoptosis (IAPs), relieving the inhibitory effect of IAPs on initiator (such as caspase 9) and 
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effector caspases (such as caspase 3, [26], Figure 1), thus contributing for the regulation of 

apoptosis. Similarly, the serine protease HtrA2/Omi is released from mitochondria to the cytosol, 

contributing for the triggering of apoptosis through interaction and subsequent inhibition of IAP 

proteins [27], enabling the downstream activation of either initiator or effector caspases.  

A third, less understood, pathway that could be considered as a secondary intrinsic pathway 

originates from the endoplasmic reticulum (ER, Figure 1). Induction of ER stress, such as the 

disruption of calcium homeostasis or the accumulation of unfolded proteins, results in the 

triggering of cell death with apoptotic features [28]. Bcl-2 family of proteins are implicated in the 

process, as severe ER stress leads to activation of c-Jun N-terminal kinase, which in turn 

inactivate Bcl-2, allowing activation of Bax and Bak. Under this situation, caspases are activated 

possibly on the ER membrane itself, as well as in the apoptosome, after transmission of the 

death signal to mitochondria and the release of cytochrome c (reviewed in [29]). Particularly, the 

initiator caspase 12 seem to be activated and translocated to the cytosol where it promotes the 

subsequent activation of caspase 9 [30, 31], triggering the mitochondrial pathways of apoptosis 

(Figure 1).  

As patent in this section, a unifying feature of all the described apoptotic pathways is the 

strict requirement of caspase activation. However, higher eukaryotic cells are able to commit to 

an apoptosis-like cell death process by a caspase-independent mechanism, when all routes for 

caspase activation have been closed off, such as when pharmacological caspase inhibitors are 

exogenously added to cells [22]. The reason of such phenomenon might be explained by the fact 

that certain cell death stimuli might provoke mitochondrial damages and leakage that could not 

be reverted through inhibition of caspases [22]. This apoptotic-like cell death mechanism might 

be executed by mitochondrial proteins that translocate to other organelles such as nuclei. The 

AIF and endonuclease G (endoG) are examples of such proteins [32, 33]. AIF was firstly 

described by Susin et al. [32] and is an intermembrane mitochondrial space protein which 

primary function is not completely understood, but that was already ascertained as displaying an 

oxidoreductase function [34]. When a stimulus induces MOMP, AIF becomes an active cell killer, 

being translocated from the mitochondria to the nucleus (Figure 1) where it induces large-scale 

DNA fragmentation [32]. The lethal effects of AIF seem to be evident under situations of caspase 

inhibition, as observed by studies indicating that the lysosomal protease cathepsin D is able to 

trigger AIF release independent of the caspase cascade [35], and that AIF mediates the cell 

death observed in Apaf -/- and caspase-3 -/- mouse embryonic fibroblasts [36]. This idea is also 
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reinforced by studies demonstrating that the presence of the broad caspase inhibitor zVAD-fmk is 

not able to prevent the nuclear translocation of AIF [37] or its lethal effects [32, 38]. Additionally, 

AIF and not caspase activation was shown to be largely responsible for Streptococcus 

pneumoniae-induced apoptosis in an experimental meningitis model [39], suggesting that 

caspase-independent cell death by AIF plays indeed an important role in pathologic conditions, 

and is not a phenomenon solely restricted to artificially caspase inactivation conditions. On the 

other hand, there are also evidence indicating that mitochondrial release of AIF occurs 

downstream of cytochrome c in response to certain stimuli and may require caspase activation 

[40, 41], indicating that AIF can serve as an additional response mechanism to facilitate the 

completion of caspase-dependent apoptosis in certain death paradigms. The regulation of AIF 

activity seems to be performed by heat shock proteins (HSP), particularly the Hsp70 family 

members [42, 43].  

Likewise AIF, endoG, involved in the replication of mitochondrial DNA, can translocate to the 

nucleus inducing fragmentation of nuclear DNA [44] (Figure 1), upon MOMP induced by pro-

apoptotic Bcl-2 family members [44]. AIF and endoG seem to act in a strict collaboration in order 

to trigger a caspase-independent cell death process. In fact, biochemical and genetic evidence 

obtained through studies in Caenorhabditis elegans have shown that endoG interacts with and is 

stimulated by AIF [45]. However, like AIF, endoG might also govern cell death under the 

dependency of caspase activation as its nuclear translocation was demonstrated to require 

upstream release of cytochrome c and caspase-3 activation [41], indicating that a deeper 

investigation is required in order to ascertain the role of these cell death factors in caspase-

dependent or -independent cell death pathways. Nevertheless, all these studies here described 

point for a crosstalk between caspase-dependent and caspase-independent processes, as a way 

to ensure the triggering of apoptosis, avoiding in this way a deleterious necrotic cell death.  

Although not all the features of apoptosis are completely understood, relevant information 

related to the complex events that culminate in apoptosis was already uncovered through the 

past years. For such, greatly contributed studies performed in model organism such as C. 

elegans and Droshophila melanogaster and also in mammalian cell lines. However, relevant 

information might be obtained by studying apoptosis in lesser complex and genetically tractable 

organisms. In fact, since the discovery in 1997, of the existence of an endogenous cell death 

machinery in the unicellular yeast Saccharomyces cerevisiae [46], this microorganism was 

extensively used by several research groups in order to trace the roots of metazoan apoptosis. 
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The current knowledge about the yeast endogenous apoptotic machinery and the evolutionary 

conserved mechanisms is given in the subsequent sections of this chapter.  

1.2 APOPTOSIS IN YEAST 

For many years, the highly regulated process of apoptosis was assumed to be confined to 

multicellular organisms. However, this scenario was dramatically changed when Madeo and 

coworkers described morphological hallmarks of apoptosis in yeast CDC48 defective cells [46], 

pointing to a phylogenetic conservation of a basic cell death executing machinery. Yeast have 

been demonstrated to succumb to cell death, showing typical apoptotic markers such as 

externalization of phosphatidylserine to the leaflet of the outer plasma membrane, degradation of 

DNA, condensation of chromatin, and generation of reactive oxygen species (ROS). Soon after the 

discovery that the CDC48 mutant cells could undergo a form of apoptosis, researchers showed 

that exogenous toxic agents such as H2O2 [47] or acetic acid [48] trigger apoptosis in yeast. From 

hereon, a new research field has emerged, trying to uncover the yeast intrinsic death 

programmes and regulators in order to trace the roots of metazoan apoptosis. Several reports 

have implicated the impairment of different cellular functions caused by different exogenous 

stress stimuli or deletion of certain genes in the induction of an apoptotic phenotype in S. 

cerevisiae (reviewed in [49]). Conditions triggering a yeast apoptotic phenotype include sugar 

[50] and salt [51] stresses; starvation for carbon source on expired medium [52] or of essential 

amino acids like lysine and histidine in auxotrophic cells [53]; impairment of exocytosis by 

deletion of the SRO7/SOP1- encoded tumor suppressor homologue [54], DNA damage [55] and 

truncation or deletion of genes encoding proteins involved in mRNA stability [56] and cell-cell 

communication [57]. Finally, natural scenarios of yeast apoptosis (such as aging, mating, and 

release of killer toxins), where apoptosis provides a selective advantage for the yeast population 

as a whole, have been described [52, 58, 59]. Surprisingly, several orthologues of mammalian 

apoptotic regulators were identified in yeast, like AIF (Aif1p), the serine protease HtrA2/Omi 

(Nma111p), and endoG (Nuc1p). [60-62]. In addition, yeast apoptotic death also occurs in 

dependency of complex apoptotic scenarios such as mitochondrial fragmentation [63], 

cytochrome c release [64], cytoskeletal perturbations [65], and histone H2B phosphorylation 

[66]. However, the greater step towards the establishment of a cell death executing machinery in 

yeast came with the description of a family member of caspase-like proteases (YCA1) called 

metacaspase [67], which is involved in the execution of apoptosis induced by either physiological 
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or external triggering conditions (reviewed in [68]). A specific view of the events and pathways 

that culminate in yeast apoptosis are given in the next sections of this chapter. 

1.2.1 NATURAL SCENARIOS OF YEAST APOPTOSIS 

It is nowadays consensual that a basic PCD machinery is present in the unicellular yeast 

Saccharomyces cerevisiae, in order to allow the yeast cell populations (yeast cells often exist in 

clonal groups) to eliminate unwanted individuals thus improving the fitness of the group. For such 

to be possible, certain parameters might be recognized by the healthy cellular population. The 

accumulation of deleterious mutations capable of inducing genetic damages, above a critical 

threshold, appears as a plausible parameter for dictating the yeast cell fate (reviewed in [69]). As 

already proposed, the recognition of such parameters should be governed by quorum sensing, 

through intercellular communication [69]. Indeed, several compounds secreted by yeast cells 

seem to act as death messengers. Mating pheromones are one of these factors. When present at 

high concentration, α-factor was shown to induce cell death in a-type yeast cells with apoptotic 

features [57], such as ROS production, changes in arrangement of chromatin, nuclear DNA 

fragmentation and involvement of mitochondria. Cell death was only induced in cells of the 

opposite sex, and a mutation in the pheromone protein kinase cascade (STE20) was sufficient to 

prevent apoptotic cell death [57], suggesting that both mating and the death mechanism induced 

by pheromone share common steps. This is understandable in a theory in which pheromones not 

only activate mating but also eliminate yeast cells that fail to mate. Such phenomenon should 

occur, in order to stimulate switch of yeast cells from vegetative to sexual reproduction, 

eliminating the cells that could not perform this switch, in order to increase the probability of 

appearance of new traits displaying favorable characteristics for the survival in adverse 

environmental conditions.  

In addition to pheromones, other compounds secreted by yeast cells are responsible for 

cell-to-cell communication in yeast populations. Váchová and coworkers demonstrated that in 

aged colonies, yeast cells presented markers of apoptosis, which were more pronounced, and 

gradually limited to the center of the colony, corresponding to the older cells [70]. The authors 

found that this non uniform death located at specific areas of the yeast colonies was the result of 

an ammonia signal emitted right before the deleterious effects of increased levels of oxidative 

stress were observed. Ammonia was used to change the metabolism of some cells, most 

probably newly born cells at the colony periphery, enabling the escape from oxidative stress and 
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permitting the survival of some cells in order to establish new healthy generations [70]. This 

survival of the cells in the colony periphery was also described to be dependent not only on the 

ammonia signaling but also on the presence of dead central cells in the colonies, indicating that 

healthy cells take part of nutrients released form death cells in order to survive [70]. This fact 

reinforces the altruistic role of yeast apoptosis.  

Two different forms of aging processes are present in yeast cells. The first one is 

replicative aging, which corresponds to the aging of mother cells, and is measured by the 

number of daughter cells a single mother cell can originate. The second process is chronological 

aging and is measured by monitoring the survival time of post-mitotic yeast cells populations. 

During chronological aging, stationary cells undergo genetically controlled changes and 

remodeling, in order to increase survival, however, these cells will ultimately age and die. 

Chronological aged yeast cells show apoptotic features such as phosphatidylserine expose, 

chromatin condensation, caspase-like activity and accumulation of high intracellular ROS levels, 

particularly superoxide anion [52, 71]. Some genetic manipulations have already been described 

as delayers of chronological aging and concomitantly of apoptotic features, implicating several 

apoptotic regulators and intracellular pathways in the control of the aging process. These include 

de deletion of yeast metacaspase, YCA1, the yeast apoptosis-inducing factor AIF1, the yeast 

homologue of AMID (AIF-homologous mitochondrion associated inducer of death), NDI1, and the 

overexpression of the stress-dependent transcription factor YAP1 [52, 67, 72]. However, the 

most effective genetic manipulations prolonging the yeast chronological life span (CLS) so far 

identified are the deletion of either RAS2, TOR1, or SCH9, which blocks RAS, TOR and AKT 

pathways in yeast, respectively [73, 74]. A non-genetic intervention that promotes life span 

extension not only in wild-type yeast cells, but also in several model systems including mice, is 

calorie restriction [75]. Under extreme calorie restriction, yeast double their longevity indicating 

that they have the potential to modulate the length of their life span according to the environment 

[76]. Altogether, these results point for a “programmed longevity theory”, according to which 

aging, rather than depending on stochastic damage, is caused by the genetically programmed 

inactivation or decline of a repair and maintenance system that can control cellular damage [77]. 

The fact that the pathways that regulate chronological aging in yeast are conserved throughout 

evolution raises the possibility that aging is programmed in higher eukaryotes as well. However, 

the existence of such a program may seem unlikely in a unicellular microorganism. But, in the 

context of a population of millions of yeast cells, cellular “suicide” represents a survival strategy 
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for the group. In fact, during chronological aging studies, after the majority of the population is 

dead, cellular “regrowth” is observed [52]. This regrowth phenotype, or “adaptive regrowth”, has 

been characterized [71], and is dependent on DNA mutations that accumulate during aging and 

in the release of nutrients, by the dead cells present in the cultures, to the medium, as also 

observed for yeast colonies [70].  

Replicative aging, also called mother cell specific aging, differs from chronological aging, 

since it is based, not on calendar time, but on how many progenies a single mother cell has 

produced before die, and occurs in the presence of nutrients. However, it also ultimately leads to 

apoptosis [78]. Further insights on the processes that lead to cell death during replicative aging 

were achieved by Laun and coworkers, by the study of the transcriptome of replicative old cells 

[79]. The majority of differentially regulated genes were upregulated, which indicates that 

replicative aging is an active process rather than an unspecific shutdown due to accidental cell 

death. Genes differentially regulated belonged to different functional classes such as nuclear 

encoded mitochondrial components and functions, DNA damage response, cell cycle regulation 

and membrane lipid and cell wall synthesis [79]. These changes in mitochondrial components 

mRNA levels clearly point for a role of mitochondria in the regulation of the apoptotic process 

(see section 1.3.1 for more details) and can be interpreted as the immediate result of the 

mitochondrially generated ROS occurring during yeast apoptosis. In fact, Nestelbacher and 

coworkers showed that genetic and environmental changes that increase the burden of ROS on 

yeast cells result in a shortening of the life-span of mother cells [80]. Moreover, deletion of gene 

coding for superoxide dismutase [81] or the addition of the physiological antioxidant glutathione, 

results in decreased and increased life span, respectively, indicating that oxygen play a role in the 

yeast replicative aging process [80], and on apoptosis. It should be however noted that contrarily 

to chronological aging, apoptosis during replicative aging might solely occur in order to prevent 

the formation of genetically damaged daughters from very old mother cells. Because the 

proportion of old mother cells is very low, they should not relevantly contribute with nutrients for 

the remaining population.  

Altogether, the scenarios herein described, explain and give a meaning to the 

evolutionary conservation of apoptosis in yeast cells, demonstrating that it is a process benefic 

for the whole yeast population, which enables the maintenance of the best adapted cells 

permitting the survival under adverse conditions. Studies on yeast cells might be a valuable help 
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for the comprehension of the intrinsic programs that control apoptosis and aging in multicellular 

organisms. 

1.2.2 INDUCERS OF YEAST APOPTOSIS 

In addition to the described natural scenarios of yeast apoptosis, a variety of stress 

conditions and compounds are able to induce yeast cell death with apoptotic features. Low doses 

of H2O2, acetic acid, HOCl, amiodarone and aspirin, and moderate doses of ethanol, have already 

been employed in order to stimulate apoptosis in yeast [47, 48, 82-85]. Moreover, hyperosmotic 

stress or glucose and NaCl at high concentrations are also able to trigger apoptosis in yeast cells 

[50, 51, 86]. Among those compounds, acetic acid and H2O2, appear as the most studied 

external inducers of apoptosis, and were used in the vast majority of the experiments presented 

in this thesis. Therefore they will be analyzed in more detail in this section. Acetic acid is a well 

known compound for yeast cells, as it is a normal end product of the yeast alcoholic 

fermentation. Thus, acetic acid-induced apoptosis [48] could also be considered as a close 

natural scenario of yeast apoptotic cell death. By using this agent, several orthologues of 

mammalian apoptotic regulators and pathways were described in yeast [87]. Ludovico and 

coworkers have demonstrated that acetic acid-induced apoptosis was mediated by a 

mitochondria-dependent apoptotic pathway [64], since treatment with acetic acid resulted in 

cytochrome c release and ROS production, which were associated to the reduction of oxygen 

consumption and of cytochrome c oxidase activity. A further implication of cytochrome c as a key 

mediator of the acetic acid-induced apoptosis was also patent from the data indicating that 

deletion of CYC3, the gene that encodes a heme lyase essential for the covalent binding of the 

heme group to isoform 1 and 2 of apocytochrome c [88], leads to an impairment of cell death 

[64]. The yeast homologue of mammalian AIF, Aif1p, was also demonstrated to be translocated, 

from mitochondria to nuclei, upon acetic acid-induced apoptosis [61], and mitochondria to suffer 

fragmentation, with the intervention of the fission machinery, in order to allow the progress of 

apoptosis [63]. Interestingly, mitochondria and their apoptogenic factors, such as Aif1p, endoG 

and cytochrome c, are also involved in the regulation of H2O2-induced apoptosis [60, 61, 63, 89] 

(see section 1.3.1 for a deeper analysis on the role of mitochondria and their apoptogenic factors 

in yeast apoptosis). In fact, most of the apoptotic regulators described in yeast were also studied 

using H2O2 as an apoptotic trigger. However, acetic acid and H2O2 might induce apoptotic cell 

death through distinct pathways/mechanisms, since they might have distinct intracellular modes 
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of action. Recently, Schauer and coworkers have found that yeast vacuole is a central piece that 

distinguishes acetic acid- from H2O2-induced apoptosis [90]. Upon acetic acid treatment, 

functional vacuoles are not only needed for the regulation of the intracellular pH, but also for the 

execution of apoptosis [90]. Another evidence indicating activation of distinct apoptotic pathways 

by those compounds, might reside in the role of mitochondria since acetic acid, contrarily to H2O2 

is not able to induce apoptosis in respiratory deficient (rho0) cells (reviewed in [91]). Also yeast 

metacaspase might have different levels of contribution for apoptosis execution, depending on 

the stimuli, since it has a significantly lower activity in cells dying by acetic acid-induced apoptosis 

when compared to the activity obtained in cells dying upon H2O2 exposure [67]. These and other 

facts lead to the formulation of the question of what are the distinct yeast molecular 

pathways/events and regulators that drive yeast cells to the same fate, an apoptotic cell death? 

This question was partially addressed in the present work, and results obtained are presented in 

chapters 2, 3 and 4. 

1.3 MOLECULAR PATHWAYS OF YEAST APOPTOSIS 

In metazoans, the formation and action of ROS is a key step for the execution and 

regulation of apoptosis, contributing for the activation of the apoptotic machinery when cell death 

is triggered by a wide range of apoptotic inducers [92-94]. Interestingly, in mammalian cells, ROS 

accumulation precedes mitochondrial membrane alterations, chromatin condensation and other 

typical apoptotic events, such as Bax relocalization, cytochrome c release and caspase activation, 

as revealed by experiments using antioxidants [95]. Moreover, increased levels of ROS were also 

demonstrated to induce apoptosis independently of caspases [96]. By using low doses of H2O2 or 

glutathione-depleted cells, Madeo and coworkers found that yeast cells were also able to commit 

apoptosis under the dependency of ROS accumulation, being cell death prevented by ROS 

depletion [47]. This study pointed ROS as central mediators of the yeast apoptotic process and 

for a short period of time were considered the only apoptotic mediators present in yeast cells. In 

fact, distinct research groups demonstrated that formation of ROS occurs in all the described 

scenarios of yeast apoptosis induction, with an exception, the case of aspirin-induced apoptosis 

[84]. However, some questions remain to be answered. It is still not clear in every case what 

comes first, the generation of ROS that lead to cell death, or the onset of apoptosis leading to 

mitochondrial damages, which in turn results in augmented ROS production. The explanation for 

this question might arise from studies showing that upon free radicals trapping, yeast apoptosis 
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is alleviated [46], which indicates that most probably ROS are molecules that regulate early steps 

in the majority of the yeast apoptotic processes. Another pertinent issue that remains to be fully 

addressed in yeast cells is the ROS ability to signal for metacaspase activation similar to their 

indirect capacity to signal for caspase activation, through stimulation of mitochondrial 

cytochrome c release [97, 98]. Clues in this direction were already achieved by Osório and 

coworkers, which demonstrated that yeast cells synthesize nitric oxide (NO) upon menadione 

treatment, which impairment results in decreased levels of ROS and aspartic protease activity, 

indicating a putative requirement of ROS for the activation of yeast metacaspase [99]. However, 

the exact mechanism by which ROS contribute for metacaspase activation needs to be fully 

explored. Specifically, the relationship between ROS action on mitochondria, release of 

cytochrome c [64], and the requisite of the latter for the activation of yeast metacaspase, should 

be studied, in order to elucidate the meaning of cytochrome c release during yeast apoptosis, 

and the degree of conservation of metazoan apoptotic events. This question will be focused in 

more detail in the next section. 

1.3.1 MITOCHONDRIA-DEPENDENT APOPTOSIS IN YEAST 

In mammalian cells, mitochondria directly or indirectly control the PCD mechanisms 

induced by several compounds or intracellular events, indicating that mitochondria are not only 

important for the energetic status of the cells, but are also the so called “fatal organelles” [4]. 

Mitochondria could have a direct or indirect involvement in caspase activation through the 

release of apoptotic regulators such as cytochrome c or the IAP-inhibitors, Smac/Diablo and 

HtrA2/Omi. It also governs caspase-independent apoptosis-like cell death by releasing AIF and 

endoG nucleases, and apoptosis and programmed necrosis through the generation of ROS [4]. 

Nowadays, there is an increasing body of evidence indicating that the vast majority of the events 

that trigger apoptosis in yeast, act via mitochondrial pathways (reviewed in [100]). Mitochondrial 

features decisive for cell death execution in higher eukaryotic cells are also present in yeast, such 

as mitochondrial fragmentation, mitochondrial hyperpolarisation followed by an oxidative burst, 

and breakdown of mitochondrial membrane potential (reviewed in [91]). One of the intracellular 

events that trigger apoptosis with the participation of mitochondria is a decrease in actin 

cytoskeleton dynamics [101] (Figure 2). Gourlay and coworkers were pioneers in describing an 

upstream regulatory network that controls apoptosis mediated by decreased actin dynamics. The 

authors found that when actin dynamics decreases, RAS2 signaling pathway is hyperactivated, 
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leading to the increase in the levels of cAMP and consequent stimulation of protein kinase A 

(PKA) activity, that mediate mitochondrial dysfunctions, through the PKA subunit Tpk3p [102]. 

Apoptosis is then initiated with the involvement of mitochondrial membrane potential 

depolarization and ROS generation [102]. A further cooperation between mitochondria and actin 

in the control of yeast apoptosis comes also from studies indicating that when actin cytoskeleton 

is disrupted by Latrunculin A, mitochondria turns to be fragmented [103]. Since actin controls 

the mitochondrial morphology in yeast cells, a disruption of the actin cytoskeleton might be the 

key signal for the triggering of mitochondrial fragmentation, which was recently described to be a 

requisite for apoptosis to occur in yeast [63]. In fact, Fannjiang and coworkers also demonstrated 

that mitochondrial fragmentation during yeast apoptosis is mediated by Dnm1p, the yeast 

homologue of the mammalian mitochondrial fission protein, Drp1, and inhibited by the fission 

protein Fis1p [63] (Figure 2). Supporting the key role of mitochondria on yeast apoptosis are the 

descriptions and characterization of several mammalian homologues of mitochondrial 

apoptogenic factors, such as cytochrome c, AIF (Aif1p), AIF-homologous mitochondrion-

associated inducer of death (AMID - Ndi1p) and endoG (Nuc1p) [60, 61, 64, 72]. Mitochondrial 

cytochrome c release and ROS production were observed in yeast cells undergoing apoptosis 

through external application of acetic acid, amiodarone or α-factor (Figure 2) [57, 64, 83]. 

Interestingly, heterologous expression of mammalian Bax was also sufficient to promote the 

release of cytochrome c to cytosol, which was in turn inhibited by co-expression of the anti-

apoptotic protein Bcl-xL [104]. Moreover, in a response to apoptotic stimuli such as external 

application of low doses of H2O2 or during physiological conditions such as chronological aging, 

yeast AIF was also demonstrated to undergo a translocation from mitochondria to the nucleus 

[61]. Likewise AIF, the yeast homologue of endoG is released from the mitochondria to the 

nucleus upon external application of low doses of H2O2 [60]. However, the events that are 

responsible for the release of such proteins are still elusive in yeast cells, and require further 

investigation. Are these apoptogenic factors released by a specific or an unspecific mechanism? 

In higher eukaryotic cells, it was demonstrated that release of cytochrome c, AIF or endoG was 

dependent on MOMP, which in turn has been attributed to (reviewed in [105]): i) the formation of 

permeability transition pore (PTP), which is an inner membrane channel that has as core 

components the adenine nucleotide translocator (ANT), voltage dependent anion channel (VDAC) 

and cyclophilin D, and/or; ii) the action of pro-apoptotic Bcl-2 family members, such as Bax, 

through the formation of the mitochondrial apoptosis-induced channel (MAC) in the outer 
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mitochondrial membrane (OMM) [106]. Important clues concerning the mechanism by which 

those pro-apoptotic proteins are released from yeast mitochondria were already obtained. Pavlov 

and coworkers demonstrated that when expressed in yeast cells, Bax induced the formation of 

MAC, whose activity correlates with the release of cytochrome c from mitochondria and whose 

diameter is sufficient to permit the diffusion of other proteins (Figure 2) [107]. More recently, 

Pereira and coworkers demonstrated that the yeast ADP/ATP isoforms Aac1p, Aac2p, Aac3p, 

which are the orthologues of mammalian ANT, are necessary for apoptosis triggering, since 

deletion of AAC proteins not only protected cells against acetic acid, but also inhibited 

cytochrome c release [89]. Altogether these results indicate that ANT and MAC seem to concur 

for the mitochondrial release of cytochrome c in yeast cells. However, the exact role of 

cytochrome c release in yeast apoptosis is not totally understood. Does mitochondrial 

cytochrome c release concurs for metacaspase activation, like it concurs for caspase activation in 

higher eukaryotic cells? The answer to these questions was partially uncovered in recent reports. 

Ludovico and coworkers started this demanding quest by demonstrating that apoptosis upon 

acetic acid treatment is impaired in yeast cells lacking functional cytochrome c [64], indicating its 

requirement for apoptosis triggering. More recently, Silva and coworkers indicated that deletion of 

yeast metacaspase results in an impairment of mitochondrial swelling and reduction of christae 

and rescued cells from apoptosis induced by hyperosmotic stress [86]. In addition, the authors 

found that yeast cells lacking mature cytochrome c presented decreased caspase-like activity 

[86], leading to the notion that cytochrome c could also be involved in yeast metacaspase 

activation. In addition to the release of cytochrome c, yeast mitochondria also releases AIF and 

endoG upon apoptotic stimuli. Nevertheless, the exact mechanism by which Aif1p translocates 

from mitochondria to nuclei is not known in yeast, but Wissing and coworkers gave indications 

that it is dependent on cyclophilin A (Cpr1p), an OMM protein [61]. The authors have also 

demonstrated by an in vitro assay that purified Aif1p is able to degrade nuclei and plasmid DNA, 

confirming its nuclease activity [61], and reinforcing the notion that Aif1p, like mammalian AIF is 

involved in a metacaspase-independent route of cell death execution (Figure 2). However, its 

apoptotic function seems to be also partially dependent on yeast metacaspase, since deletion of 

YCA1 gene was able to partially suppress cell death in H2O2-treated Aif1p-overexpressing yeast 

cells [61]. Since AIF function during higher eukaryotic cells PCD, was also demonstrated to be 

dependent, in some situations, on earlier caspase activation [41], the finding of yeast 

metacaspase-dependence for AIF function points to an ancestral conservation of AIF regulation 
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and supports the notion that caspase-dependent and independent cell death routes might 

interact or overlap at some point (see sections 1.3.2 and 1.3.3.).  

 

 

Figure 2 – Mitochondrial pathways of yeast apoptosis. Adapted from [91], with alterations. 
 

In addition to Aif1p, the pro-apoptotic factor AMID was recently described in yeast. The 

AMID (Ndi1p), is an inner mitochondrial membrane protein, and its overexpression results in 

apoptosis, under respiratory-restricted conditions, with increased levels of ROS [72]. Paralelly, 

other pro-apoptotic regulators were described in yeast cells. Upon overexpression, the homologue 

of endoG, Nuc1p, was shown to translocate from mitochondria to the nucleus, efficiently 

triggering apoptosis in yeast cells (Figure 2), independently of Aif1p and metacaspase [60]. 

Additionally, this study in yeast cells, performed by Büttner and coworkers, was the first to 

propose an explanation for the endoG-dependent cell death execution route. Authors 

demonstrated that Nuc1p is able to interact with PTP protein members (Aac2p – yeast ANT 

homologue; Por1p – yeast VDAC homologue), karyopherin Kap123p and histone H2B, indicating 

that Nuc1p is released from mitochondria upon mitochondrial pore opening, imported into the 

nucleus where it associates with chromatin, mediating cell death [60]. Additionally, and 

reinforcing the magisterial role of mitochondria in the life and death decisions, the effect of 

endoG was shown to be dependent on the rate of mitochondrial respiration. Deletion of NUC1 
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abrogated apoptotic death when mitochondrial respiration was increased but enhanced necrotic 

death when oxidative phosphorylation was repressed [60].  

Although some information needs to be clarified, like the exact role of cytochrome c in 

the process of yeast apoptosis, the possibility of cytochrome c being involved in metacaspase 

activation and the exact mechanisms that induces MOMP in yeast cells, the available information 

clearly demonstrate that yeast commitment to cell death largely depends on mitochondria and its 

enclosed protein regulators, indicating that mitochondria regulation of apoptosis is an 

evolutionary conserved phenomenon, and that apoptotic routes might lying on the first eukaryotic 

cells through the establishment of a symbiotic relation between eubacteria and host cells, as 

previously suggested [16].   

1.3.2 METACASPASE-DEPENDENT APOPTOSIS IN YEAST 

Metacaspases are a class of proteins with modest but distinct sequence similarity to 

metazoan caspases, sharing the universally conserved HG-spacer-C cysteine/histidine catalytic 

dyad motif found in caspases [108]. Initially, Madeo and coworkers found that overexpression of 

Yca1p resulted in its autocatalytic processing, dependent on the conserved Cys297 residue, and 

rendered yeast cells more sensitive to exogenous or aging-related oxidative stress [67]. The 

authors demonstrated that extracts of H2O2-treated Yca1p-overexpressing yeast cells were active 

towards the synthetic caspase substrates Val-Glu-Ile-Asp-AMC and Ile-Glu-Thr-Asp-AMC, indicating 

that Yca1p metacaspase behaves as a bona fide caspase [67]. However, further experiments 

performed by Watanabe and Lam demonstrated that yeast metacaspase only displays the 

capacity, similarly to plant metacaspases, to cleave P1-Arg and P1-Lys substrates [104]. Despite 

this contradiction, since the initial characterization and involvement in the aging or H2O2-induced 

apoptotic processes, yeast metacaspase was implicated in yeast apoptosis induced by external 

application of a variety of compounds, genetic manipulation or physiological conditions (reviewed 

in [68], see Table 1). However, yeast metacaspase, like mammalian caspases (reviewed in 

[109]), also displays non-death functions in yeast cells, as indicated by Lee and coworkers, which 

provided evidence indicating a participation of metacaspase in the G2/M mitotic checkpoint 

[110]. Moreover, not all apoptotic scenarios ascertained as being metacaspase-dependent, might 

indeed involve yeast metacaspase, or at least might not dramatically depend on it, as artifacts 

were recently attributed to the widely used technique of assessment of caspase-like activity, 

which is based on the binding of specific fluorochrome-labelled cell-permeable inhibitors of 
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caspases (FLICAs, e.g. FITC-VAD-FMK). Data from literature indicates that FITC-VAD-FMK can 

artefactually stain propidium iodide-negative intact cells during chronological aging [70] and also 

dead yeast cells [111]. Nevertheless, it was recently described that the substrate D2R 

(Asp2Rhodamine 110) is able to specifically detect aspartic proteases in yeast cells [70]. Thus, it 

seems important to re-evaluate the number of D2R-positive cells in apoptotic conditions and in 

Δyca1 cells, in order to improve with exactitude the knowledge about the contribution of the yeast 

metacaspase for the distinct apoptotic scenarios.   

 

Table 1 – Yeast apoptotic cell death scenarios associated to metacaspase Yca1p. Adapted from [68], with 
alterations. 
 

Cellular treatment/external extimuli  References 
H2O2 

Acetic acid 
NaCl stress 
Hyperosmotic stress 
Valproic acid 
Arsenic 
Manganese 
Menadione 
Caffeine 

 [67] 
[112] 
[54] 
[86] 
[113] 
[114] 
[115] 
[99] 
[112] 

Mutants Biological process  
cdc48S565G 

ubp10Δ 
orc2-1 
lsm4Δ1 
fis1Δ 
cit1 
isc1 

(ER)-associated protein degradation (ERAD) pathway 
Deubiquitination 
DNA replication 
Decapping 
Mitochondrial fission 
Mitochondrial metabolism 
Sphingomyelinase 

[116] 
[117] 
[118] 
[112] 
[63] 
[119] 
[120] 

Expression of proteins involved in 
human diseases 

Disease  

Expanded polyQ domain expression 
α-synuclein 

Huntington’s disease 
Parkinson’s disease 

[121] 
[122] 

Physiological conditions   

Chronological aging 
Killer toxins 

 [52] 
[123] 

 

Even though several studies have already implicated metacaspase in the triggering of 

yeast apoptosis, both upstream and downstream metacaspase activation events are still 

unknown. Concerning the upstream metacaspase activation events, and as described in the 

chapter’s section above, research is urgent in order to answer to the following questions: Is ROS 

signaling able to activate metacaspase? Is cytochrome c responsible for metacaspase activation? 

Moreover, in order to get a detailed perspective about the yeast apoptotic processes, the 

downstream metacaspase activation events also need to be investigated. In fact, no yeast 

metacaspase substrates were described so far. This lack of knowledge impairs the understanding 

of the signaling pathways regulated by this metacaspase and the exact determination of its 
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consensus cleavage sequence(s). The identification of the yeast metacaspase substrates will 

allow combining several pieces of information obtained until now, through the determination of 

the main physiological pathways involved/affected during yeast apoptosis, and the precise 

hierarchies of events, allowing the definition of the molecular routes that culminate in cell death.   

1.3.3 METACASPASE-INDEPENDENT APOPTOSIS IN YEAST 

As described in section 1.1, mammalian cells are not only able to commit to cell death by 

apoptosis, depending on caspases, but also by a caspase-independent mechanism. Likewise, 

yeast cells might undergo a PCD process without the involvement of metacaspase. Examples of 

this are the apoptotic processes induced by defects in N-glycosylation, Cu2+ stress, and 

Dermaseptin S3(1-16), a member of a family of cationic, lysine-rich, amphipathic antimicrobial 

peptides from the tree-frog Phyllomedusa sauvagii [115, 124, 125]. In all these death scenarios, 

typical apoptotic markers such as, DNA fragmentation and ROS accumulation, and with the 

exception of Cu2+ stress, exposition of phosphatidylserine, could be visualized. However, deletion 

of YCA1 gene was not sufficient to abrogate the imposed yeast cell death [115, 124, 125]. This 

indicates that other cell death regulators need to be activated, in order to execute apoptosis-like 

yeast cell death. Yeast homologue of endoG (Nuc1p) seems to mediate the yeast metacaspase-

independent apoptotic-like cell death process [60]. Similarly, Aif1p seem to participate in a 

metacaspase-independent cell death process, but in a lesser extent, as cell death imposed by 

overexpression of Aif1p followed H2O2 treatment was partially suppressed by metacaspase 

abrogation [61]. These reports confirm that yeast cells display the capacity to commit to an 

apoptosis-like cell death mechanism that does not require metacaspase, however, the existence 

of metacaspase-independent cell death mechanisms does not preclude the presence of other 

proteases that might account for cell death. In fact, Herker and coworkers demonstrated that 

during chronological aging, a physiological scenario of apoptosis induction, YCA1 null cells and 

wild-type cells presented approximately the same percentage of caspase-like activity [52], which 

could be an indication of either unknown caspase-like proteases activation, or simply an artifact 

due to the use of FITC-VAD-FMK for caspase-like activity assessment, without further 

complementation with propidium iodide exclusion assay. Nevertheless, in a different approach, 

Váchová and coworkers demonstrated that during apoptosis in aged colonies, deletion of YCA1 

gene had no impact, and that aspartic protease activity, measured through the use of the specific 

probe D2R, could be observed in YCA1 mutant cells [70], demonstrating that other protease(s) 
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than metacaspase could be involved in the yeast apoptotic cell death. This is the case with 

defective N-glycosylation, whereas the protease Kex1p was demonstrated to be a mediator of the 

observed apoptotic cell death, as its disruption not only recued cells from death, but also resulted 

in a detectable decreased caspase-like activity, mitochondrial fragmentation and ROS production 

[124]. Similarly, Yang and coworkers recently described that the caspase-like protease, Esp1p, is 

activated during H2O2-induced apoptosis, upon release from the anaphase inhibitor Pds1p, 

cleaving the yeast homologue of human cohesin Rad21, Mcd1p. Consequently, Mcd1p is 

translocated from mitochondria to nucleus, resulting in an enhancing of cell death [126]. 

Altogether, these evidence indicates that in parallel with a metacaspase-dependent pathway, an 

alternative metacaspase-independent route exists in yeast cells, that might however crosstalk at 

some point. It is therefore crucial to identify other proteases involved in the yeast cell death 

processes and to investigate the interactions between yeast metacaspase and other proteases 

with a role in cell death, in order to ascertain the hierarchy of events, namely, the putative 

activation of proteases by yeast metacaspase, or the opposite.  

1.4 YEAST AS A MODEL FOR APOPTOSIS RESEARCH  

A deregulation of apoptosis is at the basis of several illnesses, such as cancer, 

neurodegeneration, immune-deregulation or infections. Moreover, as patent in the previous 

sections, yeast cells share some conserved apoptotic regulators and events with mammalian 

cells. Therefore, due to the easily tractable genetics, yeast cells appear as an excellent model 

system for the elucidation of the mode of action of compounds which are being, or not, currently 

employed in clinical practice, or for the discovery of new mammalian therapeutically target 

molecules. Moreover, yeast cells have long been used for the expression and comprehension of 

the function of human proteins, involved or not in distinct pathologies. In fact, yeast models for 

both Huntington’s (HD) and Parkinson’s (PD) diseases are available, based on the expression of 

huntingtin [127] and α-synuclein [128], respectively, demonstrating that some features of protein 

aggregation and toxicity could be successfully reproduced in yeast cells (reviewed in [129]). 

Therefore, yeast as a simple eukaryotic microorganism displaying an apoptotic machinery with 

remarkable similarities with that of mammalian cells, could be easily employed for the study of 

the cell death processes imposed by the expression of proteins involved in several diseases. On 

the other hand, yeast cells do not completely recapitulate the mammalian apoptotic pathways 

and events. Good examples are the fungal metacaspases. Even though they are orthologues of 
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caspases, they display enough structural dissimilarity to allow the design/screening of 

compounds or molecules that selectively activate metacaspases and not caspases. Given the 

problems of resistant phenotypes and toxicity associated with the antifungal drugs currently in 

use and to the increasing number of invasive fungal infections in immunocompromised patients, 

the identification of molecules that allow the specific manipulation of yeast cell death without 

causing serious side effects on human cells could be obtained through studies on the yeast 

apoptotic mechanism, and may revolutionize the way fungal infection are treated nowadays.  

1.4.1 DRUG-INDUCED APOPTOSIS IN YEAST 

DNA damage, defects in DNA replication and cell cycle checkpoints identified in yeast 

have been shown to induce cell death resembling metazoan apoptosis [55, 118], suggesting that 

studies in yeast may provide valuable input regarding the effects of some antitumor drugs 

directed against those targets. In this line, several studies were already conducted in yeast cells 

in order to ascertain the type of cell death induced by different antitumor drugs, and the involved 

molecular players (see attachment I for a complete review on the section’s subject). Paclitaxel, 

arsenic, bleomycin, valproate (VPA) and edelfosine represent the most well studied antitumor 

drugs inducing yeast apoptotic phenotypes, and all the evidence indicates that the cell death 

mechanisms induced by those antitumor drugs share some homologies with the mammalian 

system. With the exception of bleomycin it is predominant the involvement of mitochondria, 

metacaspase and especially ROS production/accumulation [113, 114, 130-134] (Figure 3). 

However, the role of mitochondria seems to be more relevant under arsenic-induced apoptotic 

conditions, as this compound was demonstrated to trigger mitochondrial membrane 

permeabilization and cell death was inhibited in rho0 mutant cells [114, 131]. Yeast 

metacaspase seems to be required for the progress of apoptosis induced by both arsenic and 

VPA (Figure 3), as deletion of YCA1 was able to confer cell death protection to this antifungal 

compounds [113, 114]. Additionally, like in mammalian cells [135, 136], VPA also promotes 

yeast cell death independently of caspase-like proteases, since when added at high 

concentrations it induces cell death with morphological features similar to those of autophagic 

cell death (ACD) [113]. Even though the presented studies have already demonstrated the 

involvement of several yeast apoptotic players in cell death induced by antitumor drugs, not all 

the studies explored the knowledge of yeast molecular apoptotic pathway(s). Even so, the data 
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herein discussed point out the potential value of yeast to study apoptotic based therapies and 

drug targets. 

 

 

Figure 3 - Schematic representation of yeast apoptotic phenotypes and events induced by antitumor drugs. Adapted 
from [137], with alterations. 
 

As described to above, the yeast apoptotic machinery does not completely recapitulate 

the mammalian one, and therefore, yeast appear as a good model for the screening of new 

antifungal drugs or antifungal drug targets that upon modulation could trigger apoptosis in yeast 

without causing major damage to human cells. One of the best characterized and commercially 

available antifungal drug is amphotericin B (AmB), a polyene agent efficiently used for treating 

invasive fungal infections, but generally associated with high toxicity against human cells [138]. 

Phillips and coworkers assessed the toxic effects of AmB in Candida albicans, revealing that AmB 

induces an apoptotic mechanism, with the occurrence of arrest in G2/M cell cycle phases, 

chromatin condensation, nuclear fragmentation, phosphatidylserine externalization and ROS 

accumulation [139]. Besides this antifungal drug currently employed in clinical practice, other 

compounds isolated from distinct organisms have proved to display effective antifungal capacities 

through the induction of apoptosis. Osmotin, a Tobacco pathogenesis-related protein, 
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dermaseptins and pradimicin, an Actinomadura hibisca-derived antibiotic, were found to induce 

cell death in yeast with apoptotic features [125, 140-142]. Remarkably, all the compounds seem 

to promote the production/accumulation of ROS and induce DNA fragmentation [125, 140-142]. 

Another group of compounds that display antifungal capacities are histatins, histidine-rich 

cationic peptides secreted by the parotid and the submandibular/sublingual human salivary 

glands [143]. Although scarce, evidence for the induction of a histatin 5-mediated apoptotic 

process in yeast exists [144-148], and once more, points for the involvement of mitochondria in 

the cell death process, as demonstrated by the induction of mitochondrial membrane 

depolarization and swelling, and the generation of ROS [144-148]. On the other hand, with the 

exception of AmB and pradimicin, no cases of apoptosis induction in mammalian cells is 

reported for the described antifungal drugs, indicating that these drugs exert their fungicidal 

activity most probably by targeting fungal specific cell death pathways and/or regulators. 

Interestingly, mitochondria and ROS seem to possess central roles in the cell death induced by 

antifungal drugs. However, this might be contradictory with a scenario of fungal specific cell 

death pathways activation by these compounds as mitochondria and ROS generations are also at 

the basis of the mammalian apoptotic mechanisms. Further research on antifungal drugs actions 

might reveal if some of these drugs are able to modulate yeast specific PCD regulators, a 

situation that might revolutionize the way fungal infections are treated nowadays.  

1.4.2 APOPTOSIS IN YEAST MODELS FOR NEURODEGENERATIVE DISEASES 

Yeast have an extensive history of use in biotechnology and biomedicine, as valuable 

microorganisms for studying the principles of microbiology, characterizing biochemical pathways, 

and understanding the biology of more complex eukaryotic cells [149]. More recently, yeast cells 

have been used as model cells in order to uncover molecular mechanisms involved in a variety of 

neurodegenerative disorders caused by protein misfolding, such as HD and PD (reviewed in 

[129]). HD is caused by the expansion of a polyglutamine (polyQ) tract beyond a critical length 

(aprox. 35 glutamines) in the huntingtin (Htt) protein, leading to the misfolding of mutant Htt and 

the formation of mutant Htt-containing protein aggregates. HD yeast models [127] revealed that 

toxicity imposed by aggregation of Htt is dependent on the prion protein Rnq1p [150]. Similar to 

which occurs in mammals [151], expression of expanded polyQ Htt in yeast was shown to trigger 

apoptosis [121], requiring the involvement of mitochondria, as revealed by the impairment of 

mitochondrial respiratory chain complexes II and III upon expanded polyQ Htt expression [152], 
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and participation of yeast metacaspase [121]. Studies conducted in yeast cells were also able to 

reveal that toxicity observed upon expression of expanded polyQ Htt could be suppressed by the 

overexpression of the chaperones Hsp104 (involved in the extension of the yeast replicative life 

span [153]) and Ssa1p [154, 155]. These results demonstrate that the physiological 

consequences, and the protective mechanism triggered by expanded polyQ domain expression in 

yeast cells are similar to those observed in neurons [156], indicating that valuable inputs 

regarding this pathology could be provided through studies conducted in yeast cells. 

PD is characterized by the presence, in dopaminergic neurons, of cytoplasmic inclusions, 

called Lewy bodies, containing among others the protein α-synuclein, which mutations are at the 

basis of the familiar form of PD [157, 158]. A PD yeast model was developed, which revealed 

fruitfully in the elucidation of the cellular effects promoted by α-synuclein expression [128]. 

Flower and coworkers have subsequently demonstrated that α-synuclein-expressing cells exhibit 

an apoptotic phenotype, characterized by externalization of phosphatidylserine, accumulation of 

ROS, and release of cytochrome c from mitochondria [122]. In addition, they have provided 

evidence for the involvement of yeast metacaspase in the promotion of ROS production and 

consequent cell death [122]. More recently, Büttner and coworkers have established a yeast 

aging model for PD, analyzing the yeast chronological life span [159]. Interestingly, authors found 

that deletion of pro-apoptotic key players, such as yeast metacaspase and AIF1 had no effect in 

the prevention α-synuclein-induced cell death. On the contrary, abrogation of mitochondrial DNA 

(rho0 mutants) was able to inhibit ROS formation and consequently the apoptotic process, 

demonstrating a key role of mitochondria in the death process induced by α-synuclein expression 

during aging [159]. All these reports demonstrated that several death features occurring in high 

eukaryotic models for neurodegenerative disorders could be successfully recapitulated in yeast 

cells. These facts, associated with the tractable yeast genetics, place this eukaryotic 

microorganism as an excellent “toolbox” to elucidate putative universal apoptotic regulators that 

could be valuable targets to be modulated in future.  

 

 

This chapter attempts to summarize the relevant findings and the current knowledge on 

the yeast apoptotic process. However, several questions concerning yeast apoptotic events 

remain to be answered. In this sense, the available information comprise several pieces of a 

complex puzzle that needs to be put together in order to obtain an integrated perspective of the 
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regulators and events that underlie the yeast apoptotic processes. Similarly to higher eukaryotic 

cells, yeast might display distinct molecular pathways leading to apoptosis that may be 

dependent on the nature of the apoptotic stimuli. On the next chapters, results will be presented 

in an attempt to get new insights on the yeast endogenous apoptotic machinery, by analyzing the 

events and pathways triggered/affected by different apoptotic inducers. As patent in this chapter, 

yeast cells could also be successfully employed in the screening of antifungal compounds which 

mode of action relies on the modulation of yeast cell death machinery. Following this line of 

thought, an analysis of the cell death process imposed by the antifungal drug ciclopirox olamine 

(CPO) will also be presented. 
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                                                                                                CHAPTER 2 

Yeast protein expression profile during acetic acid-induced apoptosis indicates 

involvement of the TOR pathway and GAAC system 

Almeida, B., Ohlmeier, S., Silva, A., Gourlay, C.W., Almeida, A.J., Madeo, F., Leão, C.,  

Rodrigues, F. and Ludovico, P. 
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2.1 ABSTRACT 

Although acetic acid has been shown to induce apoptosis in yeast, the exact apoptotic 

mechanisms remain unknown. Here we studied the effects of acetic acid treatment on yeast cells 

by 2-D gel electrophoresis, revealing alterations in the levels of proteins directly or indirectly 

linked with the target of rapamycin (TOR) pathway: amino acids biosynthesis, 

transcription/translation machinery, carbohydrate metabolism, nucleotide biosynthesis, stress 

response, protein turnover and cell cycle. The increased levels of proteins involved in amino acids 

biosynthesis presented a counteracting response to a severe intracellular amino acids starvation 

induced by acetic acid. Deletion of GCN4 and GCN2 encoding key players of general amino acids 

control (GAAC) system caused a higher resistance to acetic acid indicating an involvement of 

Gcn4p/Gcn2p in the apoptotic signaling. Involvement of the TOR pathway in acetic acid-induced 

apoptosis was also reflected by the higher survival rates associated to a TUNEL negative 

phenotype and lower reactive oxygen species levels of ∆tor1 cells. In addition, deletion mutants 

for several downstream mediators of the TOR pathway revealed that apoptotic signaling involves 

the phosphatases Pph21p and Pph22p but not Sit4p. We also demonstrated that under these 

experimental conditions, the translation elongation factor eEF1A, which is a bona fide actin 

binding and bundling protein, translocates to the mitochondria. Consequently, cells underwent 

changes on their actin cytoskeleton and experienced elevated levels of reactive oxygen species. In 

yeast, eEF1A is encoded by both TEF1 and TEF2. However, this novel role for eEF1A in the 

promotion of cell death seems to be exclusive of Tef1p. Altogether our results suggest that GAAC 

and TOR pathways, together with translation elongation factor eEF1A, are involved in the 

signaling of acetic acid-induced apoptosis. 
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2.2 INTRODUCTION 

For many years, apoptosis, a form of active cell death that requires the coordinated 

activation and execution of multiple sub-programmes, has been assumed to be confined to 

multicellular organisms. Nowadays, it is well known that the yeast Saccharomyces cerevisiae is 

also able to undergo cell death with an apoptotic phenotype upon induction by several stimuli, 

including acetic acid [87, 160]. Nevertheless, the mechanisms that regulate yeast apoptosis are 

still poorly understood. In fact, only few yeast cell death regulators and molecular events that take 

place during yeast cell death processes have been identified [87, 160]. Laun and colleagues 

used global transcriptome analysis to investigate the mechanisms underlying the apoptotic 

phenotype of S. cerevisiae using temperature sensitive cdc48S565G [46] or orc2-1 [118] cells. 

Genes involved in cell cycle regulation, DNA repair, oxidative stress response, mitochondrial 

functions and, to a lesser extent, cell surface rearrangement, were found to be differentially 

regulated during yeast apoptosis [79]. However, in mammalian cells a large fraction of the events 

guiding cell death programs are dependent on protein posttranslational modifications rather than 

on genomic regulatory pathways [161]. Therefore, the functional characterization of proteins and 

regulatory networks involved in these processes is essential to further elucidate apoptosis as a 

mechanistic phenomenon. In yeast, acetic acid-induced apoptosis was proven to involve 

mammalian homologous regulators [48, 61, 63]. Thus, by combining a proteomic approach (2-D 

gel electrophoresis, 2-DE, and mass spectrometry) for the analysis of total cellular extracts, as 

well as mitochondrial extracts, along with functional studies of acetic acid treated S. cerevisiae 

cells, we reveal that acetic acid causes severe intracellular amino acids starvation, involving the 

general amino acids control (GAAC) system as well as the TOR pathway (Tor1p) culminating in 

apoptotic cell death. We also provide evidence for the involvement of translation elongation factor 

eEF1A in acetic acid-induced apoptotic signaling.  

2.3 MATERIALS AND METHODS 

Strains, media and treatments 

S. cerevisiae strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) and the respective 

knockouts in TOR1, PPH21, PPH22, SIT4, GCN2, and GCN4 genes (EUROSCARF, Frankfurt, 

Germany) were used.  Strains M196 (MATa leu2-3,112 his4-713 met2-1 ura3-52 trp1-∆1), 

M198 (MATa leu2-3,112 his4-713 met2-1 ura3-52 trp1-∆1 ∆tef1::LEU2) and M133 (MATa leu2-
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3,112 lys2-20 ∆tef2::URA3 ura3-52 trp1-7 his4-713) were also used, and correspond to wild-

type, ∆tef1 and ∆tef2 cells respectively, previously described in [162] (kindly provided by Prof. 

Sandbaken). For acetic acid treatment, yeast cells were grown until the early stationary phase in 

liquid YPD medium containing glucose (2%, w/v), yeast extract (0.5%, w/v) and peptone (1%, 

w/v). Cells were harvested and suspended (107 cells/ml) in fresh medium (pH 3.0) followed by 

the addition of 140, 160, 180, and 200 mM acetic acid and incubation during 200 minutes at 

26ºC with stirring (150 rpm) [64]. After treatment, 300 cells were spread on YPD agar plates and 

viability was determined by counting colony-forming units after 2 days of incubation at 26ºC. For 

proteomic analysis, experiments were performed in YPD medium and an equitoxic dose of acetic 

acid, inducing 50% of apoptotic cell death evaluated by TUNEL assay after 200 minutes, was 

used. Treatment with rapamycin (0.1 μg/ml) was carried out for 60 min at 26ºC (150 rpm) prior 

to acetic acid treatment as described above. 

 

Preparation of protein extracts 

For preparation of total cell extracts, apoptotic or non-apoptotic yeast cells were collected 

and washed twice with 2 ml TE buffer (1 mM EDTA, 0.1 M Tris/ HCl pH 7.5, Complete Mini 

protease inhibitor cocktail, Roche, Mannheim, Germany). Cells were disrupted using a French 

Press with 900 PSI (62.1 bar) and the cell lysate centrifuged. Protein aliquots of total cellular 

extracts (100 μg, 600 μg) were stored at -20°C. For preparation of purified mitochondrial 

extracts, cells were collected and mitochondria isolated as previously described [163]. Protein 

concentrations were determined with a commercially available kit (RotiNanoquant, C. Roth, 

Karlsruhe, Germany) and protein aliquots (100 μg, 600 μg) stored at -20°C. To verify the 

reproducibility three independent samples, either from mitochondrial or total cellular extract, 

were obtained for each of the two conditions (control and acetic acid-treated) and each sample 

separated within four 2-D gels. 

 

2-D gel electrophoresis (2-DE) 

For 2-DE the protein pellet was resuspended in urea buffer (8 M urea, 2 M thiourea, 1% 

[w/v] CHAPS, 20 mM DTT, 0.8%, [v/v] carrier ampholytes and Complete Mini protease inhibitor 

cocktail). The protein separation was done as previously described [164]. Briefly, the protein 

solution was adjusted with urea buffer to a final volume of 350 l and in-gel rehydration was 

performed over night. Isoelectric focusing (IEF) was carried out in IPG strips (pH 3–10, non 
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linear, 18 cm; GE Healthcare, Uppsala, Sweden) with the Multiphor II system (GE Healthcare) 

under paraffin oil for 55 kVh. SDS-PAGE was done over night in polyacrylamide gels (12.5% T, 

2.6% C) with the Ettan DALT II system (GE Healthcare) at 1-2 W per gel and 12ºC. The gels were 

silver stained and analyzed with the 2-DE image analysis software Melanie 3.0 (GeneBio, Geneva, 

Switzerland). The apparent isoelectric points (pI) and molecular masses (Mr) of the proteins were 

calculated with Melanie 3.0 (GeneBio) using identified proteins with known parameters as a 

reference. An expression change was considered significant if the intensity of the corresponding 

single spot differed reproducibly more than two-fold and was reproducible for all three 

experiments.  

 

Identification of altered proteins by mass spectrometry 

To identify low abundant proteins, the spots were excised from 2-D gels separated with 

600 μg of protein, in-gel digested, and identified from the peptide fingerprints as described 

elsewhere [164]. Proteins were identified with the ProFound database, version 2005.02.14 

(http://prowl.rockefeller.edu/prowl-cgi/profound.exe) using the following parameters: 20 ppm; 1 

missed cut; MH+; +C2H2O2@C (Complete), +O@M (Partial). The identification of a protein was 

accepted if the peptides (mass tolerance 20 ppm) covered at least 30% of the complete 

sequence. Sequence coverage below 20% was only accepted if at least three main peaks of the 

mass spectrum matched with the sequence and the number of weak-intensity peaks was clearly 

reduced. If the protein spot was detected at a lower molecular mass than expected, which 

indicates processing or fragmentation, the spot-specific peptides in the mass spectrum were also 

analyzed to confirm which parts of the corresponding protein sequence matched with these 

peptides. If the mass spectrum of the spot lacked peptides observed for the complete protein it 

was indicated as a protein fragment. Therefore, both the spot position observed by 2-DE and the 

specific peptides in the corresponding mass spectrum were analyzed to indicate a putative 

protein fragment. 

 

Western-blot analysis 

For detection of protein levels by western-blot in total cellular extracts, untreated or acetic 

acid treated cells (140 mM) were collected and disrupted using glass beads in lysis buffer [1% 

(v/v) Triton X-100, 120 mM NaCl, 50 mM Tris-HCl pH 7.4, 2 mM EDTA, 10% (v/v) Glycerol, 1 

mM PMSF and Complete Mini protease inhibitor cocktail (Roche, Mannheim, Germany)]. 40 μg 
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of total protein were resolved on a 10% SDS gel and transferred to a nitrocellulose membrane 

during 90 min at 100V. Membranes were then probed with the following antibodies: polyclonal 

rabbit anti-Rnr2p (1:7000), polyclonal rabbit anti-Rnr4p (1:7000, both antibodies were kindly 

supplied by Prof. Stubbe J.), polyclonal rabbit anti-Eft1p/2p (1:15000), polyclonal rabbit anti-

Tef1p/2p (1:15000, both antibodies were kindly supplied by Prof. Kinzy, T.G.), polyclonal rabbit 

anti-Tif1p/2p (1:15000, kindly supplied by Prof. Montero-Lomelí, M.) and polyclonal anti-yeast 

actin antibody (1:2000, kindly supplied by Prof. Cooper, J.). Horseradish peroxidase-conjugated 

anti-rabbit IgG secondary antibody was used, at a dilution of 1:5000 and detected by enhanced 

chemiluminescence. 

 

Apoptotic markers 

Apoptotic nuclear morphological alterations of acetic acid-treated yeast cells were 

assessed by 4,6-diamino-2-phenyl-indole dihydrochloride (DAPI) staining. Treated and non-treated 

cells were harvested, washed, and suspended in DAPI solution (0.5 mg/ml in PBS). Cells were 

then incubated in the dark for 10 min at 37ºC. Stained cells were washed twice with PBS and 

visualized by epifluorescence microscopy with an Olympus BX61 microscope equipped with a 

high-resolution DP70 digital camera and with an Olympus UPlanSApo 100X/oil objective, with a 

numerical aperture of 1.40.  

DNA strand breaks were assessed by a terminal deoxynucleotidyl transferase-mediated 

dUTP nick end labeling (TUNEL) assay with the In situ Cell Death Detection Kit, Fluorescein 

(Roche Applied Science, Indianapolis, IN, U.S.A.). Yeast cells were initially fixed with 3.7% 

formaldehyde followed by digestion of the cell walls with lyticase. After preparation of cytospins, 

the slides were rinsed with PBS, incubated in permeabilization solution (0.1%, v/v, Triton X-100 

and 0.1%,w/v, sodium citrate) for 3 min on ice, rinsed twice with PBS, and incubated with 10 l 

of TUNEL reaction mixture (terminal deoxynucleotidyl transferase and FITC-dUTP) for 60 min at 

37°C [48]. Finally the slides were rinsed three times with PBS and a coverslip was mounted with 

a drop of anti-fading agent Vectashield (Molecular Probes, Eugene, OR, U.S.A.) and with 2 l of 

50 g/ml propidium iodide (PI, Molecular Probes, Eugene, OR, U.S.A.) solution in Tris buffer (10 

mM, pH 7.0) with MgCl2 (5 mM) and RNase (0.5 g/ml). Cells were visualized with an Olympus 

PlanApo 60X/oil objective, with a numerical aperture of 1.42. For quantification of the number 

TUNEL positive cells, at least 400 cells from three independent assays were counted. Data 

express the percentage of TUNEL positive cells compared to the total number of counted cells. 
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Assessment of intracellular reactive oxygen species (ROS) 

Free intracellular reactive oxygen species (ROS) were detected with dihydrorhodamine 

123 (DHR123) (Molecular Probes, Eugene, OR, U.S.A.). DHR123 was added from a 1 mg/ml 

stock solution in ethanol to 5x106 cells/ml suspended in PBS, reaching a final concentration of 

15 g/ml. Cells were incubated during 90 min at 30ºC in the dark, washed in PBS and 

visualized by epifluorescence microscopy. For quantification of the number of cells displaying 

high ROS levels, at least 400 cells from three independent assays were counted. Data express 

the percentage of DHR123 positive cells compared to the total number of counted cells. 

 

Staining of actin filaments and Confocal microscopy 

For staining of actin filaments, treated and untreated cells were fixed in 3.7% 

formaldehyde and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS. After 2 times 

washing with PBS, cells were incubated 30 minutes with 0.1% bovine serum albumin (BSA) in 

PBS, at room temperature followed by incubation with 3 units (from a 200 units/ml stock 

solution) of rhodamine-phalloidin (Molecular Probes, Eugene, OR, U.S.A.) for 20 min. Cells were 

then washed, resuspended in PBS and visualized, at room temperature, by confocal microscopy. 

Images were acquired in a confocal Olympus FLUOVIEW microscope with an Olympus PLAPON 

60X/oil objective, with a numerical aperture of 1.42 and using the Olympus FLUOVIEW advanced 

software.  

 

Immunofluorescence assay 

Cells for immunofluorescence were processed as described previously [165]. DAPI 

staining was performed as described to above. Antibodies used to detect Abp1p (a gift from D. 

Drubin, University of California at Berkeley, U.S.A.) were used for immunofluorescence at a 

dilution of 1:50. Secondary antibodies used were FITC conjugated goat anti-rabbit antibodies 

(Vector Laboratories) at 1:100 dilution. GFP-Abp1p expression was driven by an actin promoter 

from a centromeric plasmid (a gift from Kathryn Ayscough, University of Sheffield, U.K.). Images 

were captured using an Olympus IX-81 epifluorescence microscope equipped with a Hamamatsu 

Orca II cooled CCD camera.  
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Quantification of intracellular amino acids 

For the quantification of intracellular amino acids untreated and treated cells were 

disrupted as described above. Protein was removed by TCA precipitation followed by sulfosalicylic 

acid clean-up and filtration. Samples were then analyzed by ion exchange column 

chromatography followed by post-column ninhydrin derivatization on an automated amino acids 

analyzer (Biochrome 30, Amersham Pharmacia Biotech, Cambridge, U.K.). 

 

Cell cycle analysis 

Cell cycle analysis was performed in untreated and acetic acid-treated (140 mM for 200 

min) cells. Cells were harvested, washed and fixed with ethanol (70% v/v) at 4ºC. Following, cells 

were sonicated, treated with RNAse for 1 h at 50ºC in sodium citrate buffer (50 mM sodium 

citrate, pH 7.5), and subsequently incubated with proteinase K (0.02 mg per 107 cells). Cellular 

DNA was then stained overnight at 4ºC with SYBR Green 10000X (Molecular Probes), diluted 10-

fold in Tris-EDTA (pH 8.0). Samples were then diluted 1:4 in sodium citrate buffer and analyzed 

by flow cytometry as described in [166]. Determination of cells in each phase of the cell cycle 

was performed offline with MODFIT LT software (Verity Software House, Topsham, ME). 

 

 Statistical analysis 

The arithmetic means for the intracellular amino acids quantification and comparison of cell 

survival rates are presented with standard deviation with a 95% confidence value. Statistical 

analysis was carried out using independent samples t-test analysis. A p-value lower than 0.05 

was assumed to denote a significant difference. 

2.4 RESULTS 

Acetic acid as an yeast apoptotic inducer 

 Although acetic acid is a well known yeast apoptotic inducer [48, 64, 167], prior to 

proteomic analysis we initially aimed to confirm the occurrence of massive apoptotic cell death 

under the specific scale-up conditions of acetic acid treatment used in this work to isolate higher 

amounts of total cellular protein extracts and purified mitochondrial extracts. Our results 

demonstrated that under these settings typical apoptotic phenotypes were induced, namely 

nuclear morphological alterations (Figure 1A) and approximately 50% of TUNEL positive cells 

(Figure 1B), validating these experimental conditions for further assays. 
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Figure 1 - Analysis of apoptotic markers in acetic acid-treated cells prior to proteomic assay. (A) Epifluorescence 
micrographs of acetic acid-treated or untreated (control) cells stained with DAPI to visualize nuclei. Arrows indicate 
typical apoptotic nuclear morphological alterations. (B) Epifluorescence and bright field micrographs of acetic acid-
treated and untreated (control) wild-type cells displaying TUNEL reaction to visualize double-strand DNA breaks. Cells 
were co-stained with propidium iodide in order to facilitate nuclei visualization. Examples of TUNEL positive cells 
(yellow nuclei due to the overlay between TUNEL reaction, green, and PI staining, red) are indicated with arrows. 
Bar, 5 m. 

 

The proteome of acetic acid-induced apoptotic cells reveals alterations in several TOR-

dependent cellular processes 

During the course of this work, we studied the mechanisms of acetic acid-induced 

apoptosis in yeast by comparing the total cellular proteome separated by 2-DE from treated and 

non-treated cells. This revealed that upon acetic acid-induced apoptosis 53 spots were affected 

(Figure 2, green and red circles), with 41 spots showing decreased (Figure 2, red circles) and 12 

spots increased (Figure 2, green circles) intensity. Mass spectrometry analyses revealed that 

these spots correspond to 28 proteins. To assess which cellular processes were influenced we 

clustered these proteins into functional groups. As shown in Table I, our results clearly point to 

the involvement of several cellular processes in the cell response to acetic acid-induced apoptotic 

conditions: amino acids biosynthesis (Frs1p, Leu1p, Lys9p, Ilv3p, Krs1p, Thr4p), 

transcription/translation machinery (Rpp0p, Rps12p, Wtm1p, Tif1p/Tif2p, Tef1p/Tef2p, 

Eft1p/Eft2p, Yef3p), stress response (Hsc82p, Hsp82p, Ssa1p, Ssa2p, Ssb1p, Ssb2p, Sse1p), 
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nucleotide biosynthesis (Ade6p, Rnr2p, Rnr4p), carbohydrate metabolism (Fba1p, Pdc1p, Pfk2p), 

cell cycle (Cdc10p), and protein turnover (Uba1p) (Table I). Given the cellular processes affected 

upon acetic acid-induced apoptosis, and the fact that the TOR pathway is the conserved master 

regulator of proliferation that is involved in nutrient and cellular energy sensing integrating these 

signals with the downstream regulation of transcription, translation, protein degradation, 

ribosome biogenesis, and cell cycle [168], our results point to the causal involvement of TOR 

pathway in the acetic acid-induced apoptotic process.  

 

Table I - Proteins of total cellular extracts altered upon acetic acid-induced apoptosis. The protein function was 
obtained from SGD (http://www.yeastgenome.org/) and the theoretical pI (isoelectric point) and Mr (molecular mass) 
was calculated with the Compute pI/Mr tool (http://ca.expasy.org/tools/pi_tool.html). Parameters for protein 
identification: P, measured specific peptides; SC, sequence coverage (in %). 
 

Total cellular proteome 

Proteins identified 
Spot 

number 
Function 

Expression 
levela 

Theoretical pI/Mr 
(kDa) 

Experimental 
pI/Mr (kDa) 

SC (%)/ P 

Stress response 
       

Hsc82 
15  

Chaperone of the Hsp90 family 
Down 

4.78/ 80.768 
4.81/ 68.584 27/12 

40  Up 4.69/ 87.114 42/ 19 
       

Hsp82 39  Chaperone of the Hsp90 family Up 4.84/ 81.406 4.84/ 89.577 41/ 20 
       

Ssa1 
25 

Member of the Hsp70 family 
Down 

5.00/ 69.526 
5.16/ 48.013 25/ 11 

    
       

Ssa2 
26  

Member of the Hsp70 family 
Down 

4.95/ 69.339 
5.25/ 47.162 17/ 5 

    
       

Ssb1 

6  

Member of the Hsp70 family 

Down 

5.32/ 66.470 

4.88/ 63.620 18/ 7 
7  Down 4.91/ 63.565 32/ 11 
16 Down 5.08/ 65.438 43/ 11 
    

       

Ssb2 

8  

Member of the Hsp70 family 

Down 

5.37/ 66.463 

4.97/ 63.511 41/ 13 
9  Down 5.05/ 63.511 34/ 13 
17  Down 5.12/ 65.494 34/ 13 
49 Down 4.91/ 63.565 34/ 13 

       
Sse1 10  Member of the Hsp70 family Down 5.12/ 77.235 5.17/ 77.919 21/ 8 

       
Transcription/translation machinery 
       

Rpp0 32  Ribosomal protein P0 Down 4.75/ 33.766 5.68/ 26.070 30/ 6 
       

Rps12 36  Component of the 40S ribosomal subunit Down 4.68/ 15.472 4.92/ 13.660 34/ 4 
       

Wtm1 
44  

Transcriptional repressor 
Up 

5.18/ 48.383 
5.14/ 66.736 25/ 11 

45  Up 5.09/ 66.622 22/ 7 
29  Down 4.63/ 38.696 17/ 6 

       
Tif1/2 35  Translation initiation factor eIF4A Down 5.02/ 44.566 5.11/ 19.039 45/ 8 

       
Tef1/2 33  

Translational elongation factor eEF1A 
Down 

9.14/ 50.033 
8.91/ 24.201 19/ 6 

 53 Down 8.90/ 24.022 19/ 6 
       

Eft1/2 27  Translational elongation factor eEF2 Down 5.92/ 93.289 5.26/ 44.103 38/ 6 
       

Yef3 
1  

Translational elongation factor eEF3A 
Down 

5.73/ 115.861 
4.88/ 76.912 12/ 10 

2  Down 4.94/ 77.055 12/ 10 
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3  Down 5.01/ 77.342 7/ 7 
4  Down 5.10/ 77.486 12/ 10 
11  Down 5.26/ 111.965 10/ 7 
12  Down 5.29/ 111.965 10/ 7 
13  Down 5.34/ 111.135 10/ 7 
14  Down 5.37/ 111.135 11/ 8 

       
Amino acids biosynthesis 

Leu1 
41  

Isopropylmalate isomerase 
Up 

5.61/ 85.794 
5.49/ 99.406 30/ 16 

42  Up 5.55/ 99.962 30/ 16 
43  Up 5.61/ 99.962 18/ 8 

       
Lys9 22  Saccharopine dehydrogenase Down 5.10/ 48.918 5.08/ 55.370 17/ 5 

       
Ilv3 46  Dihydroxyacid dehydratase Up 7.91/ 62.861 6.75/ 66.055 17/ 3 

       
Frs1 48  Phenylalanyl-tRNA synthetase Up 5.53/ 67.234 5.12/ 54.125 19/ 5 

       
Krs1 20  

Lysyl-tRNA synthetase 
Down 

5.78/ 67.827 
5.67/ 71.400 6/ 4 

 52 Down 5.61/ 71.533 6/ 4 
       

Thr4 47  Threonine synthase Up 5.46/ 57.474 5.40/ 57.129 35/ 10 
       

Nucleotide biosynthesis 
       

Ade6 
37  Formylglycinamidine-ribonucleotide 

(FGAM)-synthetase 
Up 

5.15/ 148.905 
5.06/ 103.555 22/ 15 

38  Up 5.11/ 103.363 22/ 15 
       

Rnr2 
23  

Ribonucleotide-diphosphate reductase 
Down 

5.15/ 46.147 
5.00/ 45.159 38/ 14 

24  Down 5.04/ 45.856 28/ 7 
       

Rnr4 30  Ribonucleotide-diphosphate reductase Down 5.11/ 40.055 5.11/ 40.461 39/ 11 
       
Carbohydrate metabolism 
       

Fba1 
31  

Fructose 1,6-bisphosphate aldolase 
Down 

5.51/ 39.489 
5.24/ 31.988 17/ 5 

34  Down 5.19/ 24.840 22/ 4 
       

Pdc1 21  
Pyruvate decarboxylase isozyme 

Down 
5.80/ 61.364 

5.41/ 62.223 29/ 14 
 50 Down 5.35/ 62.383 29/ 14 
       

Pfk2 
18  

Beta subunit of heterooctameric 
phosphofructokinase 

Down 
6.22/ 104.486 

5.85/ 83.623 18/ 14 
19  Down 5.95/ 83.934 18/ 14 

 51 Down 6.01/ 83.468 18/ 14 
       

Protein turnover 
       

Uba1 5  Ubiquitin activating enzyme Down 4.97/ 114.266 5.12/ 85.988 16/ 8 
       
Cell cycle 
       

Cdc10 28  
Component of the septin ring of the 

mother-bud neck 
Down 5.50/ 37.025 5.29/ 41.351 16/ 4 

       
a Increased (Up) or decreased (Down) spot intensity upon acetic acid treatment. An expression change was considered significant 
if the intensity of the corresponding spot differed reproducibly more than two-fold.  

 
a) Stress response 

Acetic acid treatment affected chaperones of both the Hsp70 and Hsp90 families (Figure 3, 

Table I). Five members of the Hsp70 family (Ssa1p, Ssa2p, Sse1p, Ssb1p, Ssb2p) showed a 

decreased intensity in all ten spots upon acetic acid-induced apoptosis. In contrast, acetic acid 

treatment caused increased spot intensity for Hsp82p, a member of the Hsp90 chaperone 

family. Interestingly, another member of this chaperone family (Hsc82p) was detected within two 
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spots of different Mr which revealed an increased intensity of the high Mr spot (spot 40) but 

decreased intensity of the low Mr spot (spot 15) (Figure 3, Table I). Spot 40 corresponds to the 

expected position of Hsc82p while spot 15 might represent a fragmented form. Accordingly, a 

peptide (2959.493) corresponding to amino acids 637-663 was only detected for spot 40 but not 

for spot 15 indicating C-terminal truncation of the latter spot. This reveals that upon acetic acid-

treatment, as shown for Hsp82p, the Hsc82p level increases while the corresponding 

fragmentation of Hsc82p decreases. 

 

 

Figure 2 - Representative silver-stained 2-D gel of total cellular extracts from yeast cells treated with acetic acid. 
Spots altered upon treatment are represented by numbers (1 – 53). Colored circles correspond to proteins with 
decreased (red) or increased (green) spot intensity upon acetic acid treatment.  
 

b) Nucleotide biosynthesis and cell cycle 

  Three proteins involved in nucleotide biosynthesis (Ade6p, Rnr2p, Rnr4p) were affected 

upon acetic acid-induced apoptosis. Ade6p, linked to the 'de novo' purine nucleotide biosynthetic 

pathway, was detected within two putative protein fragments with increased spot intensity (Figure 

3, Table I). Conversely, the expression of Rnr2p and Rnr4p, proteins that supply DNA precursors 

for replication and repair [169], was decreased upon acetic acid-induced apoptosis (Figure 3, 

Table I). In addition, western-blot analysis using anti-Rnr2p and anti-Rnr4p antibodies also 

corroborated the proteomic data (Figure 4A). Altogether, these results indicate that crucial 
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proteins that mediate nucleotide biosynthesis are either down regulated or fragmented upon 

acetic acid-induced apoptosis. Moreover, supporting the regulation of nucleotide biosynthesis by 

TOR pathway, the levels of Rnr2p and Rnr4p were not decreased in Δtor1 cells (Figure 4A).  

The decreased expression of Cdc10p (Figure 3, Table I), a septin involved in the regulation 

of cell cycle progression [170, 171], suggested an acetic acid-mediated cell cycle arrest later on 

confirmed by the detection of an arrest in the G0/G1 phases and a decrease in the S-phase in 

acetic acid-treated cells (Figure 4B). 

 

 

Figure 3 - Acetic acid affects proteins with functions in stress response, nucleotide biosynthesis, cell cycle and 
carbohydrate metabolism. Enlarged 2-D gel parts present altered proteins in total cellular extracts from untreated 
(control) and treated (acetic acid) yeast cells. The spot numbers in correspondence with Table I and Figure 2 are 
marked and putative protein fragments indicated by an asterisk. 
 

c) Carbohydrate metabolism 

Three proteins of the carbohydrate metabolism, among them the glycolytic 

phosphofructokinase (Pfk2p) and fructose 1,6-bisphosphate aldolase (Fba1p), showed a 

decreased expression upon acetic acid-induced apoptosis (Figure 3, Table I) suggesting a 

decreased glycolytic rate. Here, Pfk2p was detectable within three and Fba1p within two spots 

among them a Fba1p spot with significantly decreased Mr indicating the presence of the 
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complete (spot 31) and the fragmented protein (spot 34). Moreover, the pyruvate decarboxylase 

isoenzyme (Pdc1p), a key enzyme in alcoholic fermentation, was detected within two spots. 

Interestingly, the Pdc1p as well as the Pfk2p spots differed only by their pI suggesting additional 

posttranslational modification (Figure 3, Table I). 

 

 

Figure 4 - Western-blot analysis of proteins belonging to nucleotide biosynthesis and translation machinery found 
altered in 2-D gels and cell cycle profile of acetic acid-induced apoptotic yeast cells. (A) Western-blot analysis of the 
levels of Rnr2p, Rnr4p, Tif1p/Tif2p, Eft1p/Eft2p and Tef1p/Tef2p, upon treatment of wild-type and �tor1 cells with or 
without (untreated) 140 mM of acetic acid for 200 min. Asterisks indicate fragmented forms of the proteins with the 
same molecular mass as detected by 2-DE. (B) Analysis of the percentage of cells in each phase of the cell cycle in 
untreated cells or upon 200 min of acetic acid treatment (140 mM). Density plot of three-dimensional profile analysis 
of forward scatter (FS log), green fluorescence (FL1) and percentage of events in untreated and acetic acid-treated 
(140 mM) cells, after 200 min of treatment.  

 
d) Regulation of the intracellular amino acids pool and protein turnover 

Three proteins involved in amino acids biosynthesis (Leu1p, Ilv3p, Thr4p) showed increased 

expression upon acetic acid treatment (Figure 5A, Table I), suggesting a higher synthesis rate of 

the corresponding amino acids. In contrast, the level of the lysyl-tRNA synthetase Krs1p was 

decreased (Figure 5A, Table I) which suggests accumulation of uncharged tRNA caused by a 

limitation of lysine [172, 173]. Interestingly, the beta subunit of the cytoplasmic phenylalanyl-

tRNA synthetase (Frs1p) was induced (Figure 5A, Table I). However, this spot presents a putative 
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protein fragment and might therefore suggest a higher fragmentation or processing rather than 

active protein upon treatment. Altogether, these results suggested that acetic acid also affects the 

intracellular amino acids pool. To study this effect in more detail we determined the intracellular 

amino acids concentrations in treated and non-treated cells. This revealed a drastic depletion of 

all analyzed amino acids upon incubation with acetic acid (Figure 5B) indicating a general amino 

acids limitation. In this context, the observed decreased expression of the ubiquitin activating 

enzyme Uba1p (Figure 5C, Table I) might indicate a cellular strategy to compensate limitation of 

intracellular amino acids by inhibiting the ubiquitin-mediated degradation of amino acids 

permeases [174].  

 

 

Figure 5 - Acetic acid induces severe intracellular amino acids starvation. (A) Enlarged 2-D gel parts presenting 
altered proteins, with functions in amino acids biosynthesis, in total cellular extracts from untreated (control) and 
treated (acetic acid) yeast cells. The spot numbers in correspondence with Table I and Figure 2 are marked. (B) 
Intracellular amino acids concentrations of untreated (control) and acetic acid-treated yeast cells *p0.05 versus 
control, t-test, n=3. (C) Enlarged 2-D gel parts presenting altered proteins, with functions in protein turnover, in total 
cellular extracts from untreated (control) and treated (acetic acid) yeast cells. The spot numbers in correspondence 
with Table I and Figure 2 are marked. 
 

e) Transcription/translation machinery 

Acetic acid-induced apoptosis also affected proteins involved in transcription as well as in 

translation. The transcriptional repressor Wtm1p, linked to the regulation of meiosis and 

silencing, was detected within three spots (Figure 6, Table I). Interestingly, two Wtm1p spots 

(spots 44 and 45) were localized at a higher Mr than expected, indicating additional 
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posttranslational modification, while another spot (spot 29), present only in the control, indicates 

a putative protein fragment (Figure 6, Table I). Wtm1p has been shown to act as an anchor to 

maintain nuclear localization of Rnr2p and Rnr4p, both involved in nucleotide biosynthesis [175]. 

Thus, the decrease of the Rnr2p- and Rnr4p-levels observed here (Figure 3, 4A, Table I) are in 

agreement with the increased intensity observed for the two Wtm1p spots (44 and 45).  

 

 

Figure 6 - Acetic acid affects proteins of the transcription/translation machinery. Enlarged 2-D gel parts present 
altered proteins in total cellular extracts from untreated (control) and treated (acetic acid) yeast cells. The spot 
numbers in correspondence with Table I and Figure 2 are marked and putative protein fragments indicated by an 
asterisk.  

 

A large number of proteins affected by acetic acid treatment also belong to the 

translation machinery. The expression of proteins involved in translation initiation (Tif1p/Tif2p) 

and elongation (Eft1p/Eft2p, Tef1p/Tef2p, Yef3p) was reduced (Figure 6, Table I). In addition, 

western-blot analysis of Tif1p/Tif2p, Eft1p/Eft2p and Tef1p/Tef2p revealed decreased protein 

levels upon acetic acid-induced apoptosis (Figure 4A), further supporting our 2-DE findings. 

Interestingly, four of the eight detected Yef3p spots (spots 11-14) indicate the presence of the 

complete protein while four additional spots (spots 1-4) present putative protein fragments 

(Figure 6, Table I). In agreement with an inhibition of translation activity, two ribosomal proteins 

(Rps12p, Rpp0p) were also found decreased (Figure 6, Table I).  Altogether, our results indicate 

a failure of the protein synthesis machinery under acetic acid-induced apoptosis. 
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TOR pathway and GAAC system are involved in acetic acid-induced apoptosis 

Our proteomic study of acetic acid-induced apoptotic cells revealed significant alterations 

in different cellular processes which are directly or indirectly dependent on the TOR pathway and 

regulated in response to nutrient availability and cellular stresses [168, 176, 177]. TOR function 

has been shown to be stimulated by amino acids in mammals [176] while in yeast its abrogation 

by rapamycin causes an inhibition of translation [176]. Consistently, we observed that acetic acid 

induces severe intracellular amino acids starvation (Figure 5B) associated to an inhibition of 

protein synthesis, suggesting an involvement of TOR in acetic acid-induced apoptosis.  

 

Figure 7 - TOR pathway is implicated in acetic acid-induced apoptosis. (A) Comparison of the survival rate of wild-
type and ∆tor1 cells upon acetic acid treatment. *p0.03 versus wild-type, t-test, n=3. (B) Epifluorescence and 
bright field micrographs of acetic acid-treated Δtor1 cells displaying TUNEL reaction to visualize double-strand DNA 
breaks. Cells were co-stained with propidium iodide in order to facilitate nuclei visualization. Examples of TUNEL 
positive cells (yellow nuclei due to the overlay between TUNEL reaction, green, and PI staining, red) are indicated 
with arrows. Bar, 5 m. (C) TOR1-disrupted yeast cells present decreased intracellular ROS levels upon acetic acid 
treatment. Epifluorescence and bright field micrographs of untreated and acetic acid-treated wild-type and ∆tor1 
yeast cells, stained with DHR123 as an indicator of high intracellular ROS accumulation. Bar, 5 m. (D) 
Quantification of the number of cells displaying high intracellular ROS levels. *p0.03 versus wild-type, t-test, n=3 (E) 
Comparison of the survival rate of wild-type, ∆pph21, ∆pph22, and ∆sit4 cells upon acetic acid treatment. *p0.03 
versus wild-type (wt), t-test, n=3.  
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In order to confirm the causal involvement of TOR in acetic acid-induced apoptosis, we 

performed a western-blot analysis using the previously described antibodies and total cellular 

extract from untreated and acetic-acid treated Δtor1 cells. As demonstrated in Figure 4A, and 

contrarily to wild-type cells, the levels of the translation initiation factor Tif1p/Tif2p were found to 

be equal in untreated and acetic acid-treated Δtor1 cells. On the contrary, the levels of the 

translation elongation factors Eft1p/Eft2p and Tef1p/Tef2p were found to be decreased (Figure 

4A). These results suggest that the abrogation of translation initiation during acetic acid-induced 

apoptosis might be regulated by TOR pathway. Thus, we investigated the consequences of acetic 

acid treatment upon loss of TOR1. A strong increase in the survival rate of ∆tor1 cells (Figure 7A) 

was associated to a decrease in the number of cells with a TUNEL positive phenotype (aprox. 

10% , Figure 7B), as well as to a decrease in the number of cells with high levels of reactive 

oxygen species (ROS) (Figure 7C, D), crucial mediators of the yeast apoptotic process [160], 

pointing to the involvement of the TOR pathway, particularly Tor1p, in apoptotic cell death. To 

reveal which specific downstream mediators of the TOR pathway are involved in acetic acid-

induced apoptosis we studied the survival rates dependent on three key regulators in TOR 

signaling – the protein phosphatases Pph21p, Pph22p and Sit4p [178, 179]. Interestingly, 

∆pph21 and ∆pph22 cells showed an increased survival rate, while ∆sit4 cells were only slightly 

affected (Figure 8E), suggesting that Pph21p and Pph22p but not Sit4p play a major role in TOR 

signaling during acetic acid-induced apoptosis.  

The intracellular amino acids pool in yeast is regulated by the general amino acids 

control (GAAC) system with the transcriptional activator Gcn4p as a key player [180]. Since acetic 

acid caused a general amino acids limitation we studied the role of GAAC during acetic acid-

induced apoptosis. Here, gcn4 cells as well as the deletion of GCN2 encoding a protein kinase 

required for GCN4 translation [180, 181] showed an increased survival rate upon treatment 

(Figure 8A, B). This is surprising, since treatment with acetic acid caused a general amino acids 

limitation that is expected to activate both regulators, but revealed an unexpected role for the 

GAAC system in apoptotic signaling. Furthermore, the levels of the translation initiation 

(Tif1p/Tif2p) and elongation (Eft1p/Eft2p, Tef1p/Tef2p) factors, detected previously altered by 2-

DE, were found, contrarily to wild-type cells, unchanged in acetic acid-treated Δgcn2 cells (Figure 

8C), also supporting a dependency of protein synthesis on GAAC system signaling. Since 

crosstalk of GAAC and TOR pathways to coordinate a cellular response to nutritional stress has 

been shown earlier, e.g. in the regulation of Gcn4p [181], we studied the survival rates upon 
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simultaneous inhibition of both pathways. Inhibition of the TOR pathway by rapamycin revealed a 

higher survival rate of gcn4 cells (Figure 8A) indicating that acetic acid-induced apoptosis is not 

only dependent on Gcn4p regulation but also of TOR pathway.  

Overall, these results indicated that amino acids starvation occurring during acetic acid-

induced apoptosis is sensed by both the GAAC system and the TOR pathway, which may either 

act independently or crosstalk at any given point, dictating the cell death fate. 

 

 

Figure 8 - GAAC system and TOR pathway contribute for acetic acid-induced apoptosis. (A) Comparison of the 
survival rate of wild-type and ∆gcn4 cells in the absence or presence of 0.1 g/ml rapamycin, upon acetic acid 
treatment *p0.05 versus wild-type, t-test, n=3. (B) Comparison of the survival rate of wild-type and ∆gcn2 cells 
upon acetic acid treatment. *p0.03 versus wild-type, t-test, n=3. (C) Western-blot analysis of the levels of 
Tif1p/Tif2p, Eft1p/Eft2p and Tef1p/Tef2p, upon treatment of Δgcn2 yeast cells with or without (untreated) 140 mM 
of acetic acid for 200 min. Asterisks indicate fragmented forms of the proteins with the same molecular mass as 
detected by 2-DE. 

 

A cleaved form of eEF1A is present in mitochondrial extracts and associated with an 
inability of actin staining by phalloidin upon acetic acid-induced apoptosis 
 

In parallel with the proteomic analysis of untreated and acetic acid-treated total cellular 

extracts, a proteomic analysis of purified mitochondrial extracts from untreated and acetic acid 

treated cells was also performed. Surprisingly, mitochondrial proteome analyses revealed the 
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increased expression of two fragments of the translation elongation factor eEF1A (Tef1p/Tef2p) 

upon acetic acid treatment (Figure 9A). These two eEF1A fragments were composed by the N-

terminal sequences of the protein from amino acids 6-177 and from amino acids 6-146, 

respectively (Figure 9B). On the other hand, in treated total cellular extracts, eEF1A was detected 

with decreased levels comparatively to control (Figure 6, Table I). S. cerevisiae eEF1A, as well as 

that of other organisms, is a bona fide actin binding and bundling protein [182]. Therefore, we 

addressed whether acetic acid treatment might have effects on the actin cytoskeleton.  

 

 

Figure 9 - The actin cytoskeleton alterations occurring during acetic acid-induced apoptosis are correlated with the 
appearance of eEF1A fragments within the mitochondria. (A) Comparison of protein expression levels in purified 
mitochondrial extracts of untreated (C) and acetic acid-treated (Ac) wild-type S. cerevisiae cells. Selected two-
dimensional gel regions are shown enlarged. Putative protein fragments are marked with an asterisk. Arrows indicate 
the respective spots. (B) Excised spots were identified from the peptide fingerprints and the two fragments 
correspond to two eEF1A N-terminal sequences from amino acids 6-177 and 6-146. (C) Confocal micrographs of 
wild-type cells untreated or treated with 140 mM acetic acid and stained with rhodamine-phalloidin to visualize actin 
filaments. Bar, 5μm. (D) Epifluorescence and phase/contrast micrographs of untreated or acetic acid-treated (140 
mM) eEF1A-GFP expressing cells stained with rhodamine-phalloidin. Bar, 5μm. 
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Our results showed that after acetic acid treatment, filamentous actin structures could no 

longer be visualized using the F-actin specific compound rhodamine-phalloidin (Figure 9C). 

Moreover, the incapacity to detect actin by rhodamine-phalloidin was correlated with a decreased 

level of eEF1A as observed by in vivo fluorescence of GFP-eEF1A (Figure 9D). Although, GFP-

eEF1A was not co-localized in mitochondria, this fact could be explained by the cleavage suffered 

by this protein. To test whether the observed inability of rhodamine-phalloidin to stain actin 

resulted from the degradation of actin, a western-blot analysis using an anti-actin antibody was 

performed.  

 

Figure 10 - Translocation of eEF1A to mitochondria is associated to actin cytoskeleton alterations other than 
disruption of actin dynamics. (A) Immunodetection of actin in total cell extracts from untreated (control) or acetic 
acid (200 mM) treated wild-type, ∆tef1 and ∆tef2 cells. (B) Sequential epifluorescence micrographs of GFP-ABP1 
expressing cells used to analyze the cortical actin patch dynamics after acetic acid-induced apoptosis (200 mM). 
Images were taken at 2 second intervals showing the formation and internalization of cortical actin patches. Bar, 
2μm. (C) Epifluorescence micrographs of acetic acid-treated cells, showing the detection of Abp1p by 
immunofluorescence, co-stained with rhodamine-phalloidin and DAPI. Bar, 10μm. 

 

The results indicated that actin was not degraded during acetic acid treatment, since 

actin degradation products were absent and a prominent full length actin band was present both 

in wild-type and eEF1A mutant cells (tef1 or tef2, Figure 10A). A lack of rhodamine-phalloidin 

staining could result from either acetic acid induction of F-actin depolymerisation, conformational 
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changes within actin filaments or to some alterations on the rhodamine-phalloidin binding site 

promoted by alterations of eEF1A. To address these questions we first carried out 

immunofluorescence using Abp1p, a cortical patch specific actin binding protein that regulates 

actin cytoskeletal dynamics. This protein is commonly used as a marker for sites of cortical actin 

assembly [183]. Abp1p localization is also dependent on the presence of F-actin structures, and 

so we reasoned that if F-actin structures were affected upon acetic acid treatment then Abp1p 

should not be localized in cortical patches. Cells were co-stained with DAPI and rhodamine-

phalloidin after treatment with acetic acid to induce apoptosis. Although no actin structures were 

visible by rhodamine-phalloidin staining, numerous punctuate cortical patches of Abp1p were 

observed. The results obtained demonstrate, that in fact, cortical F-actin patches are still 

abundant in acetic acid-induced apoptotic cells (Figure 10C). Cortical actin patches are dynamic 

structures that assemble and disassemble at sights of membrane internalization in a process that 

is dependent on a dynamic actin cytoskeleton. We therefore examined the movement of the actin 

patch marker protein, Abp1p, over time after acetic acid-induced apoptosis. Remarkably GFP-

ABP1 patches were motile after acetic acid treatment, demonstrating that F-actin structures were 

not only present, but retained their dynamic nature (Figure 10B). It is highly likely therefore, that 

acetic acid treatment results either in conformational changes within actin filaments or in the 

masking of the rhodamine-phalloidin binding site promoted, most probably, by alterations of 

eEF1A. 

 

Deletion of TEF1 but not TEF2 prevents actin cytoskeleton alterations and increases 
survival rate upon acetic acid-induced apoptosis 
 

In yeast, eEF1A is encoded by either of the genes TEF1 and TEF2, giving rise to the 

proteins Tef1p and Tef2p, respectively. We reasoned that the acetic acid-induced F-actin 

alterations, suggested by a lack of rhodamine-phalloidin staining, may be related to effects on 

eEF1A function, a known actin regulatory protein. We therefore examined the effect of deleting 

either TEF1 or TEF2 on the ability of F-actin to bind rhodamine-phalloidin after acetic acid 

treatment. Interestingly, disruption of TEF1 but not TEF2 restored the capacity of rhodamine-

phalloidin to bind actin upon acetic acid treatment (Figure 11A). Analysis of the survival rate also 

demonstrated that deletion of TEF1 but not TEF2 prevents cell death (Figure 11C). Previous work 

in yeast cells [101] has demonstrated that oxidative stress is connected to actin regulation, as a 

decreased actin dynamics can lead to depolarization of the mitochondrial membrane, an 
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increase in reactive oxygen species (ROS) and apoptosis. Also it has been shown that acetic acid-

induced apoptosis is associated with mitochondrial membrane depolarization correlated with 

intracellular ROS accumulation [64]. Analysis of intracellular ROS accumulation revealed that 

wild-type strain (M196) as well as tef2 cells, display high ROS levels in contrast to tef1 cells 

upon acetic acid-induced apoptosis (Figure 11B). The almost absence of ROS in tef1 cells 

further implicates this molecule in the cell death signaling pathway and rises the possibility that 

Tef1p is a link molecule between mitochondrial dysfunction and actin cytoskeleton during 

apoptotic response, which might be governed by TOR pathway and/or GAAC system. 

 

Figure 11 - Deletion of TEF1 but not TEF2 prevents acetic acid-induced apoptosis and restores the capacity of 
rhodamine-phalloidin to stain actin cytoskeleton. (A) Confocal micrographs of wild-type (strain M196), ∆tef1 and 
∆tef2 cells with or without acetic acid treatment (200 mM), stained with rhodamine-phalloidin. (B) Epifluorescence 
and phase/contrast micrographs of untreated and acetic acid-treated cells stained with dihydrorhodamine 123 as an 
indicator of high intracellular ROS accumulation. (C) Comparison of the survival rate of wild-type, ∆tef1 and ∆tef2 
cells upon acetic acid treatment. Bar, 5 μm. *p≤0.03 versus wild-type (control), t-test, n=3. 
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2.5 DISCUSSION 

Yeast cells, like mammalian cells, may display different apoptotic sub-programmes, which are 

dependent on the specific apoptotic stimuli. To study these mechanisms in more detail we 

analyzed the yeast protein expression profile upon acetic acid-induced apoptosis. We found a 

general decline in the expression of chaperones belonging to the Hsp70 family. In mammalian 

cells these chaperones have been shown to present anti-apoptotic activity, e.g. by preventing 

caspase activation or by neutralizing the apoptosis-inducing factor (AIF) function through direct 

interaction [61, 184, 185]. This suggests that acetic acid-induced apoptosis in yeast might be 

promoted by a decrease in the anti-apoptotic activity of Hsp70 chaperones and subsequent 

activation of caspase-like proteins or AIF, which is released from mitochondria in response to this 

apoptotic stimulus [61].  

In addition, we revealed that acetic acid treatment induces severe starvation of all 

analyzed intracellular amino acids. Since acetic acid as well as sorbic acid have been shown to 

block the uptake of aromatic amino acids [186], this starvation might be caused by an inhibition 

of amino acids uptake. In fact, auxotrophic wild-type cells grown either under amino acids 

starvation conditions or excess of amino acids were equally susceptible to acetic acid-induced 

apoptosis while the prototrophic wild-type strain grown under the same conditions was resistant, 

indicating that the amino acids uptake was affected [187]. Moreover, the decreased expression 

of the ubiquitin activating enzyme Uba1p upon acetic acid treatment might suggest a reduced 

ubiquitin-mediated degradation of amino acids permeases to compensate a disturbed uptake of 

amino acids [174]. Recently, it was shown that starvation for lysine or histidine resulted in an 

increasing number of cells displaying an apoptotic phenotype [53]. Thus, amino acids starvation 

could be the primary signal for acetic acid-induced apoptosis. In yeast, amino acids starvation 

activates Gcn2p and subsequently Gcn4p, the key player of the GAAC system, which activates 

the corresponding genes to synthesize starved but also non-starved amino acids [180]. 

Surprisingly, deletion of GCN2 or GCN4 resulted in a decrease of the apoptotic rate rather than 

an elevation. This apparent contradiction might be explained by the blockage of amino acids 

uptake in auxotrophic strains disabling them to overcome intracellular amino acids starvation 

imposed by acetic acid. However, as a master regulator, Gcn4p is not only involved in the 

regulation of amino acids uptake and biosynthesis but also in a large number of other processes 

[180] that might be responsible for the signaling of the cell death process under persistent amino 

acids starvation. Therefore, one cannot discard a putative and yet unknown function of the GAAC 
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system’s players in cell death signaling. In fact, the results showing unaltered levels of translation 

initiation and elongation factors in Δgcn2 cells associated with a pronounced increased survival 

rate of these mutant cells reinforce the involvement of the GAAC system in the acetic acid-

induced apoptotic process. Moreover, the elongation factors Eft1p/Eft2p, Tef1p/Tef2p, but not 

the translation initiation factor Tif1p/Tif2p, were found decreased in Δtor1 cells suggesting that 

both pathways (GAAC system and TOR) might contribute to acetic acid-induced apoptosis and 

therefore, to the protein alterations detected by 2-DE. 

The TOR pathway was previously connected to apoptosis in yeast since its inactivation 

resulted in an extension of the life span [188]. Overall, our study supports that the TOR pathway 

is also involved in acetic acid-induced apoptosis. Recently it has been shown that GAAC and TOR 

pathways interact since inactivation of TOR by rapamycin resulted in subsequent Gcn4p 

activation [181]. Thus, as discussed above, the observed apoptotic signaling through the TOR 

pathway might be in part connected to Gcn4p. However, since addition of rapamycin affected the 

survival rates of gcn4 cells this also reveals Gcn4p-independent apoptotic signaling through the 

TOR pathway. 

The protein phosphatases Pph21p, Pph22p and Sit4p play a pivotal role in the TOR 

pathway since they interact with Tap42p, a downstream mediator of TOR signaling [189, 190]. 

The observed survival rates of pph21, pph22 and sit4 cells revealed that the apoptotic 

signaling upon acetic acid treatment is also dependent on Pph21p and Pph22p, while deletion of 

SIT4 altered the cell death rate only slightly. Thus, active Pph21p and Pph22p seem to promote 

the apoptotic signaling while Sit4p plays only a minor role. The fact that Pph21p and Pph22p 

together comprise about 80-90 % of total protein phosphatase type 2A (PP2A) activity and are 

involved also in other regulatory pathways [179, 191] might explain the differences between the 

survival rates of pph21 and pph22 in comparison to sit4 cells. A study of the whole yeast 

genome revealed that the shift to low-quality carbon or nitrogen sources caused nearly similar 

transcriptional changes as treatment with rapamycin [177]. Concurrently, Tap42p, a central 

mediator of rapamycin-sensitive transcription, was shown to regulate a large number of genes 

which are also affected upon shift from fermentative to respiratory growth (diauxic shift) [177]. 

Therefore, a strict differentiation between nutrient- and TOR-dependent changes might be 

difficult. The proteomic data of our study might only suggest a role of TOR in acetic acid-induced 

apoptosis since a large number of identified proteins are also affected by other regulatory 

pathways. However, the survival rates of tor1 cells as well as wild-type cells upon addition of 
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rapamycin reveal that the TOR pathway is indeed an important regulatory node during acetic 

acid-induced apoptosis and indicates that the proteomic changes are connected to a TOR-

dependent regulation. Interestingly, the yeast’s genome encodes two TOR proteins (Tor1p, Tor2p) 

which have high homology but mediate different functions within two separate complexes: the 

rapamycin-sensitive TOR complex 1 (TORC1) regulates cell growth in response to nutrient 

availability or cellular stresses through regulation of e.g. transcription, translation and ribosome 

biogenesis, while the rapamycin-insensitive complex 2 (TORC2) regulates cell polarity [192, 193]. 

Our analyses of tor1 cells and the affected survival rates upon addition of rapamycin reveal that 

Tor1p (TORC1) plays a major role in acetic acid-induced apoptosis which is in agreement with the 

affected cellular processes observed by our 2-DE analyses. However, an additional involvement of 

Tor2p cannot be excluded as it is also part of TORC1 [192]. 

Among the different translation factors affected, eEF1A deserves special attention. eEF1A 

is a translation elongation factor that has been implicated in cancer, aging and apoptotic 

processes [194]. As a result of acetic acid treatment we found that eEF1A expression levels were 

decreased in total cellular extracts, but present in the purified mitochondrial fraction. These data 

argue that acetic acid treatment induces the translocation of eEF1A to the mitochondria. The 

significance of this translocation may have multiple ramifications for the cell, as besides its role in 

the process of translation elongation, eEF1A is a bona fide actin binding and bundling protein 

[182]. Interestingly, several components involved in protein synthesis are associated with the 

regulation of the actin cytoskeleton, although the role of these interactions is not fully understood 

[195]. One possibility is that eEF1A mislocalisation results in defects in the regulation of actin 

during acetic acid-induced apoptosis. This may well be the case as we found that acetic acid-

induced apoptosis results in an inability of rhodamine-phalloidin to bind to F-actin. Moreover, this 

could be rescued by the deletion of the eEF1A encoding gene TEF1, implicating this elongation 

factor in actin cytoskeleton alterations. Several explanations could underlie this observation. 

eEF1A mitochondrial association/translocation might lead to actin modification, even though the 

F-actin structures are present, as described for the actin mutant act1-129 [196]. Another 

possibility is that cleavage of eEF1A, and its translocation to mitochondria, results in its 

dissociation with F-actin, resulting in modifications of the structure that blocks the rhodamine-

phalloidin binding site on F-actin when cells are treated with acetic acid. Yeast apoptosis has 

been reported to respond to the dynamic state of the actin cytoskeleton [65, 101, 102]. A 

decrease in actin dynamics leads to depolarization of the mitochondrial membrane potential, an 
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increase in ROS accumulation and cell death. Our results show that the actin cytoskeleton 

alterations promoted by eEF1A mitochondrial association/translocation are also associated with 

ROS accumulation. The mitochondrial localization and actin regulatory functions raises the 

possibility that eEF1A is a key player in the promotion of apoptotic factors release, such as 

cytochrome c [64] and AIF [61], from the mitochondria during acetic acid-induced apoptosis, 

which will be further studies in more detail in near future. 

The results revealed that the inability of F-actin to bind to rhodamine-phalloidin is 

dependent upon Tef1p, but not Tef2p. Additionally, deletion of TEF1 but not TEF2 renders cells 

resistant to acetic acid-induced apoptosis. Although Tef1p and Tef2p present the same primary 

structure (accordingly to Saccharomyces Genome Database - http://www.yeastgenome.org/), 

our findings suggest distinct functions for these proteins in apoptosis. In fact, separable 

Tef1p/Tef2p functions should be expected as Tef1p presents 75 described interacting protein 

partners, opposed to the 23 described so far for Tef2p (http://www.thebiogrid.org/). Interestingly 

one of the Tef1p, but not Tef2p, interacting partners is Dnm1p [197], a protein involved in the 

mitochondria fission process. Although Tef1p interacts with several mitochondrial proteins, the 

interaction with Dnm1p might be of importance for the execution of the apoptotic process, as 

Dnm1p has previously been linked to the promotion of mitochondria fragmentation/degradation 

and cell death upon acetic acid-induced apoptosis in yeast [63]. The role of Tef1p but not Tef2p 

in the triggering of the apoptotic process induced by acetic acid might also arise from the fact 

that TEF1 but not TEF2 promoter presents a putative Gcn4p binding site. Additionally, we 

observed that upon deletion of GCN2, the levels of eEF1A translation factor in total cellular 

extracts did not decrease (and therefore mitochondrial translation is most probably inhibited), 

reinforcing the existence of a triangular connection between Tef1p, GAAC system and TOR 

pathway in the execution of apoptotic cell death induced by acetic acid. This might also explain 

the surprising role of GAAC system in the signaling of acetic acid-induced apoptosis.  

Recently, two independent studies evaluated the yeast protein expression profile under 

H2O2-induced apoptosis [198, 199]. Data presented in these works indicate that this oxidative 

agent induces in yeast cells an apoptotic mechanism with distinct partners from those required 

during acetic acid-induced apoptosis. Even though no similarities in the proteome were observed 

for acetic acid- and H2O2-induced apoptotic cells, both stimuli lead to the same fate, an apoptotic 

cell death. Nevertheless, following a transversal analysis of the results herein presented and 

those obtained upon H2O2-induced apoptosis [198, 199], it seems now evident that yeast, as 
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proven in metazoan cells, display different apoptotic sub-programmes depending on the apoptotic 

stimuli.  

Altogether, our results yield relevant insights into the evolution of eukaryotic apoptotic 

pathways, thus opening new perspectives for future investigations. Specifically, research lines 

may be targeted at the elucidation of the pathological mechanisms underlying diseases in which 

the deregulation of cell death plays a key role, such as cancer or neurodegenerative diseases. 

Moreover, the fact that the regulation of the TOR pathway and protein synthesis control have 

been associated with the progression of several diseases, further supports yeast as a valuable 

model to study how TOR’s function influences cell death processes.  
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                                                                                                CHAPTER 3 

NO-mediated apoptosis in yeast 

Almeida, B., Buttner, S., Ohlmeier, S., Silva, A., Mesquita, A., Sampaio-Marques, B., Osório, N.S., Kollau, 

A., Mayer, B., Leão, C., Laranjinha, J., Rodrigues, F., Madeo, F. and Ludovico, P. 
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3.1 ABSTRACT 

 

Nitric oxide (NO) is a small molecule with edging roles in diverse physiological functions in 

biological systems, among them the control of the apoptotic signaling cascade. By combining 

proteomic, genetic, and biochemical approaches we demonstrate that NO and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) are crucial mediators of yeast apoptosis. Using indirect 

methodologies and a NO-selective electrode, we present results showing that H2O2-induced 

apoptotic cells synthesize NO that is associated to a nitric oxide synthase (NOS)-like activity as 

demonstrated by the use of a classical NOS kit assay. Additionally, our results show that yeast 

GAPDH is a target of extensive proteolysis upon H2O2-induced apoptosis and suffers S-nitrosation. 

Blockage of NO synthesis with N�-nitro-L-arginine methyl ester leads to a decrease of GAPDH S-

nitrosation and of intracellular reactive oxygen species (ROS) accumulation, increasing survival. 

These results indicate that NO signaling and GAPDH S-nitrosation are linked with H2O2-induced 

apoptotic cell death. Evidence is presented showing that NO and GAPDH S-nitrosation also 

mediate cell death during chronological life span pointing to a physiological role of NO in yeast 

apoptosis.  
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3.2 INTRODUCTION 

 

Nitric oxide (NO) is a highly diffusible free radical with dichotomous regulatory roles in 

numerous physiological and pathological events [200, 201] being recognized as an intra- and 

inter-cellular signaling molecule in both animals and plants [202]. Diverse cellular functions can 

be directly or indirectly affected by NO through posttranslational modification of proteins, of which 

the most widespread and functionally relevant one is S-nitrosation, defined as the covalent 

attachment of NO to the thiol side chain of a cysteine (Cys) [203]. NO also controls the apoptotic 

signaling cascade by regulating the expression of several genes, mitochondrial dysfunction, and 

caspase activity/activation [204, 205]. Nonetheless, the mechanisms underlying the NO-

mediated inhibition of apoptosis are not clearly understood, although it is well known that S-

nitrosation is a crucial event to maintain human caspases permanently in an inactive form [206]. 

Recent work demonstrated that like mammalian caspases, metacaspases, which are apoptosis-

executing caspase-like proteases in yeast [67] and plants [207], can be kept inactive through S-

nitrosation of one Cys residue [208]. Nevertheless, a second catalytic Cys residue, highly 

conserved in all known metacaspases but absent in all members of caspases, can rescue the 

first S-nitrosated  catalytic site even in the presence of high NO levels [208]. In addition, S-

nitrosation has been shown to regulate the function of an increasing number of intracellular 

proteins [209], among them glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key 

glycolytic enzyme that when S-nitrosated translocates to the nucleus, triggering apoptosis in 

mammalian cells [210]. The origin of NO in yeast cells is still a matter of debate essentially due 

to the lack of mammalian nitric oxide synthase (NOS) orthologues in the yeast genome, as 

previously observed in plants. Recently, Castello and coworkers (2006) showed that yeast cells 

are capable of producing NO in mitochondria under hypoxic conditions. This production is nitrite-

dependent through cytochrome c oxidase and is influenced by YHb, a flavohemoglobin NO 

oxidoreductase [211]. Furthermore, results from our group showed that treatment of yeast cells 

with menadione leads to NO production dependent of intracellular L-arginine levels, suggesting 

the existence of an enzyme with NOS-like activity [212]. Supporting the relevance of NO in yeast 

physiology and pathophysiology is the presence of various cellular defenses against nitrosative 

stress. Several molecules such as peroxiredoxins, thioredoxins, and the flavohemoglobin prompt 

yeast cells to face nitrosative stress [213, 214] that, when exogenously added, is sufficient to 
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inactivate GAPDH [215]. However, the role of NO and its relevance in yeast apoptosis has never 

been explored.  

Using proteomic, genetic, and biochemical approaches we found evidence suggesting the 

intervention of NO and GAPDH in yeast H2O2-activated apoptotic pathway. NO production upon 

H2O2 treatment is dependent on intracellular L-arginine content and contributes to the generation 

of intracellular reactive oxygen species (ROS). GAPDH, whose levels increase in total cellular 

extracts of H2O2-induced apoptotic cells, becomes fragmented and S-nitrosated, possibly acting as 

an apoptotic trigger. Chronological aged cells also display increased NO production and GAPDH 

S-nitrosation, as well as a correlation between intracellular levels of superoxide anion and NO 

production, thereby suggesting a physiological role of NO in the signaling of yeast apoptosis. 

3.3 MATERIALS AND METHODS 

Strains, Media and Treatments  

S. cerevisiae strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) and the respective 

knockouts in TDH2 and TDH3 genes (EUROSCARF, Frankfurt, Germany) were used. For H2O2 

treatment, yeast cells were grown until the early stationary growth phase in liquid YPD medium 

containing glucose (2%, w/v), yeast extract (0.5%, w/v) and peptone (1%, w/v). Cells were then 

harvested and suspended (107 cells/ml) in fresh YPD medium followed by the addition of 0.5, 1, 

1.5, and 2 mM of H2O2 and incubation during 200 minutes at 26ºC with stirring (150 r.p.m.), as 

previously described [47]. After treatment, 300 cells were spread on YPD agar plates and viability 

was determined by counting colony-forming units (c.f.u.) after 2 days of incubation at 26ºC. For 

proteomic analysis, experiments were performed in YPD medium and an equitoxic dose of H2O2 

was used which induces 50% of apoptotic cell death, as evaluated by TUNEL assay after 200 

minutes (data not shown). For determination of NOS activity and kinetic measurement of NO 

production with the NO-selective electrode, cells were treated for a shorter period using higher 

H2O2 concentrations (3 and 4 mM) in order to induce 50% of apoptotic cell death. For acetic acid 

treatment, yeast cells were grown until the early stationary growth phase as described [64], 

harvested and suspended in YPD medium (pH 3.0 set with HCl) containing 0, 160, and 180 mM 

of acetic acid. Treatments were carried out for 200 minutes at 26ºC. Viability was determined by 

c.f.u. counts as described above. For determination of chronological life span and growth rates, 

experiments were carried out on synthetic complete (SC) medium containing glucose (2%, w/v), 

yeast nitrogen base (Difco) (0.17%, w/v), (NH4)2SO4 (0.5%, w/v) and 30 mg/l of all amino acids 
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(except 80 mg/l histidine and 200 mg/l leucine), 30 mg/l adenine, and 320 mg/l uracil. For 

chronological aging experiments, cells were inoculated to an OD600=0.1, oxyhemoglobin (OxyHb) 

was added in indicated concentrations (day 0) and viability was determined by counting c.f.u. For 

determination of proliferation rates, cells were inoculated to 5x105 cells/ml, OxyHb was added 

and cell number was determined using a CASY cell counter. 

Bax expression was carried out as described before [47]. In brief, strain BY4742 was 

transformed with plasmid pSD10.a-Bax [47], which contains murine bax under the control of a 

hybrid GAL1-10/CYC1 promoter, originating strain BY.bax. Individual clones were pre-grown 

overnight in SC media with glucose (2%, w/v) until exponential growth phase. To induce bax 

expression, cells were washed three times with water and resuspended in SC medium with 

galactose (2%, w/v). Cells were then incubated at 26ºC with stirring (150 r.p.m.) during 15 

hours. Viability was determined by c.f.u. counts as described above.   

 

2-D gel electrophoresis 

For analysis of total cell extracts, cells were collected and washed twice with 2 ml TE 

buffer (1 mM EDTA, 0.1 M Tris/ HCl pH 7.5, complete mini protease inhibitor, Roche Applied 

Science, Mannheim, Germany). Cells were disrupted by a French Press with 900 PSI (62.1 bar) 

and the cell lysate centrifuged. For analysis of mitochondrial extracts, cells were collected and 

mitochondria isolated and purified as previously described [163]. Protein concentrations were 

determined with a commercially available kit (RotiNanoquant, C. Roth, Karlsruhe, Germany) and 

protein aliquots of total cell extracts as well as mitochondrial extracts (100 μg, 600 μg) stored at -

20°C. For 2-D gel electrophoresis the protein pellet was resuspended in urea buffer (8 M urea, 2 

M thiourea, 1% (w/v) CHAPS, 20 mM 1,4-dithio-DL-threitol, 0.8% (v/v) carrier ampholytes), and 

complete mini protease inhibitor. The protein separation was done as previously described [216]. 

Briefly, the protein solution was adjusted with urea buffer to a final volume of 350 μl and in-gel 

rehydration performed over night. Isoelectric focusing was carried out in IPG strips (pH 3–10, 

non linear, 18 cm; Amersham Biosciences, Uppsala, Sweden) with the Multiphor II system 

(Amersham Biosciences) under paraffin oil for 55 kVh. SDS-PAGE was done over night in 

polyacrylamide gels (12.5% T, 2.6% C) with the Ettan DALT II system (Amersham Biosciences) at 

1-2 W per gel and 12ºC. The gels were silver stained and analyzed with the 2-D PAGE image 

analysis software Melanie 3.0 (GeneBio, Geneva, Switzerland). The apparent isoelectric points 

(pI) and molecular masses (Mr) of the proteins were calculated with Melanie 3.0 (GeneBio) using 
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identified proteins with known parameters as a reference. An expression change was considered 

significant if the intensity of the corresponding spot differed reproducibly more than three-fold.  

 

Identification of altered proteins by mass spectrometry 

Excised spots were in-gel digested and identified from the peptide fingerprints as 

described elsewhere [216]. Proteins were identified with the ProFound database, version 

2005.02.14 (http://prowl.rockefeller.edu/prowl-cgi/profound.exe) using the parameters: 20 

ppm; 1 missed cut; MH+; +C2H2O2@C (Complete), +O@M (Partial). The identification of a protein 

was accepted if the peptides (mass tolerance 20 ppm) covered at least 30% of the complete 

sequence. Sequence coverage between 30% and 20% or sequence coverage below 20% for 

protein fragments was only accepted if at least two main peaks of the mass spectrum matched 

with the sequence and the number of weak-intensity peaks was clearly reduced. The spot-specific 

peptides in the mass spectrum were also analyzed to confirm which parts of the corresponding 

protein sequence match with these peptides and indicate putative fragmentation. This 

comparison reveals that spots presenting putative fragments lacked peptides observed in the 

mass spectrum of the whole protein. Thus, the spot position observed by 2D gel electrophoresis 

and the specific peptides in the corresponding mass spectrum were analyzed to define the spot 

as intact protein or putative fragment. Distinction between GAPDH isoform 2 and 3 (Tdh2p and 

Tdh3p) was possible due to the identification of amino acids present in the matched peptides 

that are specific for each GAPDH isoform.  

 

Epifluorescence microscopy and flow cytometry analysis 

Images were acquired in an Olympus BX61 microscope equipped with a high-resolution 

DP70 digital camera and with an Olympus PlanApo 60X/oil objective, with a numerical aperture 

of 1.42. All the samples were suspended in PBS and visualized at room temperature. 

Flow cytometric assays were performed on an EPICS XL-MCL flow cytometer (Beckman-

Coulter Corporation, USA), equipped with an argon-ion laser emitting a 488 nm beam at 15 mW. 

Twenty thousand cells per sample were analyzed. The data were analyzed with the Multigraph 

software included in the system II acquisition software for the EPICS XL/XL-MCL version 1.0. 

 

Assessment of intracellular reactive oxygen species (ROS) 

Free intracellular ROS were detected with dihydrorhodamine 123 (DHR123) (Molecular 

Probes, Eugene, OR, USA). DHR123 was added from a 1 mg/ml stock solution in ethanol, to 
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5x106 cells/ml suspended in PBS, reaching a final concentration of 15 μg/ml. Cells were 

incubated during 90 minutes at 30ºC in the dark, washed in PBS and visualized by 

epifluorescence microscopy. For dihydroethidium (DHE) staining, 5x106 cells were harvested by 

centrifugation, resuspended in 250 μl of 2.5 μg/ml DHE in PBS and incubated in the dark for 5 

minutes. Relative fluorescence units (RFU) were determined using a fluorescence reader (Tecan, 

GeniusPROTM). 

 

Indirect assessment of NO levels through nitrate concentration measurement 

Nitrite and nitrate concentration was measured spectrophotometrically using the Griess-

reagent. Sodium nitrite (0; 1; 2; 3; 5; 10; 15; 20 μM) was used as standard. For the reagent, 20 

mg N-1-Naphthylethylenediamine dihydrochloride, 200 mg Sulfanilamide and 2.8 g HCl (36%) 

was dissolved in 17.2 g water. Individual supernatant samples (100 μl) were mixed with 100 μl 

reagent and the concentration recorded. For nitrate concentration, 100 μl of Vanadium (III) 

chloride (8 mg/ml 1M HCl) was added, thus reducing any existent nitrate to nitrite. After 

incubation (90 minutes at 37°C) the concentration was recorded again. Nitrate concentration 

was calculated as the difference between the two measurements. Since NO is a diffusible free 

radical rapidly oxidized to nitrate and nitrite, the nitrate concentration obtained was assumed to 

be correlated to the amount of NO synthesized by the cells.  

 

Direct assessment of NO levels  

Intracellular NO levels upon H2O2 treatment, with or without the inhibition of NO 

production by the non-metabolized L-arginine analogue, N-nitro-L-arginine methyl ester (L-NAME, 

Sigma-Aldrich), were assessed by flow cytometry using the NO-sensitive probe 4-Amino-5-

methylamino-2’,7’-difluorescein (DAF-FM) diacetate (Molecular Probes, Eugene, OR, USA). After 

treatment, 3x107 cells were harvested, washed and suspended in PBS, pH 7.4. Cells were then 

incubated during 30 minutes at room temperature, with DAF-FM diacetate (5 M). NO 

production was kinetically measured using the AmiNO-700 Nitric Oxide Sensor with inNO Model-T 

– Nitric Oxide Measuring System (Innovative Instruments, Inc., Florida, USA). This NO electrode 

is specific to NO and has the detection limit of 0.1 nM, which is 20 times more sensitive than 

that of ISO-NO electrode (World Precision Instruments, Florida, USA). For NO measurement, 

5x108 cells (with or without pre-incubation with D-arginine or L-NAME, to inhibit NO production) 

were washed, resupended in 3 ml of Tris buffer (10 mM Tris-HCl, pH 7.4) and transferred to a 
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recording cell chamber with agitation, under aerobic conditions, followed by addition of 4 mM 

H2O2. A negative control consisting of Tris buffer without cells was also included to exclude 

possible H2O2 interferences with the electrode. Amperometric currents originated from the 

oxidation of NO at the electrode surface were recorded at +0.9 V. The electrode was calibrated in 

100 mM KI-H2SO4 with stock solutions of nitrite according to the manufacturer. 

 

Inhibition of NO production 

For inhibition of NO production, cells were pre-incubated, during 1 hour, with L-NAME 

(200 mM) in YPD medium or pre-incubated during 1 hour with 0.4 mg/ml of D-arginine. A high 

concentration of L-NAME was used throughout the work due to the presence of a cell wall in 

yeast cells. 

 

Determination of NOS activity 

The conversion of L-[3H]-arginine to [3H]-citrulline (NOS activity) was monitored using a 

highly sensitive Nitric Oxide Synthase Assay Kit (Calbiochem) with minor changes from the 

supplied protocol. Untreated or H2O2-treated yeast cells were harvested, washed in double 

distilled water and resuspended in 25 mM Tris-HCl, pH 7.4; 1 mM EDTA and 1 mM EGTA. Yeast 

protein extracts were obtained by vortexing in the presence of 1 g of glass beads and used 

immediately after. 10 l of protein extract (2 g/l) were added to 40 l of reaction buffer with 

1 μCi of L-[3H]-arginine (60 Ci/mmol), 6 M Tetrahydrobiopterin, 2 M FAD, 2 M FMN, 1 mM 

NADPH, 0.6 mM CaCl2 in 50 mM Tris-HCl, pH 7.4. After 60 minutes of incubation, 400 l of 

EDTA buffer (50 mM Hepes, pH 5.5; 5 mM EDTA) were added. In order to separate L-arginine 

from citrulline 100 l of equilibrated L-arginine-binding resin was added and samples were 

applied to spin cup columns and centrifuged. Citrulline quantification was performed by liquid 

scintillation spectroscopy of the flow-through. The radioactivity obtained from a negative control 

consisting of yeast extract boiled for 20 minutes was subtracted to all the samples to remove 

background radioactivity. Data express the percentage of conversion of L-[3H]-arginine to [3H]-

citrulline and represent the average of four independent experiments. 

 

Quantification of intracellular amino acids  

For the intracellular amino acids quantification, untreated and H2O2-treated cells were 

disrupted as described above. Proteins were removed from the samples by TCA precipitation 

followed by sulfosalicylic acid clean-up and filtration. Samples were then analyzed by ion 
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exchange column chromatography followed by post-column ninhydrin derivatization on an 

automated amino acids analyzer (Biochrome 30, Amersham Pharmacia Biotech, Cambridge, 

UK). 

 

Detection of S-nitrosated GAPDH  

S-nitrosated GAPDH was detected by immunoprecipitation with an anti-nitrosocysteine 

(CSNO) antibody. Briefly, untreated, H2O2-treated with or without pre-incubation with L-NAME, and 

aged cells were disrupted by glass beads as previously described [165]. As a positive control, 

cellular nitrosative stress was induced by the NO donor [217, 218] diethylenetriamine/NO 

(DETA/NO, Sigma-Aldrich). The treatment with a NO donor allowed the increase of intracellular 

NO levels allowing the determination of GAPDH S-nitrosation independent of H2O2. Thus, cells 

were incubated during 200 minutes with 2 mM of DETA/NO. One mg of cell lysate was mixed 

with rabbit anti-S-nitrosocysteine antibody (Sigma-Aldrich) at a dilution of 1:160 and incubated at 

4ºC with rotation during 4 hours. Protein G plus/protein A-agarose beads were added and rotated 

over night at 4ºC. Immunoprecipitated proteins were then resolved on a 10% SDS gel and 

transferred to a PVDF membrane before being probed with a monoclonal mouse anti-GAPDH 

antibody (MAB474, Chemicon) at a dilution of 1:200. A horse radish peroxidase-conjugated anti-

mouse IgG secondary antibody was used (Chemicon) at a dilution of 1:5000 and detected by 

enhanced chemiluminescence. 

 

Statistical analysis 

The arithmetic means are given with standard deviation with 95% confidence value. 

Statistical analyses were carried out using independent samples t-test analysis. A p-value less 

than 0.05 was assumed to denote a significant difference 

3.4 RESULTS 

H2O2, as a ROS, triggers a stress response in Saccharomyces cerevisiae by activating a 

number of stress-induced pathways that might lead to alterations of gene expression, protein 

modification and translocation, growth arrest or apoptosis. Using 2-D gel electrophoresis coupled 

to mass spectrometry we analyzed both mitochondrial and total cellular proteome of H2O2-

induced apoptotic cells, identifying increased levels of several stress-related proteins (Figure1, 

Table 1). An acidic form of the thiol-specific peroxiredoxin, Ahp1p [219], previously described as 

the active form [220], and two spots of the thioredoxin peroxidase, Tsa1p [221], were induced 
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upon H2O2 treatment (Figure1, Table 1). Under the same conditions, two mitochondrial stress-

related proteins, Prx1p, a thioredoxin peroxidase [222] and Ilv5p, required for the maintenance of 

mitochondrial DNA [223] were also detected with increased levels (Figure 1, Table 1).  

 

Table 1 – Proteins of mitochondrial and total cellular extracts with detected expression changes upon H2O2 treatment. Protein 
function was obtained from SGD (http://www.yeastgenome.org/). Theoretical pI (isoelectric point) and molecular mass (Mr) was 
calculated with the Compute pI/Mr tool (http://ca.expasy.org/tools/pi_tool.html).  

Total cellular proteome 

Proteins 
identified 

  Spots   Function 
Expression 
levela 

  
Theoretical pI/Mr 
(kDa) 

  
Experimental 
pI/ Mr (kDa) 

Stress response 

Ahp1   1   Thiol-specific peroxiredoxin Up   5.01/19.115   4.55/19.245 

Tsa1 
  

2 
  

Thioredoxin peroxidase 
Up   

5.03/21.458 
  4.85/18.702 

    Up     5.11/19.732 

Carbohydrate metabolism 

Adh1   1   Alcohol dehydrogenase Up   6.26/36.692   5.68/42.191 

Eno2 
  

2 
  

Enolase II 
Up   

5.67/46.783 
  5.45/45.268 

    Up     5.97/43.214 

Tdh2   1  
Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 2 

Up   6.49/35.716   5.89/18.980 

Tdh3 

  

5 

  

Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 3 

Up   

6.46/35.747        
(5.83/29.513) 

  5.57/31.420 

  Up   5.54/20.168 

  Up   5.78/20.188 

  Up   5.72/19.118 

    Up     5.60/37.475 

Amino acids biosynthesis 

His4   1   Involved in histidine biosynthesis Down   5.18/87.721   5.15/97.957 

Unknown function 

Ycl026c-b   1   Hypothetical protein Up   6.43/20.994   6.05/19.989 

Mitochondrial proteome 

Ilv5 

  

3 

  

Acetohydroxyacid reductoisomerase 

Up   
9.10/44.368     
(6.31/39.177) 

  5.49/21.465 

  Up   6.04/43.627 

    Up     5.78/43.717 
Prx1   1  Mitochondrial peroxiredoxin Up   8.97/29.496   6.35/20.385 

Tdh3 
  

1 
  Glyceraldehyde-3-phosphate 

dehydrogenase, isozyme 3 
Up 

  6.46/35.747       
(5.83/29.513) 

  
6.44/37.008 

        
Ycl026c-b  1  Hypothetical protein Up  6.43/20.994  6.14/19.749 

aAn expression change was considered significant if the intensity of the corresponding spot differed reproducibly more than two-

fold.  
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Figure 1 - The levels of stress response proteins are increased in both total and purified mitochondrial extracts from 
H2O2-induced apoptotic cells. Comparison of protein expression levels in total cellular (A) and purified mitochondrial 
extracts (B) of untreated (Control) and H2O2-treated wild-type S. cerevisiae cells. Selected regions are shown enlarged 
and altered protein spots marked with an arrow displaying its position within the 2-D gel (isoelectric point/molecular 
mass). Putative protein fragments are marked with an asterisk. The apparent isoelectric points and molecular 
masses of the proteins were calculated with Melanie 3.0 (GeneBio) using identified proteins with known parameters 
as references. 

 

NO is synthesized by an L-arginine-dependent process during H2O2-induced apoptosis 

Taking into account that molecules such as peroxiredoxins and thioredoxins are known to 

play a role against both oxidative and nitrosative stress in several organisms, including yeast 

[214, 224-226], we questioned whether H2O2 might be inducing nitrosative stress due to an 

endogenous production of NO. Therefore, we performed several experiments in order to measure 

NO production in yeast cells dying by an apoptotic process triggered by H2O2. Given that NO is a 

diffusible free radical rapidly oxidized to nitrate and nitrite [227], an indirect measurement of NO 

production by monitoring nitrate and nitrite formation was performed. The obtained results 

supported the hypothesis of NO production since nitrate concentrations increased upon H2O2 

exposure (Figure 2A). Additionally, flow cytometric quantification of cells stained with the NO 
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indicator 4-amino-5-methylamino-2’,7’-difluorescein (DAF-FM) diacetate revealed that a high 

percentage of H2O2-treated cells contain high NO and/or reactive nitrogen species (RNS) levels, 

decreasing when a non-metabolized L-arginine analogue, N-nitro-L-arginine methyl ester (L-

NAME), was added (Figure 2B). Nonetheless, [228] have shown that NO quantitative 

determination by DAF-FM, in the presence of ROS, is overestimated indicating that DAF-FM is a 

fairly specific NO probe. Thus, to support the hypothesis of NO production in H2O2-apoptosing 

cells we investigated NO synthesis in vivo using an NO-selective electrode (AmiNO-700).  

 

 

Figure 2 - Yeast cells synthesize NO upon apoptosis induction, dependently on L-arginine. (A) NO production in 
untreated, H2O2-treated, and chronological aged cells was indirectly assessed through measurement of nitrite and 
nitrate concentrations as described in material and methods. *p0.05 versus untreated cells, **p0.03 versus 1 day 
aged cells, t-test, n=3. (B) NO production in untreated and H2O2-treated (1.5 and 2 mM) cells assessed by flow 
cytometric quantification of cells stained with the NO indicator DAF-FM diacetate, in the absence (open area) or 
presence (filled area) of the non-metabolized L-arginine analogue L-NAME. The data are presented in the form of 
frequency histograms displaying relative fluorescence (X axis) against the number of events analyzed (Y axis). (C) 
Direct measurement of L-arginine dependent NO production upon H2O2-induced apoptosis. NO production was 
recorded with a NO-selective electrode (AmiNO-700) upon addition of 4 mM H2O2 to 5 x108 wild-type cells (black line) 
or to wild-type cells pre-incubated with the non-metabolized D-arginine (blue line) or L-NAME (green line). A control 
experiment without cells was also recorded and represented as a red line. (D)  Rate of NO production is H2O2-
dependent. 2 mM or 4 mM of H2O2 was added to 5x108 wild-type cells and NO production assessed using the NO-
selective electrode (AmiNO-700). Data presented correspond to the linear part of the kinetically NO production curve. 
Rate of NO production was calculated from the slope.  

 

After H2O2 stimulus, yeast cells were proven to produce NO (Figure 2C), whose 

concentration increased in the medium following a sigmoid-type fitting. In fact, NO production 

was shown to be dependent of H2O2 concentration as indicated by the rate of NO production 
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inferred from the curves during the initial linear periods (Figure 2D). These results were further 

confirmed using a different NO-selective electrode (ISO-NO, World Precision Instruments, data not 

shown). Moreover, the results obtained with the NO-selective electrode supported that NO 

synthesis is L-arginine dependent since L-NAME and D-arginine pre-incubation were able to 

partially inhibit its synthesis (Figure 2C). T80, time at which NO concentration is 80% of the 

maximal concentration, corresponds to 368.81 seconds for 4 mM of H2O2 and to 384.52 or 

403.38 seconds when cells were pre-incubated with D-arginine or L-NAME, respectively.  

 

 

Figure 3 - H2O2-induced apoptotic cells display NOS-like activity. (A) NOS activity assessed in untreated and H2O2-
treated wild-type cells. The radioactivity obtained from a negative control consisting of yeast extract boiled for 20 
minutes was subtracted from all the samples to remove background radioactivity. Data express the percentage of 
conversion of L-[3H]-arginine to [3H]-citrulline. *p0.03 versus untreated cells, t-test, n=4. (B) Intracellular amino 
acids concentrations of untreated (control) and H2O2-treated wild-type cells. *p0.05 versus untreated cells, t-test, 
n=3. 
 

Given the evidence supporting the synthesis of NO dependent of L-arginine, we decided 

to use a classical method to detect a putative nitric oxide synthase (NOS)-like activity. Using a 

NOS kit assay that measures the formation of [3H]-citrulline from L-[3H]-arginine, we observed that 

H2O2-induced apoptotic yeast cells present increased NOS-like activity in a H2O2 dose-dependent 

manner, concurrent with the previously observed NO production (Figure 3A). Additionally, 

analysis of intracellular amino acids concentrations revealed that upon treatment, yeast cells 

present a two-fold increase in L-arginine concentration, which might be crucial for NO production 

upon H2O2-induced apoptosis (Figure 3B). In fact, pre-incubation of cells grown in SC medium 

with L-arginine is sufficient to increase their susceptibility to H2O2 (data not shown). On the other 

hand, pre-incubation of cells with tyrosine, methionine, or glutamine, whose intracellular 

concentrations were also found increased after H2O2 treatment (Figure 3B), did not increase 

cellular susceptibility to this oxidative agent (data not shown).  
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Figure 4 - Inhibition of NO production by L-NAME protects yeast cells from H2O2- but not from mammalian Bax 
expression- or acetic acid-induced apoptosis. (A) Comparison of the survival rate of wild-type cells upon H2O2 
treatment with or without pre-incubation with L-NAME in order to inhibit NO production. *p0.03 versus wild-type, t-
test, n=3. (B) Comparison of the survival rate of wild-type cells upon acetic acid-induced apoptosis with or without 
pre-incubation with L-NAME. (C) Comparison of the survival rate of yeast cells (strain BY.bax) upon Bax expression 
during 15 hours (apoptotic inducing conditions), with or without pre-incubation with L-NAME. (D) Epifluorescence and 
phase-contrast micrographs of untreated and H2O2-treated (1.5 mM) wild-type cells, with or without pre-incubation 
with L-NAME, stained with dihydrorhodamine 123 (DHR123) as an indicator of high intracellular ROS accumulation. 
Bar, 5 m. 
 

Moreover, results showing that pre-incubation with L-NAME rendered yeast cells resistant 

to H2O2 (Figure 4A) further supported the hypothesis that NO synthesis occurs during and 

accounts for H2O2-induced apoptosis. In fact, cellular protection conferred by L-NAME was proven 

to be specific since it did not result in a cell death resistant phenotype when challenged with 

acetic acid (Figure 4B). Also, rather than having a protective affect on cells dying by Bax 

heterologous expression, L-NAME actually increases Bax toxicity (Figure 4C). In accordance with 

the specificity of NO production during H2O2-induced apoptosis, pre-incubation with L-NAME 

dramatically decreased the intracellular levels of ROS (Figure 4D). Supporting the suggested 

correlation between NO production and the increase of ROS, cell treatment with the NO donor 

DETA/NO, previously used to induce nitrosative stress in yeast cells [218], resulted in 

intracellular ROS accumulation (data not shown).  

Altogether our results demonstrated that upon H2O2-induced apoptosis, NO is produced in 

yeast cells by an L-arginine-dependent mechanism pointing to the requirement of a yet unknown 
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protein with a NOS-like activity. Moreover, NO is presented herein as an important apoptotic 

regulator that correlates with the intracellular ROS levels generated during H2O2-induced 

apoptosis. 

 

NO is produced during chronological life span leading to an increase of superoxide anion 
levels 

In order to unravel the possible role of NO in a physiological scenario of yeast apoptosis, 

we evaluated its production during chronological life span. Our results demonstrated that 

chronological aged cells (10 days) display more than a five-fold increase in NO generation as 

indirectly determined by an increase in nitrate concentrations directly correlated with aging time 

(Figure 2A). Given the limitations of assessing NO production by a NO-selective electrode with a 

chronic stimulus such as aging, and aiming to address the consequences of the indirect 

observation of NO production, we also evaluated distinct cellular parameters in the presence of 

oxyhemoglobin (OxyHb), a compound that scavenges NO and is considered a major route of its 

catabolism, [229-231], representing  a gold standard test for the involvement of NO in a 

biological process [200, 232]. Cells in the presence of OxyHb revealed a faster growth (Figure 

5A) and a delay in cell death induced during chronological life span (Figure 5B), both OxyHb 

dose-dependent. 

 

 

Figure 5 - NO scavenged by OxyHb is associated to a delay in cell death during chronological life span and to 
decreased levels of superoxide anion. (A) Growth curve of wild-type cells after addition of indicated concentrations of 
OxyHb. (B) Survival determined by clonogenicity during chronological aging of wild-type cells with or without addition 
of OxyHb, in the indicated concentrations at day 0. (C) Quantification (fluorescence reader) of ROS accumulation 
using dihydroethidium (DHE) staining during chronological aging of wild-type cells with or without OxyHb treatment. 
 

Superoxide anion, which is generated during chronological life span, is known to play a 

major role in the age-associated death of yeast and other eukaryotic cells [71]. In mammalian 

cells superoxide anion interacts with NO leading to the formation of peroxynitrite [233], a RNS 

that enhances mitochondrial dysfunction, triggering an increased production of intracellular ROS 
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levels [234]. Following this line of thought, we evaluated the intracellular levels of superoxide 

anion during chronological life span in the presence of OxyHb. Our results demonstrated a 

decrease in superoxide anion production during chronological life span, which is inversely 

correlated to OxyHb concentrations (Figure 5C). Overall, these results point to the occurrence of 

NO synthesis during chronologic life span and a NO role during physiological apoptotic cell death. 

Moreover, NO is suggested to mediate superoxide anion production probably due to the action of 

intracellular RNS. 

 

 

Figure 6 - GAPDH is severely affected displaying extensive fragmentation in H2O2-induced apoptotic cells. Comparison 
of protein expression levels in total cellular (A) and purified mitochondrial extracts (B) of untreated (Control) and H2O2-
treated wild-type cells. Selected regions are shown enlarged and altered protein spots marked with an arrow 
displaying its position within the 2-D gel (isoelectric point/molecular mass). The apparent isoelectric points and 
molecular masses of the proteins were calculated with Melanie 3.0 (GeneBio) using identified proteins with known 
parameters as a reference. Putative protein fragments are marked with an asterisk. Tdh3p fragments are numbered 
from 1 to 4. 
 

GAPDH is S-nitrosated during yeast apoptosis  

Analysis of mitochondrial and total cellular proteome of H2O2-induced apoptotic cells 

revealed several alterations regarding GAPDH, particularly of the Tdh3p isoenzyme (Figure 6, 

Table 1). Upon H2O2 exposure, Tdh3p was detected within five spots of increased intensity, three 

of them corresponding to putative protein fragments, one to the mature protein with the putative 

mitochondrial import signal sequence removed (see Figure S1 in supplementary material), and 

one corresponding to a new isoform of the complete Tdh3p with a lower isoelectric point. Tdh2p 

was also detected as a putative protein fragment (Figure 6, Table 1 and Figure S1), indicating 

that both GAPDH isoenzymes might be targets for proteolysis. In yeast, GAPDH, particularly the 

Tdh3p isoform, is normally found in the cytoplasm, the nuclei, or mitochondria depending on the 
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physiological conditions [164]. Interestingly, a new form of Tdh3p with a lower isoelectric point 

was detected in mitochondrial extracts (Figure 6, Table 1), suggesting the occurrence of a 

posttranslational modification upon H2O2 treatment. 

 

 

Figure 7 - Deletion of GAPDH isoform 2 and 3 prevents H2O2-induced apoptosis. (A) Comparison of the survival rates 
of wild-type, ∆tdh2 and ∆tdh3 cells upon H2O2 treatment, *p0.03 versus wild-type, t-test, n=3. (B) Epifluorescence 
and phase-contrast micrographs of untreated and H2O2-treated (1.5 mM) wild-type, ∆tdh2 and ∆tdh3 cells, stained 
with dihydrorhodamine 123 (DHR123) as an indicator of high intracellular ROS accumulation. Bar, 5 m.  

 

S-nitrosation promoted by NO has been shown to regulate GAPDH a glycolytic protein 

extensively implicated in mammalian apoptosis (reviewed in [235]. Besides NO production, our 

results revealed several different alterations of GAPDH upon H2O2-induced apoptosis, which 

prompted us to investigate whether GAPDH S-nitrosation and its involvement in apoptosis were 

likely conserved in yeast cells. The first approach explored the contribution of GAPDH 

isoenzymes, found altered in the proteomic assay (Tdh2p and Tdh3p), during yeast cell death. 

Exposure of both TDH2- and TDH3-disrupted cells to H2O2 apoptotic inducing concentrations 

revealed an increase in the survival rate compared to wild-type cells (Figure 7A), reflecting a 

putative role of GAPDH in the apoptotic process. Remarkably, tdh2 and tdh3 cells also 
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displayed a reduction in the intracellular content of ROS upon H2O2-induced apoptosis (Figure 

7B), suggesting the contribution of GAPDH to ROS generation during apoptotic cell death.  

 

 

Figure 8 - GAPDH is S-nitrosated during H2O2-induced apoptosis. (A) Detection of S-nitrosated GAPDH by 
immunoprecipitation using an anti-CSNO antibody. Detection was performed in cell extracts from untreated cells, 
H2O2-treated (1, 1.5 and 2 mM) cells and in cells treated during 200 min with 2 mM of the NO donor 
diethylenetriamine/NO (DETA/NO). (B) Quantification of band intensity from figure 8A by densitometry. Band 
intensities were normalized to the intensity of IgG bands. Data express the GAPDH/IgG fold change in comparison to 
control (lane 1). *p0.05 versus control, t-test, n=3. (C) Immunoprecipitation of S-nitrosated GAPDH with an anti-
CSNO antibody from cellular extracts of untreated, H2O2-treated (1.5 mM) (either in the absence or presence of L-
NAME), or chronological aged cultures (2 and 5 days). (D) Quantification of band intensity from figure 8C by 
densitometry. Band intensities were normalized to the intensity of IgG bands. Data express the GAPDH/IgG fold 
change in comparison to control (lane 1). *p0.05 versus control, t-test, n=3. 

 

As a posttranslational modified form of Tdh3p was detected in the mitochondria of H2O2 

treated cells (Figure 6, Table 1), we questioned if the concurrent synthesis of NO was promoting 

GAPDH S-nitrosation and its translocation to mitochondria. However, mass spectrometry analysis 

revealed that the observed mitochondrial GAPDH posttranslational modified form corresponds to 

an oxidation rather than an S-nitrosation of the protein (data not shown). Nevertheless, by 

immunoprecipitating GAPDH from cellular extracts with an anti-nitrosocysteine (CSNO) antibody, 

we demonstrated that GAPDH suffers a dose-dependent increase of S-nitrosation upon exposure 

to H2O2 (Figure 8 A,B). To support the observation of the occurrence of GAPDH S-nitrosation, cells 

were treated with the NO donor DETA/NO. The results showed that GAPDH also suffers S-
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nitrosation upon exposure to the NO donor discarding a possible artifact of H2O2 treatment. 

Interestingly, treatment with H2O2 after pre-incubation with L-NAME resulted in a reduction of the 

amount of S-nitrosated GAPDH to control levels (Figure 8 C,D), associated with an increased 

survival rate of yeast cells (Figure 4A). Furthermore, chronologically aged cells displayed 

increased GAPDH S-nitrosation (Figure 8 C,D), pointing to a role of NO and GAPDH in the 

signaling of yeast apoptosis.  

 In summary, the occurrence of GAPDH S-nitrosation reinforces the fact that during yeast 

apoptotic cell death, induced by H2O2 or age-associated, NO is produced dependently on 

intracellular L-arginine content, and that, as in mammalian cells, it is responsible for the signaling 

and execution of the process through GAPDH action [210]. These results place yeast as a 

valuable model to study the role of GAPDH in apoptosis and also open new frontiers for the study 

of NO role in yeast physiology.  

3.5 DISCUSSION 

Apoptosis can be triggered by several different signals through different sub-programs 

composed by a complex network of regulators and effectors. A large fraction of these apoptotic 

events depends on newly synthesized proteins, posttranslational modifications, and translocation 

to specific cellular compartments [236-238]. Taking this into consideration, a useful knowledge 

for the identification of apoptotic regulators and effectors can be obtained by analyzing the 

cellular proteome under apoptotic conditions. In our work, we examined the total and 

mitochondrial proteome of H2O2-induced apoptotic yeast cells. Proteomic analysis revealed the 

activation of stress-induced pathways through the increased levels of proteins previously 

described to be involved in both oxidative and nitrosative stresses. In addition, different 

posttranslational modified forms of GAPDH were shown to be present with increased levels 

indicating that the activation of oxidative and nitrosative stress-induced pathways might have led 

to increased protein modifications, culminating in apoptotic cell death. 

The observation of a nitrosative stress response, together with previous reports on yeast 

endogenous NO production [212], guided us to examine the possibility of NO synthesis under 

H2O2 treatment. Our results show that H2O2 induces nitrosative stress as demonstrated by the 

indirect (measurement of nitrate concentration) and direct (NO-selective electrode and a NO-

sensitive probe) detection of elevated intracellular NO levels, as well as by the detection of a NOS-

like activity (classical methods used for mammalian cells). NO synthesis was found to be 
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dependent on L-arginine and could be inhibited by the non-metabolized L-arginine analogous, L-

NAME. The H2O2 endorsement of endogenous NO synthesis observed in yeast cells was previously 

described in mammalian cells, where H2O2 activates the endothelial NOS [239], pointing to the 

conservation of some basic biochemical pathways activated/affected by H2O2. It is also clear that 

NO levels are mediating the apoptotic cell death occurring during chronological life span. Given 

that a common feature of apoptotic cell death induced by H2O2 or age-associated cell death is the 

generation of ROS, and bearing in mind that menadione was found to promote endogenous NO 

synthesis [212], the relevance of NO in yeast apoptotic programs is reinforced, pointing to the 

conservation of links between ROS and RNS [240]. Nevertheless, the origin of NO in yeast cells is 

still unclear mainly due to the lack of mammalian NOS orthologues in the yeast genome. 

Although Castello and coworkers (2006) showed that yeast cells are capable of mitochondrial NO 

synthesis independently of a NOS-like activity, our results, together with the physiological role of 

NO, point to the presence of a yet unknown protein(s) with NOS-like activity in yeast. Plants, like 

yeast, do not have a protein with sequence similarity to known mammalian-type NOS but display 

a NOS-like activity indicating the presence of a enzyme structurally unrelated to those of their 

mammalian counterparts.  

Diverse cellular functions can be affected by NO through posttranslational modification, 

particularly S-nitrosation, being GAPDH a key glycolytic enzyme that undergoes S-nitrosation and 

translocates to the nucleus, triggering apoptosis in mammalian cells [210]. Our results show that 

following H2O2 stimulus, yeast GAPDH is a target of extensive proteolysis as revealed by the 

number of identified fragments. Further studies concerning the elucidation of the functional 

relation of GAPDH fragmentation and its apoptotic role will be crucial for the understanding of the 

evolutionarily conserved multifunction of GAPDH.  

GAPDH has been previously described to suffer different posttranslational modifications 

upon an oxidative stress insult, both as a target [198, 241] and as the most abundant yeast S-

thiolated protein in response to H2O2 challenge [242]. Surprisingly, only the Tdh3p and not the 

Tdh2p GAPDH isoenzyme is modified [243]. In addition, GAPDH Tdh3p isoenzyme was also 

described as suffering a redox-dependent and reversible S-glutathiolation (reviewed in [244]), with 

the formation of protein-mixed disulfides likely encompassing NO-dependent S-nitrosation of 

protein thiol groups. In this study we show that H2O2 or the NO donor DETA/NO lead to GAPDH S-

nitrosation, revealing that yeast GADPH is both S-nitrosated and S-glutathionylated as described 

for mammalian cells [245]. This evidenced interrelation between S-glutathiolation, thiol oxidation 
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and nitrosation points to protein-mixed disulfide formation as a mechanism that integrates 

signaling by both oxidative and nitrosative stimuli (reviewed in [244]). Our results concerning NO 

synthesis, GAPDH fragmentation, and S-nitrosation, together with the fact that ROS/RNS-induced 

S-glutathiolation is involved in the modulation of signal transduction pathways such as the 

regulation of proteolytic processing, ubiquitination, and degradation of proteins [244], pinpoint 

yeast as an attractive model to uncover the emerging roles for ROS/RNS. Moreover, the role of 

GAPDH S-nitrosation seems to be of extreme importance for the yeast apoptotic process, since 

the blockage of GAPDH S-nitrosation by L-NAME is associated with decreased amounts of ROS 

within the cells, suggesting that S-nitrosated GAPDH also concurs with ROS generation, although 

by a mechanism that is still elusive as observed in mammalian cells [246].  

Altogether, our findings bring new insights into the evolutionarily conserved apoptotic 

pathways. Similarly to higher eukaryotes, yeast cells undergo apoptosis mediated by NO 

signaling, which places yeast as a powerful tool in the study of the mechanisms that determine 

cellular sensitivity to NO and for the elucidation of NO pro- and anti-apoptotic functions. 

Moreover, the finding that S-nitrosated GAPDH is involved in yeast apoptosis raises the possibility 

of future investigations using yeast cells to screen for drugs that directly act against S-nitrosated 

GAPDH. 
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                                                                                                CHAPTER 4 

Metacaspase-mediated cleavage of glyceraldehyde-3-phosphate dehydrogenase 

during yeast apoptosis 

Almeida, B., Silva, A., Sampaio-Marques, B., Reis, M.I., Ohlmeier, S., Mesquita, A., Madeo, F., do 

Vale, A., Leão, C., Rodrigues, F. and Ludovico, P. 
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The results presented in this chapter will be submitted to an international peer-reviewed journal. 
 
 

The results described in this chapter were presented in the following international congress: 
 
6th IMYA - International Meeting on Yeast Apoptosis. Leuven, Belgium. (2008). “NO-mediated apoptosis in yeast”. (Poster presentation. Oral 
communication by Paula Ludovico). 



 

 

4.1 ABSTRACT  

The metacaspase Yca1p, is required for the execution of yeast apoptosis upon a wide 

range of stimuli. However, it has been argued that metacaspases are not bona fide homologues 

of mammalian caspases, as homologous substrates have not been identified so far - a condition 

sine qua non for a functional protease homology. By combining a digestome analysis with in vitro 

and in vivo assays we identified glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a yeast 

metacaspase substrate. These results were confirmed by in vitro cleavage assays using 

recombinant GAPDH (Tdh3p) and Yca1p. As GAPDH is also a substrate of mammalian caspase 

1, these data establish metacaspases as the functional homologues of caspases. Moreover, we 

present data implicating nitric oxide (NO) signaling as a requirement for Yca1p-mediated GAPDH 

cleavage, which in turn seems to result in the inhibition of a GAPDH function in the stimulation of 

autophagy, allowing the progress of apoptosis.  
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4.2 INTRODUCTION 

Apoptosis, the best described form of programmed cell death (PCD), is a highly regulated 

process crucial for disease control in multicellular organisms. It is orchestrated by the activation 

of different “executioner” caspases, which subsequently cleave their substrates within the cell to 

produce the changes associated to apoptosis [247]. Yeast, like mammalian cells, display the 

basic machinery necessary for cell death execution, presenting a certain degree of conservation 

with apoptotic mechanisms of higher eukaryotes [49, 87, 160]. The description in yeast of a 

member of a family of caspase-like proteases (Yca1p) [108], called metacaspase, which is an 

apoptotic executor upon a wide range of either physiological or external stimuli [67, 68], 

established the occurrence of a caspase-dependent apoptotic pathway in yeast. In fact, 

physiological or external stimuli such as chronological life span or exogenous application of low 

doses of H2O2, respectively, lead to apoptosis mediated by Yca1p. Overexpression of Yca1p 

renders yeast cells more susceptible to apoptosis following different apoptotic stimuli [67]. 

Conversely, yeast cells lacking YCA1 survive better upon treatment with various toxins, e.g. H2O2 

treatment, and aging than wild-type cells [52, 67]. Madeo F. and coworkers demonstrated that 

Yca1p could successfully cleave the IETD-AMC peptide, which is a typical mammalian initiator 

caspase substrate [67]. More recently, Watanabe and coworkers found that when active, Yca1p 

displays arginine/lysine specific activity [248]. However, and although the phenotypical 

alterations observed in yeast cells dying by a programmed cell death (PCD) process resemble the 

apoptotic phenotype observed in mammalian cells, there are no yeast metacaspase substrates 

described so far. This is a crucial aspect since it would not only allow a great advance in the 

understanding of the yeast apoptotic pathways but would undoubtedly establish metacaspases as 

the bona fide homologues of caspases. Using a digestome analysis, complemented with in vitro 

and in vivo biochemical assays, we found evidence indicating yeast glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as a substrate of Yca1p during H2O2-induced apoptosis.    

4.3 MATERIALS AND METHODS 

Strains, plasmids, media and treatments 

S. cerevisiae strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) and the respective 

knockout in YCA1 gene (EUROSCARF, Frankfurt, Germany) were used.  For H2O2 treatment, yeast 

cells were grown until the early stationary growth phase in liquid YPD medium containing glucose 



 

85 

 

(2%, w/v), yeast extract (0.5%, w/v) and peptone (1%, w/v) or in YPG medium containing glycerol 

(2%, w/v), yeast extract (0.5%, w/v) and peptone (1%, w/v). Cells were then harvested and 

suspended (107 cells/ml) in fresh YPD or YPG medium followed by the addition of 1.5 mM H2O2 

and incubation for 200 minutes at 26°C with stirring (150 r.p.m.) in the dark, as previously 

described [199]. After treatment, 300 cells were spread on YPD agar plates and viability was 

determined by counting colony-forming units (c.f.u.) after 2 days of incubation at 26°C. 

For construction of the Yca1p-overexpressing strain, YCA1 was amplified by PCR (primers 

5’-ccgggaattcgatgtatccaggtagtggacgt-3’ and 5’-ccg gggatccctacataataaattgcagatttacgtc-3’), using 

genomic DNA, isolated from strain BY4742, as a template. PCR product and plasmid pGREG546 

(EUROSCARF, Frankfurt, Germany), which displays GST at N-terminal and a galactose-inducible 

promoter, were digested with EcoRI and BamHI, and fragments ligated, generating plasmid 

pGREG546YCA1. Strain Δyca1 was transformed with pGREG546YCA1, generating strain 

Δyca1YCA1-Overexp. For overexpression and activation of Yca1p, strain Δyca1YCA1-Overexp was grown until 

exponential growth phase (OD640nm=0.5) on synthetic complete (SC) medium containing glucose 

(2%, w/v), yeast nitrogen base (0.17%, w/v, Difco), 300 mg/l of L-leucine, 50 mg/l of L-histidine 

and 50 mg/l of L-lysine. Cells were then washed and resuspended in SC medium containing 

galactose (2%, w/v). Cells were incubated at 26ºC with stirring (150 r.p.m.) during 16 hours. 

Upon incubation, 107 cells/ml were resuspended in SC medium with galactose (2%, w/v), 

followed by addition of 2 mM of H2O2 and incubation for 200 minutes at 26ºC with stirring (150 

r.p.m.).  

For production of recombinant GAPDH, yeast GAPDH (TDH3) was amplified by PCR 

(primers 5’-ggggacaagtttgtacaaaaaagcaggctccatggttagagttgctatt-3’ and 5’-

ggggaccactttgtacaagaaagctgggtcttaagccttggcaacgtg-3’) from wild-type genomic DNA. PCR product 

was then inserted into pDEST17 vector (Invitrogen, Carlsbad, CA, USA) using the gateway® 

technology (Invitrogen), following supplier instructions, generating the plasmid pDEST17GAPDH. 

 

Digestome analysis (diagonal gels) 

Diagonal gels were performed according to the methodology described in [249], with 

adaptations. Total protein extracts from wild-type BY4742 strain were produced by glass beads 

disruption of a cellular suspension of 109 cells/ml, during 7 minutes on a vortex mixer. 400 μg of 

proteins was resolved by SDS-PAGE 12% (first dimension). After migration, the lane containing 

the protein was excised and soaked in 40% EtOH and 10% acetic acid for 10 min, in EtOH 30% 
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for 10 min, and then in ultrapure water for two times 10 min. The lane was then air dried (15–30 

min) and soaked in buffer A (50 mM Tris-HCl, 150 mM NaCl, DTT 10 mM) with 5 mg of active 

metacaspase-enriched protein extract (obtained by glass beds disruption of either H2O2-treated 

BY4742 or H2O2-treated Δyca1YCA1-Overexp cells). The lane was then incubated overnight at 37ºC. Next, 

lane was washed in water and then incubated in loading buffer [50 mM Tris (pH 6.8), 2% SDS, 

0.1% bromophenol blue, 10% glycerol, 2.5% -mercaptoethanol] and incubated for 10 min at 

95ºC. After cooling, lane was loaded on a second acrylamide gel (12%) and resolved by SDS- 

PAGE. After migration, gels were stained with Colloidal Blue Staining Kit (Invitrogen, Carlsbad, 

CA, USA). Cleaved proteins, which are located under the diagonal, were excised from the gels 

and identified by mass spectrometry. As controls, first dimensional gel lane was incubated 

overnight with buffer A with 5 mg of protein extracts obtained by glass beads disruption of either 

untreated Δyca1YCA1-Overexp or H2O2-treated Δyca1 cells. 

 

Identification of proteins by mass spectrometry 

Excised spots were in-gel digested and identified from the peptide fingerprints as 

described elsewhere [164]. Proteins were identified with the ProFound database, version 

2005.02.14 (http://prowl.rockefeller.edu/prowl-cgi/profound.exe) using the parameters: 20 

ppm; 1 missed cut; MH+; +C2H2O2@C (Complete), +O@M (Partial). The identification of a 

protein was accepted if the peptides (mass tolerance 20 ppm) covered at least 30% of the 

complete sequence. Sequence coverage between 30% and 20% or sequence coverage below 20% 

for protein fragments was only accepted if at least two main peaks of the mass spectrum 

matched with the sequence and the number of weak-intensity peaks was clearly reduced. The 

spot-specific peptides in the mass spectrum were also analyzed to confirm which parts of the 

corresponding protein sequence matched with these peptides, indicating protein fragmentation. 

This comparison reveals that spots presenting putative fragments lacked peptides observed in the 

mass spectrum of the whole protein. Thus, the spot position observed in diagonal gels and the 

specific peptides in the corresponding mass spectrum were analyzed to define the spot as intact 

protein or putative fragment.  

 

Immunoblotting 

 Proteins in the diagonal gels or protein extracts from either H2O2-treated wild-type or 

yca1 cells (grown with either glucose or glycerol as carbon and energy source), upon separation 
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by SDS-PAGE 12%, were transferred to nitrocellulose membranes and probed with a monoclonal 

mouse anti-GAPDH (MAB474, Chemicon), as described previously [199]. A horseradish 

peroxidase-conjugated anti-rabbit IgG secondary antibody was used (#7074, Cell Signaling 

Technology, Danvers, MA, USA) at a dilution of 1:5000 and proteins detected by enhanced 

chemiluminescence. For inhibition of NO production, and consequent inhibition of GAPDH S-

nitrosation, cells were pre-incubated, for 1 hour, with the L-arginine analogue N-nitro-L-arginine 

methyl ester (L-NAME), as previously described [199]. 

 

Protein expression and cleavage assay  

E. coli strain BL21 pLys was transformed with vectors pDEST17GAPDH or pET23aYCA1 

(kindly provided by Dr. E. Lam). Recombinant GAPDH and Yca1p were induced by adding 1 or 

0.4 mM isopropyl-1-thio--D-galactopyranoside (IPTG), respectively, to bacterial culture with an 

OD600 nm of 0.4 - 0.6, followed by incubation at 37ºC (GAPDH) or 28ºC (Yca1p) during 4 hours, with 

shaking (250 r.p.m). Bacterial cells harboring vector pET23aYCA1 were then broken by 

sonication as described in [248], and the resulting supernatants used to cleave GAPDH in vitro. 

In order to confirm Yca1p expression, 20 g of protein extracts of IPTG-induced YCA1-expressing 

E. coli cells were resolved by SDS-PAGE 12%, and western-blot analysis was carried out using a 

polyclonal rabbit anti-Yca1p antibody (kindly supplied by Dr. F. Madeo), revealing a typical 

caspases-like processing pattern (data not shown) as described in [248]. In our experimental 

conditions, upon expression, GAPDH was found to be insoluble, therefore, GAPDH expression 

was induced in one liter of medium, and inclusion bodies isolated, according to manufacture 

protocol (iFOLD Protein Refolding System 2 – Novagen, San Diego, CA, USA). Inclusion bodies 

were then denaturated by adding inclusion bodies pellet to denaturation buffer (50 mM Tris-HCl, 

0.2 M NaCl, 2.0 mM EDTA, 8.0 M Urea, pH 8.0) at a ratio of 5 ml of buffer per 0.5g of inclusion 

bodies. Next, soluble GAPDH at a concentration of 5 mg/ml was refolded by dilution (1:50) in 

refolding buffer (50 mM TAPS, pH 8.5, 1.5 M Sorbitol, 24 mM NaCl, 1 mM KCl, 1 mM TCEP) 

and incubation over night at 22ºC with mild agitation.  

 For cleavage assay of GAPDH by caspase-1, 500 l of recombinant GAPDH in refolding 

buffer was mixed with 100 l of fish recombinant caspases-1 in the same refolding buffer (kindly 

supplied by Dr. N.M. dos Santos) and with 600 l of 2X buffer A [0.2% (w/v) CHAPS, 0.2 M 

HEPES, 20% (w/v) Sucrose, 20 mM TCEP, pH 7.5]. Samples were then incubated over night at 

22ºC followed by precipitation with trichloroacetic acid (TCA). Next, protein samples were 
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suspended in Laemlli buffer and resolved by SDS-PAGE 12%, transferred to nitrocellulose 

membranes and probed with a monoclonal mouse anti-GAPDH (MAB474, Chemicon) as 

described above. Similarly, for cleavage assay of GAPDH with Yca1p, 500 l of recombinant 

GAPDH in refolding buffer was mixed with 20 l of bacterial extracts obtained upon expression of 

Yca1p and with 500 l of 2X buffer A. Samples were then incubated over night at 22ºC followed 

by precipitation with trichloroacetic acid (TCA), and subsequently separation by SDS-PAGE 12%. 

Proteins were then transferred to nitrocellulose membranes and probed with a monoclonal 

mouse anti-GAPDH (MAB474, Chemicon) as described above. 

 

Expression analysis by RT-PCR 

 S. cerevisiae wild-type and yca1 cells were grown over night and treated with H2O2 as 

described above. After treatment, cells were washed two times with PBS and used for total RNA 

extraction using Trizol (Invitrogen, Carlsbad, CA, USA) standard procedures and heat shock 

treatment (20 min at 65°C followed by 60 min at −80°C) for cellular disruption. Total RNA of 

each sample was normalized to a concentration of 400 ng/l, and was reverse transcribed using 

the iScript cDNA Synthesis kit (Bio-Rad, Marnes La Coquette, France), and 2 l the reverse-

transcribed RNA used as template to amplify ATG8 and ACT1 (primers: ATG8 – 5’-

gaaggcggagtcggagagg-3’, 5’-ggcagacatcaacgccgc-3’; ACT1 – 5’-caccaactgggacgatatgg-3’, 5’-

gaaggctggaacgttgaaag-3’) using the iQTM SYBR Green Supermix (Bio-Rad, Marnes La Coquette, 

France). The thermal cycling conditions comprised an initial step at 95°C for 5 min, followed by 

40 cycles at 95°C for 10 sec, 59°C for 30 sec, a melting step of 65–95°C (0.5°C/sec), and a 

final cooling at 40°C for 30 sec. Real-time quantification was conducted on a CFX96 Real-Time 

System (Bio-Rad, Marnes La Coquette, France) using threshold cycle (Ct) values for ACT1 (actin) 

transcripts as the endogenous reference. mRNA differential ATG8 expression levels were 

evaluated by normalizing ATG8 Ct values with the reference and comparing the ratio amongst the 

tested samples. Data was analyzed with Bio-Rad CFX Manager version 1.0 software. 

 

Statistical analysis 

All presented data was the result of at least three independent experiments. The 

arithmetic means are given with standard deviation with 95% confidence value. Statistical 

analyses were carried out using independent samples t-test analysis. A P value less than 0.05 

was considered to denote a significant difference.  
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4.4 RESULTS 

Reduced GAPDH expression during H2O2-induced apoptosis 

 We have previously demonstrated, using a proteomic approach, that yeast GAPDH was a 

target of extensive fragmentation, as revealed by the increased number of GAPDH spots (either 

Tdh2p or Tdh3p) displaying decreased molecular mass upon H2O2-induced apoptosis [199]. 

Additionally, Shenton and Grant have demonstrated that the activity of yeast GAPDH was 

inhibited upon H2O2 treatment [242], a condition were yeast metacaspase (Yca1p) is activated 

[67]. Following this line of thought, we decided to investigate the putative relation between Yca1p 

processing capacities and GAPDH fragmentation observed during H2O2-induced apoptosis. 

Western-blot analysis of protein extracts from wild-type yeast cells upon H2O2 treatment revealed a 

pronounced decrease in the expression of GAPDH (Figure 1). Even though no GAPDH protein 

fragments with low molecular mass were detected using this monoclonal antibody, the indication 

of decreased levels of GAPDH upon H2O2 treatment pointed for putative fragmentation of this 

protein. To assess the involvement of Yca1p in the putative fragmentation of GAPDH during 

apoptosis, western-blot analysis was applied to protein extracts from untreated and H2O2 treated 

yca1 cells. As demonstrated in Figure 1, the levels of GAPDH remained equal in both treated 

and untreated cells, indicating the abolishment of putative GAPDH fragmentation, during H2O2-

induced apoptosis, by deletion of YCA1, which suggests a specific Yca1p-mediated cleavage of 

this protein during H2O2-induced apoptosis. 

 

 

Figure 1 – GAPDH protein levels are altered upon H2O2-induced apoptosis. Western-blot analysis of protein extracts 
from H2O2-treated (1.5 mM) and untreated wild-type (BY4742) or Δyca1 cells. Western-blot analysis of H2O2-treated 
(1.5 mM) wild-type yeast cells after pre-incubation with the L-arginine analogue, L-NAME, is also represented. 

 

Digestome analysis identifies GAPDH as a Yca1p substrate 

 Giving the western-blot results indicating a putative Yca1p-mediated cleavage of GAPDH, 

we decided to test this hypothesis by performing a digestome analysis, previously described by 

Ricci and coworkers [249]. In a first dimension SDS-PAGE, protein extracts from untreated wild-
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type yeast cells were run. Upon protein separation by SDS-PAGE, the gel lane was incubated with 

active Yca1p-enriched extracts, derived from H2O2-treated yca1 cells overexpressing Yca1p. After 

incubation, gel lane was mounted on top of a second SDS-PAGE gel, and separated again by 

molecular weight. This revealed the appearance of innumerous spots below the diagonal, 

corresponding to proteins that suffered cleavage during the incubation of the gel lane with Yca1p-

enriched extracts (Figure 2).  

 

 

Figure 2 - Digestome analysis identifies GAPDH as being fragmented by Yca1p-enriched protein extracts. 
Representative diagonal gel of total protein extracts incubated with extracts from metacaspase-overexpressing cells 
treated with H2O2, and respective western blot analysis with an anti-GAPDH antibody. White arrow heads indicate 
spots identified by mass spectrometry. 

 

Among the detected spots, three spots were successfully identified by mass spectrometry 

(circled spots in Figure 2) as C-terminal fragmented forms of isoforms 2 or 3 (Tdh2p/Tdh3p) of 

GAPDH (Figure 2). In addition, western-blot analysis of the diagonal gels probed with a 

monoclonal anti-GAPDH antibody was able to reveal GAPDH fragments immediately below the 

diagonal (Figure 2) that were impossible to individualize and identify by mass spectrometry. The 

anti-GAPDH antibody was not able to detect the protein fragments that were previously identified 

by mass spectrometry. Instead, it labeled what most probably corresponds to the complementary 

GAPDH protein parts obtained after cleavage. On the other hand, analysis of control gels, which 

consisted in diagonal gels obtained after incubation of the first dimension gel lane with protein 
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extract from untreated Yca1p-overexpressing cells, revealed no GAPDH spots below diagonal, and 

by western blot analysis, only the complete protein and an additional GAPDH fragment, which 

corresponds to the lower molecular weight spot previously detected by western-blot (Figure 2), 

were detected (Figure 3).  

 

 

Figure 3 - Representative diagonal gel of total cellular extracts incubated with extracts from untreated metacaspase-
overexpressing cells, and respective western blot analysis with an anti-GAPDH antibody. 

 

To confirm if GAPDH was being specifically cleaved by Yca1p, and not by other unknown 

proteases active upon cells treatment with H2O2, we decided to incubate the first dimension gel 

lanes with extracts from ∆yca1 cells treated with H2O2. This revealed, similarly to control 

conditions (Figure 4), the absence of GAPDH fragmentation as detected upon incubation of the 

lane with extracts from H2O2-treated Yca1p-overexpressing cells (Figure 2), and again, the 

detection by western blot analysis of the complete protein and an additional GAPDH fragment, 

previously detected (Figure 3). Since in control conditions one GAPDH fragment could be 

detected by western-blot and during incubation of protein extracts with extracts from H2O2-treated 

Yca1p-overexpressing cells three GAPDH spots could be identified, this suggests that GAPDH is 

specifically cleaved by Yca1p in at least two distinct sites.  

 



 

92 

 

 

 
Figure 4 - Representative diagonal gel of total cellular extracts incubated with extracts from ∆yca1 cells treated with 
H2O2, and respective western blot analysis with an anti-GAPDH antibody. 
 

GAPDH is cleaved in vitro by recombinant fish caspase-1 and Yca1p 

In order to further support the specific cleavage of GAPDH by active Yca1p, by a more 

accurate methodology, we produced recombinant active Yca1p by expressing YCA1 in 

Escherichia coli, as described in [248] and added it to recombinant GAPDH (isoform 3 - Tdh3p). 

The choice of isoform 3 of GAPDH, and not Tdh2p or Tdh1p, was based on our previously 

proteomic study, which indicated that Tdh3p was a target of extensive fragmentation during H2O2-

induced apoptosis [199]. As shown in Figure 5, addition of protein extracts from E. coli cells 

expressing Yca1p to GAPDH was sufficient to induce its fragmentation, with the appearance of 3 

protein fragments presenting molecular weights similar to the ones detected in digestome gels 

upon being probed with the anti-GAPDH antibody. Since GAPDH was also reported to be 

specifically cleaved by caspase-1 in higher eukaryotic cells [250], and GAPDH sequence is highly 

conserved among species we added fish recombinant caspases-1 to recombinant yeast GAPDH 

as a positive control, and observed that caspase-1 was also able to cleave yeast GAPDH (Figure 

5). On the other hand, addition of protein extracts from bacterial harboring an empty vector did 

not result in GAPDH fragmentation (Figure 5) indicating the specificity of GAPDH cleavage by 

Yca1p, and confirming GAPDH as a Yca1p substrate.  
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In vivo Yca1p-mediated cleavage of GAPDH is dependent on nitric oxide signaling 

We have recently demonstrated that upon H2O2-induced apoptosis, yeast cells are able to 

synthesize nitric oxide (NO), dependently on the levels of L-arginine, leading to the S-nitrosation of 

GAPDH [199]. Therefore, we wondered if these two phenomenons, namely, Yca1p-mediated 

GAPDH cleavage and NO signaling are interconnected. To assess this, we performed a western-

blot analysis, using an anti-GAPDH antibody, under conditions of NO synthesis inhibition through 

the pre-incubation of cells with the L-arginine analogue N-nitro-L-arginine methyl ester (L-NAME). 

As observed in Figure 1, and in contrast with the H2O2-treated wild-type cells without pre-

incubation with L-NAME, inhibition of NO synthesis and consequent inhibition of GAPDH S-

nitrosation resulted in the maintenance of GAPDH levels, indicating a requirement of NO 

signaling for the in vivo occurrence of Yca1p-mediated GAPDH cleavage. 

 

Physiological relevance of GAPDH during H2O2-induced apoptosis 

In order to investigate the physiological relevance of GAPDH fragmentation during H2O2-

induced apoptosis, we analyzed by western-blot the expression of GAPDH in a different metabolic 

condition, namely in protein extracts from wild-type yeast cells grown in medium with glycerol as 

a carbon and energy source. Interestingly, the protein levels of GAPDH were maintained, 

indicating that GAPDH is not cleaved under these conditions (Figure 6), which correlates with an 

increase in survival rate (data not shown).   

 

 

Figure 5 - GAPDH is in vitro cleaved by recombinant Yca1p-enriched extracts. Western-blot analysis with anti-GAPDH 
antibody, upon addition of recombinant GAPDH to: 20 μl of protein extracts from bacterial cells harboring pET23a 
empty vector; 20 μl of protein extracts from bacterial cells expressing Yca1p; recombinant purified caspase-1. To 
exclude artifacts from the use of crude extracts as cleavage agent, we performed anti-GAPDH western-blot using 
solely 20 μl of protein extracts from bacterial cells expressing Yca1p. 

 

One of the pro-survival roles of mammalian GAPDH has been attributed to the fact that 

GAPDH, when present at the nuclei, enables the expression of genes coding for proteins essential 
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for autophagy. [251]. Thus we wondered if GAPDH specific cleavage by Yca1p was inhibiting a 

putative pro-survival role of GAPDH in the stimulation of autophagy.  

 

 

Figure 6 - GAPDH protein levels are maintained upon H2O2-induced apoptosis, when glycerol is used as energy and 
carbon source. Western-blot analysis of protein extracts from H2O2-treated (1.5 mM) and untreated wild-type 
(BY4742), grown using glycerol as carbon and energy source. 

 

Since the mRNA levels of ATG8, which codes for a protein essential for autophagy, are 

upregulated during autophagic stimulating conditions [252], we went to analyze by RT-PCR the 

mRNA expression levels of ATG8 in either H2O2-treated wild-type cells or in cells in which cleavage 

of GAPDH does not occur, yca1 cells. Our results indicated a four-fold increase in the mRNA 

levels of ATG8 in H2O2-treated yca1 cells, in comparison with wild-type cells (Figure 7), 

suggesting that deletion of YCA1, and therefore blockage of GAPDH cleavage, results in increased 

autophagy upon H2O2 treatment, which indicates that GAPDH might display an autophagy-

promoting function during H2O2-induced apoptosis that is inhibited upon its cleavage by Yca1p. 

 

 

Figure 7 - Levels of ATG8 mRNA are increased in Δyca1 cells upon H2O2 treatment. Normalized fold expression levels 
of ATG8 mRNA (ACT1 as internal reference) in untreated and H2O2-treated (1.5 mM) wild-type and Δyca1 cells. 
*p≤0.05 versus H2O2-treated wild-type cells; t-test, n=3. 
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4.5 DISCUSSION 

Nowadays, the existence of an apoptotic programming mechanism occurring in yeast 

cells is widely accepted, mainly due to the conservation of several apoptotic regulators and 

events between yeast and mammalian cells and the existence of a metacaspase in yeast, which 

is an apoptotic executor upon a wide range of stimuli. However, yeast metacaspase substrates 

were not described so far. In a previous report, we observed by 2D gels that GAPDH was a target 

of extensive fragmentation [199], which directed our attention for a possible Yca1p-mediated 

processing of GAPDH during H2O2-induced apoptosis. In fact, in a similar proteomic experiment, 

Magherini and coworkers have also found an increased number of GAPDH fragments (either 

Tdh2p or Tdh3p) in H2O2-induced apoptotic yeast cells [198]. In this report, we demonstrated that 

GAPDH is a yeast metacaspase substrate. In order to achieve our goal, we used several different 

approaches that are widely employed for the identification of mammalian caspase substrates 

[253]. We started by an in vivo approach, which is a requisite for a protein to be considered a 

caspase substrate [253] since several proteins that are cleaved in vitro are not under apoptotic 

conditions, and observed that upon H2O2 treatment the amount of GAPDH was reduced. However, 

we were not able to observe any GAPDH fragment, which might indicate a putative targeting of 

the cleavage products for degradation, as described for other substrates of human caspases 

[254]. Nevertheless, the maintenance of the GAPDH levels in yca1 cells indicated that the 

observed decreased GAPDH levels in H2O2-treated wild-type cells is dependent on Yca1p function. 

In order to further investigate the Yca1p-dependent cleavage of GAPDH, we used an in vitro 

approach based on a digestome analysis coupled with mass spectrometry and western-blot, and 

the direct addition of recombinant Yca1p extracts to recombinant GAPDH followed by western-

blot. The digestome analysis has the advantage of using cell lysates and in-gel digestion, instead 

of in vitro transcribed and translated proteins, resulting in direct cleavage of metacaspase 

substrates. Such approach already enabled the identification of mammalian caspase-3 substrates 

[249], and based in our results it revealed other Yca1p substrates besides GAPDH, as indicated 

by the faint protein spots observed below the diagonal that will be further analyzed in future 

(Figure 2). To accurately confirm the Yca1p-mediated cleavage of GAPDH, recombinant GAPDH 

was added to recombinant Yca1p followed by western-blot analysis, which, together with the 

described techniques, further supports a specific Yca1p-mediated cleavage of GAPDH. However, 

it also raised the question of the relevance of this process during H2O2-induced apoptosis. Why is 

GAPDH cleaved during the apoptotic process? Since glycolysis is essential for cell survival, the 
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cleavage of a glycolytic enzyme, resulting in reduced glycolysis, is most probably an obligatory 

step toward cell death. The same seems to be true for the cleavage of macrophages GAPDH by 

caspase-1 during infection [250]. On the other hand, previous work has demonstrated an 

increased survival rate of tdh2 and tdh3 cells in comparison with wild-type cells, upon H2O2 

treatment [199], which signs GAPDH with a role in cell death. However, deletion of either TDH2 

or TDH3 could most probably result in severe metabolic alterations, as null strains for these 

genes generally display growth defects when grown in glucose, but not in a respirable carbon 

source [255, 256], resulting in increased resistance to H2O2. In fact, by changing the carbon 

source for a respiring one such as glycerol, we could observe the maintenance of the GAPDH 

levels and an increase in survival of wild-type cells upon H2O2 treatment. An alternative 

explanation for GAPDH processing during apoptosis might also arise from the recently published 

work by Colell and coworkers [251]. These authors demonstrated that overexpression of GAPDH 

was sufficient to inhibit mammalian cell death induced by staurosporine or etoposide, a 

phenomenon further demonstrate to be dependent on the GAPDH capacity, when present in the 

nuclei, to promote the induction of autophagy related genes. Here, we demonstrate that the yeast 

GAPDH levels decrease due to specific Yca1p-mediated cleavage, which indicates that cleavage 

of GAPDH by metacaspase could function to inhibit an autophagy-mediated survival mechanism, 

when cells could not cope with a persistent insult like H2O2 treatment. In fact, our result of ATG8 

expression reinforce this hypothesis, since deletion of YCA1, and therefore inhibition of GAPDH 

cleavage, results in a four-fold increase in the mRNA levels of this gene that can be correlated 

with increased autophagy [252].  

Our previous work demonstrated that GAPDH is S-nitrosated by the NO generated upon 

H2O2 treatment [199]. Thus, we went to study the crosstalk between the NO signaling and Yca1p-

mediated cleavage of GAPDH, and observed that NO synthesis is necessary for the Yca1p-

mediated cleavage of GAPDH upon H2O2-induced apoptosis. These results seem to indicate that 

GAPDH needs to be firstly S-nitrosated in order to be processed by Yca1p. However, our in vitro 

studies using recombinant GAPDH that didn’t suffer S-nitrosation, indicate that the direct contact 

between GAPDH and Yca1p is sufficient for cleavage of GAPDH to occur, which point for a role of 

NO in the signaling of Yca1p-mediated GAPDH fragmentation, other than GAPDH S-nitrosation. 

We have previously demonstrated that NO is involved in the signaling of H2O2-induced apoptosis 

[199]. In higher eukaryotic cells, NO was already been ascertained as a signaling molecule with 

the capacity to promote caspase activation [257]. Moreover, Osório and colleagues have 
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demonstrated that inhibition of NO synthesis in yeast cell leads to a dramatic reduction in 

aspartic protease activity [99]. Thus, the observed NO-dependent Yca1p-mediated cleavage of 

GAPDH might also be explained by the capacity of NO in activating Yca1p. On the other hand, we 

demonstrated that NO produced during H2O2-induced apoptosis was able to boost the intracellular 

levels of ROS [199], which in turn are able to conduce to metacaspase activation [67]. Therefore, 

NO-dependent Yca1p-mediated cleavage of GAPDH might also be explained by the capacity of NO 

in inducing ROS production that might lead to Yca1p activation and consequently to GAPDH 

cleavage. GAPDH fragmentation in turn, seems to cause an inhibition of the autophagic process, 

which might be related to the promotion of apoptosis. Further studies might help in elucidating 

the relation between NO signaling, Yca1p-mediated GAPDH cleavage and autophagy inhibition. 

Specifically, studies concerning the identification of the exact cleavage specificities of Yca1p 

should be performed. Even though the observation of yeast GAPDH fragmentation by fish 

caspase-1 indicates that the cleavage specificities of metacaspase might be similar with the one 

of caspase-1, a correct identification of the yeast metacaspase cleavage specificities should be 

achieved through the Edman degradation analysis of the obtained GAPDH fragments, enabling 

the recognition and further genetic manipulation of the GAPDH cleavage sites, which might allow 

a better and straight forward elucidation of the role of GAPDH cleavage for autophagy inhibition 

and apoptosis promotion.  

Our findings herein described demonstrate for the first time a yeast metacaspase 

substrate, which finally establish yeast metacaspase as the functional homologues of caspases. It 

opens new perspectives for the precise identification of the molecular cascade downstream 

Yca1p activation that leads to apoptotic cell death, permitting a better understanding of the yeast 

apoptotic processes. In addition to the relevant insights into the evolution of eukaryotic apoptotic 

pathways, this work might also be valuable for the study of the complex and broader role of 

GAPDH in diverse illnesses like cancer or neurodegeneration and strengthens yeast as a powerful 

and useful model system.   
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                                                                                                CHAPTER 5 

An atypical programmed cell death process underlies the fungicidal activity of 

Ciclopirox Olamine against the yeast Saccharomyces cerevisiae 

Almeida, B., Sampaio-Marques, B., Carvalho, J., Silva, M.T., Leão, C., Rodrigues, F. and Ludovico, P.  
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5.1 ABSTRACT 

Ciclopirox olamine (CPO), a fungicidal agent widely used in clinical practice, induced in 

S. cerevisiae a programmed cell death (PCD) process characterized by changes in nuclear 

morphology and chromatin condensation associated with the appearance of a population in sub-

G0/G1 cell cycle phase and an arrest in G2/M phases. This PCD was neither associated with 

intracellular ROS signaling, as revealed by the use of different classes of ROS scavengers, nor to 

a TUNEL positive phenotype. Furthermore, CPO-induced cell death seems to be dependent on 

unknown protease activity but independent of the apoptotic regulators Aif1p and Yca1p and of 

autophagic pathways involving Apg5p, Apg8p and Uth1p. Our results show that CPO triggers in 

S. cerevisiae an atypical non-apoptotic, non-autophagic PCD with yet unknown regulators. 
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5.2 INTRODUCTION 

Ciclopirox olamine (CPO) belongs to a group of synthetic antifungal agents, 

hydroxypyridones, which are used effectively in clinical practice with a very broad spectrum 

against dermatophytes, yeast, filamentous fungi and bacteria [258-260]. In addition, this drug 

has been frequently used with remarkable success against azole resistant Candida species [261]. 

Although hydroxypyridones have been used in clinical practice for the last 30 years, their mode of 

action is still poorly understood. Nonetheless, it is well established that in contrast to other 

antifungal agents such as azoles or polyenes, hydroxypyridones do not produce antifungal activity 

by inhibition of ergosterol synthesis [262]. CPO is well known as a chelating agent that forms 

complexes with iron cations such as Fe3+, inhibiting the iron-containing enzymes like catalase and 

peroxidase which play a part in the intracellular degradation of toxic peroxides [261]. 

Nevertheless, CPO protects mitochondria from hydrogen-peroxide toxicity mainly by inhibiting 

mitochondrial membrane potential depolarization [263]. CPO treatment induces the expression 

of many genes involved in iron uptake in C. albicans cells [264], which is consistent with CPO 

acting as an iron chelator. CPO also inhibits uptake of precursors of macromolecule biosynthesis 

by C. albicans [258, 265], but did not affect endogenous respiration and therefore interference 

with electron transport was not suspected to be the primary cause of its antifungal activity [266]. 

Intracellular CPO is neither metabolized nor degraded [258] with  97% of the accumulated drug 

binding irreversibly to the cell membrane, cell wall, mitochondria and ribosomes, while small 

amounts are found free in the cytosol. Transmission electron microscopy (TEM) studies 

conducted on CPO-treated C. albicans cells showed an enlargement of the vacuole and 

mitochondria and invagination of the plasma membrane, whereas the cell wall remained 

unaffected [261]. It was recently shown that the targets of CPO in S. cerevisiae include many 

proteins that participate in different aspects of cellular metabolism, such as DNA replication, DNA 

repair, signal transduction and cellular transport [267].  

A significant feature of CPO is that no single case of fungal resistance has been reported so far, 

even though it was introduced into clinical therapy more than three decades ago. Niewerth et al. 

(2003) demonstrated that even the up-regulation of well characterized multiple-drug resistance 

genes e.g CDR1, CDR2, FLU1, or 6 months of exposure to the drug could not generate CPO 

resistance in C. albicans. The knowledge of the fungal targets of this clinically established and 

very efficient drug, which has only very few side effects when used topically, is poor [262]. Due to 
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its genetic tractability and easy laboratory handling, we have used S. cerevisiae as a model to 

evaluate the mechanisms of the antifungal action of CPO. In particular, we aimed to answer if 

CPO triggers a programmed cell death pathway (PCD) as recently shown for C. albicans cells 

treated with amphotericin B [139]. For this purpose we evaluated CPO effects on several cellular 

parameters such as mitochondria function/integrity, plasma membrane integrity, cell cycle 

progression, reactive oxygen species (ROS) production, nuclear morphology, DNA fragmentation, 

autophagy and caspase-like or ASPase activity.  

5.3 MATERIALS AND METHODS 

Microorganisms and growth conditions 

The yeast Saccharomyces cerevisiae strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0) susceptible to CPO concentrations higher than 16 μg mL-1 and the respective knockouts 

in YCA1, AIF1, APG5, APG8 and UTH1 genes were used in the experiments. The growth 

experiments were performed in liquid YEPD medium in 300 mL flasks containing a 2:1 ratio of 

air-to-liquid phase, and incubated on a mechanical shaker (150 r.p.m.) at 26 °C. Cells were 

grown to early stationary growth phase (2.5 OD640nm). For specific experiments cells were grown to 

exponential (0.8 OD640nm) or stationary (3.5 OD640nm) growth phase. 

 

Treatments with CPO and inhibition of protein synthesis 

Early stationary phase cells were harvested and suspended (106 cells mL-1) in YEPD 

medium containing 0, 16, 18, 20 and 22 μg mL-1 CPO (SIGMA C-0415). The treatments were 

carried out for 200 min at 26°C with shaking (150 r.p.m.). The cellular effects of CPO on plasma 

membrane integrity, mitochondrial function/integrity and ROS production were kinetically 

analyzed (0, 60, 90, 120, 200 and 240 min) by flow cytometry as described hereafter. The 

inhibition of protein synthesis was performed by adding cycloheximide (Merck), 100 μg mL-1 [48], 

to the cell suspensions at the same time as CPO. Cycloheximide at this concentration did not 

affect S. cerevisiae viability after 200 min incubation. Cell viability was determined by c.f.u. 

counts after 2 days of incubation at 26°C on YEPD agar plates. No further colonies appeared 

after that incubation period. The relative survival percentages were calculated with 100% of 

viability corresponding to 1.11106 cells. 
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Flow cytometry assays 

Flow cytometry assays were performed on an EPICS XL-MCL (Beckman-Coulter 

Corporation, Hialeah, FL, USA) flow cytometer, equipped with an argon-ion laser emitting a 488 

nm beam at 15 mW. The green and red fluorescences were collected through a 488-nm blocking 

filter, a 550-nm/long-pass dichroic with a 525-nm/band-pass and a 590-nm/long-pass with a 

620-nm/band-pass, respectively. Twenty thousand cells per sample were analyzed. The data 

were evaluated with the Multigraph software included in the system II acquisition software for the 

EPICS XL/XL-MCL version 1.0. Cell sorting assays were performed on a BD FACSAria Cell Sorting 

System (BD Biosciences, San Jose, CA, USA), using a Coherent Sapphire solid state laser at 488 

nm. Separation of cells was carried out at medium sheath pressure of 26 psi and frequency of 

60 kHz. Data were analyzed using FacsDiva software.   

 

Assessment of plasma membrane integrity 

Plasma membrane integrity was assessed by flow cytometry using propidium iodide (PI) 

(Molecular Probes, Eugene, OR, USA) vital staining as described elsewhere [268] with minor 

adaptations. Briefly, PI was added to yeast cell suspensions (106 cells mL-1) from a working 

solution (0.5 mg PI, in 10 mL of Tris-MgCl2 buffer) to a final concentration of 6.7 μg mL-1 and 

incubated at 37ºC for 15 min. Cells with high red fluorescence were considered to have plasma 

membrane disruption.  

 

Assessment of mitochondrial function/integrity and ROS production 

The mitochondrial function/integrity was evaluated by flow cytometry using the 

fluorescent dye Rhodamine 123 (Rh123) (Molecular Probes, Eugene, OR, USA), as described 

elsewhere [269]. Briefly, cells presenting green fluorescence levels identical to those presented 

by heat-killed cells were considered to have disturbances in mitochondria function/integrity. 

Cellular ROS production was kinetically monitored by flow cytometry with MitoTracker Red CM-

H2XRos (Molecular Probes, Eugene, OR) staining, as previously described [64]. Cells presenting 

high red fluorescence were considered to have increased intracellular ROS concentration. CPO 

treatment was carried out in the presence of different classes of ROS scavengers. Ascorbic acid 

(10 mM), glutathione (5 mM) and acetyl-L-carnitine (0.02 g L-1) were added to cell suspension 

before addition of CPO. At these concentrations, antioxidants did not affect S. cerevisiae viability 

after 200 min incubation (data not shown). 
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Cell cycle analysis 

Cell cycle analysis was performed after treatment with 18 and 20 μg mL-1 CPO, as 

described elsewhere [270]. Briefly, at the desired time points, cells were harvested, washed and 

fixed with ethanol (70% v/v) for 30 min at 4ºC followed by sonication, treatment with RNAse for 1 

h at 50ºC in sodium citrate buffer (50 mM sodium citrate, pH 7.5) and subsequent incubation 

with proteinase K (0,02 mg 10-7 cells). Cell-DNA was then stained overnight with SYBR® Green 

10000x (Molecular Probes, Eugene, OR, USA), 10x diluted in Tris-EDTA (pH 8.0) and incubated 

overnight at 4ºC. Before cytometric analysis, samples were diluted 1:4 in sodium citrate buffer. 

Determination of cells in each phase of cell cycle was performed offline with ModFit LT software 

(Verity Software House, Topsham, ME, USA). 

 

Assessment of nuclear morphology alterations and TUNEL assay 

Changes in nuclear morphology of CPO-treated S. cerevisiae cells were assessed by 4,6-

diamino-2-phenyl-indole dihydrochloride (DAPI) staining. CPO-treated cells were harvested, 

washed and resuspended in PBS buffer with DAPI (0.5 μg mL-1) for 10 min. Stained cells were 

washed twice with PBS and visualized by epifluorescence microscopy with an Olympus BX61 

microscope with filter wheels, to control excitation and emission wavelength, equipped with a 

high-resolution Olympus DP70 digital camera. DNA strand breaks were assessed by Terminal 

Deoxynucleotidyl Transferase-mediated dUTP Nick End Labeling (TUNEL) assay with the In Situ 

Cell Death Detection Kit, Fluorescein (Roche Applied Science, Indianapolis, IN, USA) as described 

elsewhere [48].  

 

Caspase-like or ASPase activity 

Caspase-like or ASPase activity was detected using CaspSCREEN™ Flow Cytometric 

Analysis Kit (Chemicon). Cells were incubated with the non-fluorescence substrate D2R at 37ºC 

for 45 min and then analyzed by flow cytometry and epifluorescence microscopy. Micrographs 

were acquired in an Olympus BX61 microscope with filter wheels, to control excitation and 

emission wavelength, equipped with a high-resolution Olympus DP70 digital camera. 

 

Transmission electron microscopy analysis and confocal microscopy 

Cells from different treatment conditions were washed with phosphate-magnesium buffer 

(40 mM K2HPO4-KH2PO4, pH 6.5, 0.5 mM MgCl2), suspended in 2.5 % (v/v) glutaraldehyde in 
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40 mM phosphate-magnesium buffer, pH 6.5 and fixed overnight at 4ºC. After fixation, the cells 

were rinsed twice in 0.1 M phosphate-citrate buffer (pH 5.8) and suspended in this buffer 

containing 10 U mL-1 lyticase (Boehringer Manheinm) for about 90 minutes at 37°C, to digest 

the cell wall. After cell wall digestion of the pre-fixed yeast cells, protoplasts were washed and 

postfixed with 2 % (w/v) osmium tetroxide (2 hours) followed by 30 minutes incubation with 1 % 

(w/v) aqueous uranyl acetate [271]. Dehydration was performed as described by [272] for 

embedding vegetatively grown yeast cells. After 100 % ethanol washes, the samples were 

transferred to 100 % propylene oxide, infiltrated with 50 % (v/v) propylene oxide and 50 % (v/v) 

Epon (TAAB Laboratories) for 30 minutes and with 100 % Epon overnight. Cells were transferred 

to gelatin capsules with 100 % Epon and incubated at 60°C for 48 hours before cutting thin 

sections and staining with uranyl acetate and lead acetate. Micrographs were taken with a Zeiss 

EM 10C electron microscope. Images from Figure 2C were acquired in a confocal Olympus 

FLUOVIEW microscope with an Olympus PLAPON 60X/oil objective, with a numerical aperture of 

1.42 and using the Olympus FLUOVIEW advanced software.  

 

Reproducibility of the results 

The results presented are mean values and standard deviations of at least three 

independent assays. Statistical analyses were carried out using independent samples t-tests. A p-

value less than 0.05 was assumed to denote a significant difference. 

5.4 RESULTS AND DISCUSSION 

CPO induces Saccharomyces cerevisiae programmed cell death  

Exposure of S. cerevisiae to CPO resulted in a dose-dependent cell death (Figure 1A). As 

reported in other instances of S. cerevisiae programmed cell death (PCD) [47, 48], CPO-induced 

cell death was attenuated by co-incubation with the protein synthesis inhibitor cycloheximide 

(Figure 1A). In addition, these results were shown to be independent of cell growth phase, 

exponential and early stationary (Figure 1B). Moreover, the addition of cycloheximide after 20 

min of CPO treatment still abrogates cell death showing that death is via a mechanism other than 

the inhibition of CPO uptake (data not shown). The plasma membrane is one of the main targets 

of many antifungal agents [273, 274]. PI staining shows alterations of plasma membrane 

integrity in 23 and 41% of cells when treated with 18 and 20 μg mL-1 of CPO for 200 min, 

respectively (Figure 1C). These results show that only the high CPO concentration induces a 
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significant damage of plasma membrane integrity as previously reported [275] whereas for 18 μg 

mL-1 CPO the plasma membrane damage is considerable lower compared to the observed cell 

death (Figure 1A and 1C). Nonetheless, alterations at the plasma membrane functional level 

were not evaluated and therefore their occurrence could not be completely discarded.  

 

 

Figure 1 - CPO treatment of wild-type yeast cells results in cell death independent of ROS production with minor 
alterations in plasma membrane integrity and mitochondria membrane function/integrity. (A) effect of cycloheximide 
on the survival of cells treated for 200 min with different CPO concentrations; (B) survival rate of exponential, early 
stationary and stationary phase cells to different CPO concentrations, after 200 min treatment; (C) percentage of 
cells displaying affected plasma membrane integrity assessed by flow cytometric quantification of cells after vital 
staining with PI; (D) percentage of cells presenting mitochondrial dysfunction assessed by flow cytometry using 
Rh123; (E) percentage of cells with increased ROS levels, assessed by flow cytometry using the fluorescent probe 
MitoTracker Red CM-H2XRos and (F) survival rate of CPO treated yeast cells evaluated in the absence (control) and 
presence of different classes of ROS scavengers. Vertical error bars represent standard deviation.  

 

Mitochondria are a preferential target for the majority of antifungal agents. Azoles are the 

best example, since in addition to their action at the plasma membrane, they can indirectly affect 

mitochondria [276]. Although CPO acts as a chelator of Fe3+ [261, 277, 278], it seems to be 

important in the maintenance of mitochondrial membrane potential [263]. We therefore assessed 
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the yeast mitochondrial function/integrity based on rhodamine 123 (Rh123) staining [269]. Our 

results show that approximately the same percentage of PI positive cells display loss of 

mitochondrial function/integrity (Figure 1D). The results obtained with the study of plasma and of 

mitochondrial membrane integrity after 200 min under 18 μg mL-1 CPO treatment suggest that a 

number of cells are being killed by an active process and prompted us to analyze the nuclear 

morphology and chromatin condensation of yeast cells exposed to CPO. The ultrastructural 

analyses performed by TEM together with DAPI staining showed that CPO induces chromatin 

condensation and changes in nuclear morphology, respectively (Figure 2B). Moreover, CPO 

induces the appearance of a sub-population displaying a decrease in forward scatter (directly 

correlated with cell size) evaluated by flow cytometry (Figure 2C). Cell sorting of this 

subpopulation shows small cells with compromised plasma membrane integrity but maintain the 

genome size as shown by their cell cycle profile (Figure 2C). Moreover, as revealed by c.f.u. 

counts, these cells have lost their proliferation capacity (data not shown). The above described 

results, namely i) dependence of cell death on protein synthesis; ii) maintenance of plasma 

membrane integrity and of mitochondrial function/integrity; iii) chromatin condensation and iv) 

nuclear morphologic changes observed for the majority of S. cerevisiae cells, when treated with 

18 μg mL-1 CPO, fit with a scenario of an PCD process triggered by CPO. On the other hand, for 

20 μg mL-1 CPO, 200 min treatment most of the cells already display a phenotype compatible 

with necrosis that might also correspond to final stages of the PCD process as previously 

described for high concentrations of acetic acid [48] or H2O2 [47]. 

 

CPO induced cell death is independent of ROS  

To further characterize the cell death process triggered by CPO, several yeast apoptotic 

regulators were studied. Reactive oxygen species (ROS) are known to be crucial mediators of 

yeast apoptosis being associated with the vast majority of apoptotic phenotypes described so far 

(reviewed in [160]. Surprisingly, a kinetic study using CPO concentrations of 18 and 20 μg mL-1 

that induce, respectively, about 50 and 60 % loss of viability (Figure 1A), revealed that only a very 

low percentage of CPO-treated cells displayed high intracellular ROS concentration, reaching the 

value of about 10% for the highest concentration (20 μg mL-1) after 200 min treatment (Figure 

1E). These results might be explained by the CPO capacity to function as an iron chelator [279]. 

Iron is an essential cofactor for mitochondrial electron transport enzymes as well as of the Fenton 

reaction that might cooperate to inhibit ROS production. Furthermore, CPO treatment in presence 
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of different classes of ROS scavengers did not enhance cell survival (Figure 1F). For longer CPO 

incubation times (until 400 min) an increase of the percentage of cells with high ROS levels was 

detected but it was associated to an increase in cell death that was not prevented by the 

presence of different ROS scavengers (data not shown). Overall, these data strongly support the 

view that CPO-induced cell death mode is independent of ROS signaling.  

 

 

Figure 2 - CPO induces nuclear morphological alterations, chromatin condensation and the appearance of a 
subpopulation with a decreased forward scatter (FS) and compromised plasma membrane integrity. TEM and 
epifluorescence micrographs (DAPI staining) of (A) untreated and (B) CPO-treated cells (18 g mL-1, 200 min). N-
nuclei; (C) confocal micrographs of sorted cells (from control and R1 subpopulation, displaying a decrease in FS), 
double stained with DAPI and ConA (0.2 mg mL-1 ConA, 30 min at room temperature), displaying compromised 
plasma membrane integrity but normal cell cycle profile (density plot three dimensional profile analysis of FS log, 
green fluorescence (FL1) and % of events). Bar, 5 m (1 m for TEM micrographs). 
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CPO-induced cell death is independent of known yeast apoptotic regulators and has a 
TUNEL negative phenotype 
 

The involvement of known S. cerevisiae apoptotic regulators (reviewed in [87], namely 

apoptosis-inducing factor (AIF1) and metacaspase (YCA1), was analyzed in CPO-induced cell 

death conditions. As a first approach, the survival after CPO treatment was estimated in each 

mutant strain in comparison with the wild-type strain. The observed results (Figure 3A) showed 

that there were no differences between the survival percentages obtained for each of the mutant 

strains indicating that the respective proteins do not have a significant role in the signaling 

and/or execution of the CPO-induced cell death process. However, approximately 20-25 % of the 

wild-type cells exposed to 18 μg mL-1 of CPO were labeled by D2R substrate [(Asp)2-Rhodamine 

110] which enables the determination of cells with intracellular caspase-like or of other aspartic 

proteases activity (ASPase) (Figure 3C). Nonetheless, an identical level of D2R labeling was 

observed in yca1 cells treated with 18 μg mL-1 CPO (Figure 3C) indicating that an ASPase 

activity independent of YCA1 is present. Moreover, Z-VAD-FMK is unable to block the observed 

ASPase activity in either wild-type or yca1 cells (data not shown) pointing to the presence of a 

caspase-like or other proteases insensitive to Z-VAD-FMK inhibition as showed by others [70]. 

The number of cells displaying caspase-like or ASPase activity is quite similar to the 

percentage of PI positive cells in the same conditions (about 23 % for 18 μg mL-1 CPO). However, 

D2R staining was previously described to be a good alternative for detection of caspase-like or 

ASPase activity in living yeast cells [70]. Accordingly, our results show that D2R and PI stain 

different cells (Figure 3D). Altogether, our findings led us to hypothesize that other unknown 

protease(s) would be involved in the CPO-induced cell death of S. cerevisiae as recently proposed 

in different instances [52, 70]. Another intriguing deviation from a typical apoptotic cell death 

process was the observation that CPO-treated cells have no TUNEL positive phenotype (data not 

shown). 

 

CPO-induced yeast cell death is not autophagic  

In order to get new insights into the puzzling cell death pathway induced by CPO in S. 

cerevisiae cells, we considered the possibility of this cell death process being autophagic as CPO 

induces an increase in vacuolization observed by TEM (Figure 2B). Both Apg5p and Apg8p are 

crucial for the formation of the pre-autophagosomal structure in yeast cells [280] and Uth1p is 

required for the autophagic degradation of mitochondria [281]. In this regard, the susceptibility of 
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the apg5, apg8 and uth1 mutant strains were assessed after CPO treatment. None of the 

tested mutant strains were shown to have a different susceptibility to CPO treatment when 

compared to the wild-type strain (Figure 3B). In addition, blocking autophagy with 3-

methyladenine [282] did not inhibited CPO-induced cell death (data not shown). Altogether, these 

results indicate that the autophagic pathways analyzed are not involved in the CPO-induced cell 

death.  

 

 

Figure 3 - CPO-induced cell death is independent of S. cerevisiae apoptotic regulators and of autophagic pathways 
but is associated with a caspase-like activity independent of YCA1. Relative survival, upon CPO treatment, of wild-
type and respective knockout cells in different (A) apoptotic and (B) autophagic regulators; (C) percentage of wild-
type and ∆yca1 cells displaying caspase-like or ASPase activity, assessed by flow cytometric quantification of cells 
incubated with D2R. Filled area (grey) - untreated cells stained with D2R. Open area - CPO treated cells (18 g mL-1, 
200 min); (D) epifluorescence micrographs of CPO-treated wild-type and ∆yca1 cells (18 g mL-1, 200 min), double 
stained with D2R and propidium iodide (PI). Bar, 5 m. Vertical error bars represent standard deviation. 

 

CPO induces the appearance of a sub-G0/G1 population and G2/M arrest/delay 

As a consequence of exposure to diverse cytotoxic agents, DNA damage can occur 

leading to an arrest in cell cycle and ultimately to cell death. DNA damage checkpoints are critical 

for cell fate, allowing DNA damage detection and repair or, when injury is too extensive, cell 

death [283]. Since the mechanism of DNA repair was shown to be one of the targets of CPO 

[267], the effect of CPO on cell cycle progression was assessed through a flow cytometric 

determination of DNA content (Figure 4A). Leem et al. (2003) previously described for another S. 
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cerevisiae strain that CPO treatment induces a general growth arrest at different points of cell 

cycle. Our results show that CPO treatment induces a statistically significant arrest/delay in the 

G2/M phases of the cell cycle (Figure 4A and 4B). In addition, CPO treatment induced the 

appearance of a sub-population of cells with a lower DNA content described as a sub-G0/G1 

peak (Figure 4C), which was previously associated with UV-induced yeast apoptosis [284]. 

Interestingly, the percentage of cells in sub-G0/G1 reaches its highest value for the CPO 

concentration of 18 μg mL-1. In order to exclude artifacts from the debris associated with necrotic 

dying cells which might produce values on the histogram with a sub-G0/G1 DNA content, PI 

negative cells were sorted after treatment with 18 μg mL-1 CPO (Figure 4D, left panel). Cell cycle 

analysis of this population revealed the appearance of approximately 20 % of cells in sub-G0/G1 

peak (Figure 4D, right panel). Moreover, when sub-G0/G1 peak was gated and the physical 

scatter displayed (Figure 4E, left panel), it was possible to observe that the cells, with lower DNA 

content, have a normal physical scatter and do not correspond neither to debris nor to the 

observed cells with a lower forward scatter. These results strongly support the observed nuclear 

alterations and concur with the main conclusion that an unknown PCD process is induced by 

CPO.  

 

CPO triggers an atypical programmed cell death pathway 

Altogether, our results show that CPO induces an atypical PCD process in S. cerevisiae. 

This process is dependent on protein synthesis and is characterized by DNA damage as reflected 

by cell cycle analysis and the appearance of a sub-G0/G1 population, nuclear morphological 

alterations and chromatin condensation. However, this PCD process does not display a TUNEL 

positive phenotype and it is independent of the known yeast apoptotic regulators, namely AIF1 

and YCA1. The detection of non-necrotic and of yca1 cells labeled by D2R suggests that this 

PCD process is mediated by other unknown proteases as proposed in other scenarios [52, 70]. 

Moreover, CPO-induced yeast cell death was not associated with ROS signaling as firstly 

described in other instances [84, 285]. Although further studies need to be performed, the data 

herein presented highlight the use of CPO for research on the identification of novel proteases 

and pathways involved in yeast PCD.  
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Figure 4 - CPO induces the appearance of a sub-G0/G1 population and G2/M arrest/delay. (A) Kinetic analysis of 
the percentage of yeast cells in each phase of cell cycle; (B) percentage of untreated (control) and CPO-treated (18 
and 20 g mL-1) yeast cells in each phase of cell cycle after 240 min of treatment, * p0.05 versus control, t-test, 
n=3; (C) Density plot of three dimensional profile analysis of FS log, green fluorescence (FL1) and % of events of 
untreated (control) and CPO-treated (18 and 20 g mL-1) cells after 200 min of treatment; (D) Left panel - Histogram 
of logarithmic FL3 (red fluorescence) of PI stained cells (treated with 18 g mL-1 CPO, 200 min) displaying PI 
negative cells (Gray color) used for cell sorting. Middle panel - Dot plot of logarithmic forward scatter (FS log) versus 
logarithmic side scatter (SS log) of CPO treated (18 g mL-1, 200 min) PI negative cells. Right panel – Cell cycle 
profile of PI negative CPO treated (18 g mL-1, 200 min) cells and (E) Left panel - Cell cycle profile of CPO treated 
(18 g mL-1, 200 min) cells, displaying sub-G0/G1 subpopulation (R2). Middle panel - Dot plot of logarithmic forward 
scatter (FS log) versus logarithmic side scatter (SS log) of yeast cells from the R2 subpopulation. Right panel - Dot 
plot of logarithmic forward scatter (FS log) versus logarithmic side scatter (SS log) of CPO treated (18 g mL-1, 200 
min) cells. 



 

114 

 

  



 

115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                CHAPTER 6 

General discussion and future perspectives 
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6.1 FRAMEWORK OF THE RESULTS 

It is nowadays widely accepted that yeast cells display the ability to undergo apoptosis. Even 

though the molecular mechanisms that regulate the yeast preferences in adopting a specific 

route to commit apoptosis are unknown, it seems obvious that the nature of the apoptotic stimuli 

may be a key factor in dictating the way yeast cells will die. Moreover, for each apoptotic stimuli, 

neither all yeast apoptotic regulators and physiological pathways nor the hierarchy of the events 

leading to apoptosis are completely uncovered. Keeping these knowledge gaps in mind, the work 

presented in this thesis attempted to go further on the distinct apoptotic pathways induced by 

different inducers, by uncovering new apoptotic regulators and signaling molecules and by 

implicating in the cell death processes well characterized physiological pathways, clearly 

demonstrating the yeast ability in undergoing cell “suicide” under so different conditions.  

Yeast, as a fungal cell is also useful for the screening of antifungal compounds that are able 

to modulate the yeast endogenous apoptotic machinery. The use of such compounds might 

reveal new insights into the processes that conduct to yeast cell death, contributing for the 

elucidation of yeast programmed cell death (PCD) machinery. Additionally, an important 

contribution of such approach might rely on the identification or the design of new compounds 

that are able to specifically modulate the yeast cell death machinery, triggering cell death in 

fungal cells without causing serious damages to human cells. This may revolutionize the way 

fungal infections are treated nowadays, overcoming the recurrent problems of antifungal 

resistance, and permitting a more efficient therapy.  

6.2 NEW REGULATORS AND PATHWAYS CONTRIBUTING FOR YEAST 

APOPTOSIS 

Acetic acid, like H2O2 was shown to induce yeast cell death with apoptotic features [47, 48]. 

Accumulating evidence suggested that those two apoptotic inducers may trigger apoptosis 

through distinct pathways. Functional vacuoles were found to be strictly needed for acetic acid- 

but not H2O2-induced apoptosis [90]; mitochondria was found to possess a putative distinct role in 

the apoptotic process induced by those stimuli, since acetic acid, contrarily to H2O2 was not able 

to induce apoptosis in respiratory deficient cells [91]; metacaspase was described as having 

different levels of contribution for apoptosis triggered by those stimuli, since it has a significantly 

lower activity in acetic acid-induced apoptosing cells, when compared with the activity obtained in 



 

118 

 

cells dying by H2O2 exposure [67]. Despite this evidence, the exact mode of action of either acetic 

acid or H2O2 still remains elusive.  

Apoptosis is coordinated by a complex network of regulators and effectors, involving protein 

translocation and posttranslational modifications crucial for its induction, amplification and 

regulation [236-238], and thus, a comparative analysis of the yeast protein expression profile and 

post-translation modifications, such as fragmentation, upon either acetic acid- or H2O2-induced 

apoptosis appeared as an appealing approach to further investigate the mode of action of these 

two apoptotic inducers. Following this line of thought, a comparative analysis of 2D-

electrophoretic gels, coupled to protein identification by mass spectrometry was performed, by 

using proteins (total or purified mitochondrial extracts) from control conditions or from yeast 

populations in which apoptosis was induced in 50% of the cells, by either acetic acid or H2O2. 

When analyzing the proteome profile of a yeast population presenting 50% of dead cells, it is 

unknown if the remained cellular population is trying to deal with stress or if eventually the cell 

death mechanism was already signaled. Thus, it is important to emphasize that in a screening of 

this nature the proteome profile will reflect not only the protein changes occurring during 

apoptosis but also the cellular response against the imposed stress. Nevertheless, the stress 

pathways activated might also give relevant information concerning the way cell death would be 

triggered. In fact, the results obtained revealed the activation of different survival pathways. The 

proteome profile of acetic acid-induced apoptosing cells showed that both TOR pathway and 

GAAC system are implicated in the cell’s response to acetic acid treatment, which is supported 

by the finding of amino acid starvation induced by acetic acid, and by the cellular functions found 

affected under this condition. However, even though no pro-apoptotic function have previously 

been attributed to GAAC system, several different nutrient sensing signaling pathways such as 

TOR or AKT, might regulate apoptosis, by either inhibition or promotion of cell death [286, 287]. 

Particularly, Calastretti and coworkers have demonstrated a pro-apoptotic function of TOR, 

through the TOR-mediated phosphorylation of Bcl-2 proteins, when mammalian cells are treated 

with microtubule-damaging agents, [288]. In yeast cells, TOR pathway was already been 

indirectly implicated in cell death, as its abrogation resulted in an extension of chronological life 

span [188]. Therefore, functional studies were required in order to ascertain if the activation of 

those pathways was required for the general cellular response and/or to trigger apoptosis. 

Following this approach, we demonstrated in chapter 2 that under a situation whereas 

intracellular amino acids starvation is not alleviated, both TOR pathway, with the intervention of 
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phosphatases Pph21p and Pph22p, but not Sit4p, and GAAC system protein members, such as 

Gcn2p and Gcn4p, are required for the progress of acetic acid-induced apoptosis, indicating that 

in yeast those nutrient sensing pathways might also have a dual role. 

Similarly to the proteomic results obtained with acetic acid, the proteome of H2O2-induced 

apoptosing cells demonstrated a cellular response to the imposed stress, as revealed by the 

increased levels of proteins involved in a response against both oxidative and nitrosative stress. 

Once more, the analysis of the observed stress responsive proteins gave some clues about the 

deleterious effects of H2O2. Upon additional biochemical studies, we revealed that during H2O2-

induced apoptosis, yeast cells synthesize nitric oxide (NO). In mammalian cells NO can exert 

both pro- or anti-apoptotic functions [206]. It promotes apoptosis through: the induction of p53 

overexpression, leading to the increase in the ratio of pro-apoptotic Bcl-2 family members such as 

Bax [289]; caspase activation mediated by cytochrome c release [290]; the downregulation of the 

expression of anti-apoptotic genes such as superoxide dismutase, and IAP proteins [291, 292]; 

or through a putative direct activation of caspases [257]. Moreover, NO have the capacity to react 

with ROS, particularly super oxide anion, leading to the formation of reactive nitrogen species 

(RNS) that may act at mitochondria, boosting the production of ROS [233, 234, 293], which in 

turn promotes the triggering of either apoptosis or necrosis-like PCD [294, 295]. By 

complementing the observation of NO production by yeast cells with functional studies, it was 

possible to show that NO act as a regulator of the apoptotic process through the modulation of 

the levels of ROS, with direct implications in metacaspase activity [99, 199]. Hence, the adopted 

strategy of using an initial proteomic approach coupled with further functional and biochemical 

assays revealed to be fruitful since it permitted the identification of new signaling pathways with a 

role in the processing of the apoptotic signal in yeast. However, none of the described apoptotic 

regulators present in yeast cells, such as cytochrome c, AIF, endoG, metacaspase and HtrA/Omi 

were detected altered by proteomic experiments. The incapacity to detect alterations in the levels 

of those proteins is not unexpected since the expression levels of apoptotic regulators suffers 

slightly alterations during apoptosis that are difficult to assess by 2D-electrophoresis, specifically 

when using a single isoelectric point range, and most of them mainly suffer post-translation 

modifications or compartmentalization. Methodologies such as western-blot analysis would be 

more appropriated to specific detect alterations in the levels of those regulators. In fact, as 

revealed in chapters 2 and 3, the vast majority of the identified proteins comprise highly 

abundant proteins. Nevertheless, despite the obvious technical limitations attributed to 2D-
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electrophoresis, the analysis of both mitochondrial and total cellular proteome coupled with 

additional experiments allowed the newly identification of proteins that are pro-apoptotic 

candidates. Particularly, the isoform 1 of the translation elongation factor eEF1A, Tef1p, was 

identified as a pro-apoptotic protein with a role during acetic acid-induced apoptosis. In 

mammalian cells, isoform 1 of eEF1A (eEF1A1), but not isoform 2 (eEF1A2) [296] has already 

been implicated in apoptosis, with p53 promoting its up-regulation in an erytroleukemic cell line, 

resulting in tubulin alterations [297, 298]. Here, we demonstrated that some eEF1A-dependent 

features occurring during acetic acid-induced apoptosis seem to be evolutionary conserved, 

although with some observed differences: i) like mammalian cells, yeast eEF1A isoform 1, but 

not isoform 2 is involved in apoptosis; ii) the levels of eEF1A increase in mammalian cells 

undergoing apoptosis, whereas during yeast apoptosis, a fragmented form (GTPase domain) 

appeared in mitochondria; iii) eEF1A participates in the observed actin cytoskeleton alterations 

during acetic acid-induced apoptosis, whereas in mammalian cells, as described above, it 

promotes alteration in microtubules. Interestingly in mammalian cells, mitochondria moves along 

microtubules, whereas in yeast, is actin that performs this function [299]. Moreover, this 

association between yeast mitochondria and actin, seems to be required for the occurrence of 

mitochondria fragmentation [103], which, as described in chapter 1, is mediated in yeast by the 

GTPase protein Dnm1p [63]. Strikingly, Tef1p, but not Tef2p, was already ascertained as a 

Dnm1p interacting partner [197]. Thus, and although further investigation is needed, it is 

tempted to speculate that during certain apoptotic stimuli, eEF1A might promote actin 

cytoskeleton alterations leading to mitochondria fragmentation and to the release of apoptogenic 

factors, such as cytochrome c, AIF or endoG. Such happening might depend on GAAC system 

players, as TEF1 but not TEF2 promoter presents a GCN4 binding region (data not shown). 

However, we could not exclude a role of other physiological regulators and pathway members in 

the triggering of the acetic acid-induced mitochondrial alterations and consequent production of 

ROS and release of apoptogenic factors [64]. Ras-cAMP-PKA signaling pathway, like TOR 

pathway, coordinates cell growth and proliferation with nutritional sensing, and is required to 

allow cells to navigate through the diauxic shift successfully. During this transition, when glucose 

becomes depleted, the Ras-cAMP-PKA pathway must be shut down to allow cell cycle exit and a 

full stress response [300]. Interestingly, one of the stress responsive proteins induced by 

decreased activity of Ras-cAMP-PKA pathway is Hsp26p [301], a protein which levels were found 

increased in mitochondria upon acetic acid-induced apoptosis (data not shown). This indicates 
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that under acetic acid treatment, the induced intracellular amino acids starvation seems to 

require a signaling through Ras-cAMP-PKA pathway that might cooperate with TOR pathway in 

order to overcome the imposed stressful conditions. Gourlay and coworkers have recently 

proposed a pathway that links actin cytoskeleton alterations with the activation of apoptosis in 

yeast cells through hyperactivation of the Ras-cAMP-PKA activity [65, 102]. In addition, acetic 

acid induces eEF1A-dependent actin cytoskeleton alterations and a persistent intracellular amino 

acids starvation. Therefore, we should not exclude the possibility of Ras-cAMP-PKA pathway 

becoming hyperactivated and also contributing for the decrease in mitochondrial membrane 

potential, ROS accumulation and release of apoptogenic factors that culminate in apoptosis, 

when the imposed stress could not be overcome. Further research will be conducted in near 

future, in order to elucidate this question and the concrete pro-apoptotic role of eEF1A during the 

yeast apoptotic process. 

Besides eEF1A, other proteins were identified during the course of this work, as regulators of 

the yeast apoptotic process. In mammalian cells, the glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) participates in the triggering of apoptosis when S-nitrosated 

by NO, through its nuclear translocation in association with Siah and promotion of nuclear protein 

degradation [210]. The work herein presented demonstrates that upon H2O2-induced apoptosis, 

yeast GAPDH also suffers S-nitrosation. Additionally, GAPDH was identified as a yeast 

metacaspase substrate. Interestingly, metacaspase-mediated cleavage of GAPDH seems to be 

dependent on the synthesis of NO and necessary for the inhibition of a, not yet described, 

putative pro-survival role of this protein in autophagy. GAPDH is the first metacaspase substrate 

identified until know, establishing yeast metacaspase as a functional homologue of mammalian 

caspases, indicating a strict relationship between NO, GAPDH, yeast metacaspase and 

autophagy, during apoptosis. However, some questions are still open and require further 

investigation. Data are required in order to determine if S-nitrosation is a requirement for the 

metacaspase-mediated cleavage of GAPDH or if, on the other hand, NO is responsible for 

metacaspase activation which promotes GAPDH fragmentation. Valuable information might be 

obtained by assessing GAPDH cleavage in yeast strains harboring modification in the GAPDH 

cysteines (cys150 and cys154) that impairs S-nitrosation. Additionally, new and clear-cut 

experiments should be performed in order to uncover the exact role of GAPDH in the process of 

autophagy and the relation between autophagy inhibition and promotion of apoptosis during H2O2 

treatment. To clarify these issues, experiments should firstly rely on the identification of the yeast 
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metacaspase cleavage specificities through the Edman degradation analysis of the obtained 

GAPDH fragments. Then, autophagy should be assessed in yeast strains expressing GAPDH 

isoforms that are unable to be processed by metacaspase due to the genetic modification of the 

metacaspase cleavage sites.  

Despite all open questions, the results presented in the scope of this thesis contributed for 

the elucidation of the yeast apoptotic process, by uncovering new pathways and regulators, and 

giving insights into the mode of action of both acetic acid and H2O2. In addition, as patent in 

chapter 5, evidence is presented indicating the existence of an atypical PCD process in yeast 

cells, underlying the fungicidal capacity of the antifungal drug ciclopirox olamine (CPO). CPO was 

demonstrated to promote chromatin condensation, the maintenance of plasma membrane 

integrity and DNA fragmentation indicated by the appearance of a sub G0/G1 yeast cell cycle 

population. Moreover, CPO-induced cell death was demonstrated to be dependent on de novo 

protein synthesis, further indicating that CPO leads to the triggering of a PCD process in yeast 

cells. However, CPO-induced cell death mechanism seems to be completely different from cell 

death induced by either acetic acid, H2O2, or other known apoptotic stimuli, as it does not depend 

on ROS signaling, metacaspase or AIF. CPO-treated cells do not have an apoptotic phenotype, as 

reinforced by the observation of a TUNEL negative phenotype. Moreover, CPO-induced cell death 

is also non autophagic, since cell death does not depend on known autophagic players, and 

chromatin condensation was observed in treated cells. On the other hand, CPO-mediated cell 

death does not fit in the necrotic cell death category, since cells displaying DNA fragmentation 

did not present compromised plasma membrane and an increase in cellular volume was not 

observed. Despite the incapacity to categorize the type of CPO-induced cell death, we 

demonstrated that CPO-treatment of yeast cells leads to the activation of unknown aspartic 

protease(s), as Váchová and coworkers observed, during cell death in aged colonies. However, 

several questions remain to be answered: i) Which are the aspartic proteases activated upon 

CPO treatment? ii) Are they contributing for CPO-induced cell death? iii) Are these aspartic 

proteases the same that are activated during cell death in aged colonies? These are some 

questions that were raised by the work and that demand an answer, as it might dramatically 

expand our knowledge on the yeast cell death machinery. In this sense, the results obtained 

concerning the mode of action of CPO in yeast cells points to the future use of this compound in 

order to allow the characterization of a new and yet unknown yeast PCD mechanism.  
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6.3 DISTINCT MECHANISMS, THE SAME FATE: PCD 

In order to summarize the main achievements obtained within this work, three putative 

distinct PCD routes triggered by external application of either acetic acid, H2O2 or CPO are 

proposed (Figure 1, 2 and 3, respectively). Following results described in chapter 2, and as 

observed in Figure 1, acetic acid induces in yeast cells a general depletion of intracellular amino 

acids, as a result, TOR pathway becomes downregulated, leading to the activation of downstream 

phosphatases Pph21p, Pph22p and Sit4p. Nevertheless, the results indicate that Sit4p is not 

crucial for the cell death process. Consequently, GAAC system is activated, most probably by the 

Pph21p/Pph22p/Sit4p-mediated dephosphorylation of Gcn2p. However, we cannot exclude the 

possibility of occurrence of Gcn2p activation by a TOR independent manner, as it was described 

that uncharged tRNAs accumulated during amino acids starvation are able to bind and to activate 

Gcn2p through the promotion of its autophosphorylation [302, 303]. As a result of Gcn2p 

activation, eIF2α is phosphorylated (data not shown), cap-dependent translation inhibited, and 

Gcn4p activated (data not shown). Upon Gcn4p activation, the translation of amino acid 

biosynthetic proteins is stimulated to overcome the imposed intracellular amino acids starvation. 

However, under a situation of auxotrophy and inability to uptake extracellular amino acids, as 

indicated by the described capacity of week carboxylic acids in blocking uptake of amino acids, 

and as observed by the incapacity of yeast cells to uptake radiolabelled methionine upon acetic 

acid treatment (data not shown), intracellular amino acids starvation becomes persistent. 

Therefore, it seems that apoptosis is signaled by both TOR pathways effectors, such as Pph21p 

and Pph22p, but not Sit4p, and GAAC system members such as Gcn2p and Gcn4p. Parallelly, 

eEF1A (Tef1p) seems to be involved in acetic acid-induced apoptosis through its association with 

mitochondria, which occur, most probably, upon dissociation from actin, a putative cause for the 

observed actin cytoskeleton alterations upon acetic acid treatment. Due to the reported 

interaction between Tef1p and Dnm1p [197], Tef1p might be connected with mitochondria 

fragmentation and subsequent release of apoptogenic factors such as cytochrome c, AIF and 

endoG, resulting in cell death, hypothesis that have to be latter on followed.  

On the other hand, as patent on chapters 3 and 4, and represented on Figure 2, H2O2 

does not induce intracellular amino acids starvation. Instead, it leads to NO synthesis by an 

unknown NOS-like enzyme. Newly synthesized NO might react with intracellular ROS, leading to 

the synthesis of deleterious RNS that seem to boost the levels of ROS through, most probably, 

the RNS-mediated induction of mitochondrial damages, as described by others in mammalian 
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cells [233, 234]. Then, apoptogenic factors such as cytochrome c, AIF and endoG might be 

released at this step. In addition, NO seems to control the cleavage of GAPDH by yeast 

metacaspase. This might be due to NO-mediated increase in the levels of ROS that lead to 

metacaspase activation, through induction of GAPDH S-nitrosation as a requirement for its 

metacaspase-mediated cleavage, or through the direct activation of metacaspase by NO. Despite 

this open question, GAPDH cleavage might be important not only to abrogate glycolysis, but also 

to inhibit autophagy. Recently, it was reported in mammalian cells that GAPDH is involved in the 

promotion of autophagy, as a survival mechanism, under some cell death scenarios [251]. The 

inhibition of autophagy as a consequence of the metacaspase-mediated GAPDH cleavage might 

thus promote the progress of apoptosis. 

 

 

Figure 4 - Proposed illustrative scheme of the cell death pathway triggered by acetic acid, based on main findings 
reported in this thesis. Dot lines represent hypothesis that, although supported by our experiments, require further 
investigation. 
 

Following a distinct approach, as patent on chapter 5, and represented in Figure 3, we 

demonstrated that the fungicidal capacity of the antifungal drug CPO relies on its ability to trigger 

a PCD mechanism in yeast cells. However, we found this PCD mechanism to be atypical, since 

CPO treatment of yeast cells does not trigger mitochondrial dysfunctions, which might explain the 

CPO incapacity in promoting the production/accumulation of high intracellular ROS levels. 
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Concurrently, neither AIF nor metacaspase or autophagic players such as Atg5p, Atg8p and 

Uth1p, participate in the observed induction of PCD mechanism. Instead, unknown aspartic 

protease(s) are activated upon CPO treatment, which might have a crucial role not only in the 

execution of the yet uncharacterized CPO-induced PCD, but also in yeast PCD induced by distinct 

stimuli. 

 

Figure 5 - Proposed illustrative scheme of the cell death pathway triggered by H2O2, based on main findings reported 
in this thesis. Dot lines represent hypothesis that, although supported by our experiments, require further 
investigation. 
 

 

 

Figure 6 - Proposed illustrative scheme of the cell death pathway triggered by CPO, based on main findings reported 
in this thesis. Dot lines represent hypothesis that, although supported by our experiments, require further 
investigation. 
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6.4 IMPLICATIONS FOR FUTURE RESEARCH 

Altogether, the results presented in this thesis yield new insights into the yeast endogenous 

PCD machinery, particularly in apoptotic mechanisms. However, since screening methodologies 

were used in the accomplishment of the presented work, a large amount of data was generated 

and is now available for future studies. Particularly, we found a general decline in the expression 

of chaperones belonging to the Hsp70 family in total cellular extracts of acetic acid-treated cells. 

In mammalian cells these chaperones have been shown to present anti-apoptotic activity, e.g. by 

preventing caspase activation or by neutralizing the apoptosis-inducing factor (AIF) function 

through direct interaction [61, 184, 185]. This suggests that acetic acid-induced apoptosis in 

yeast might be promoted by a decrease in the anti-apoptotic activity of Hsp70 chaperones and 

subsequent activation of metacaspase or AIF, which is released from mitochondria in response to 

this apoptotic stimulus [61]. Exploitation of the relation between Hsp70 family members, Yca1p 

and Aif1p, may confirm or not the hypothesis rose by this work, allowing a better understanding 

of the yeast apoptotic mechanisms. By looking for the proteomic alterations induced by acetic 

acid treatment, one could also observe a decrease in the expression of several translation factors. 

In mammalian cells, translation factors are targets of proteolytic cleavage by caspases allowing 

the selective translation of proteins and the regulation of apoptosis though a protein synthesis 

control system (reviewed in [304]) that have never been assessed in yeast cells. Attention should 

therefore be given to the analysis of the yeast metacaspase ability in cleaving translation factors, 

and the effect that control of protein synthesis might have on the apoptotic process. In fact, 

several spots corresponding to cleaved proteins, which mass spectrometry failed to identify, were 

detected by the digestome analysis presented in chapter 4, and might correspond to translation 

factors. The use of alternative techniques such as mRNA-display, which has already been 

successfully employed in the identification of mammalian caspase-3 substrates [305], might be 

helpful to reveal the total repertoire of yeast metacaspase substrates, and to elucidate the yeast 

metacaspase capacity to trigger apoptosis though control of protein synthesis. However, 

metacaspase might not be the only protease with a role during yeast PCD, as indicated by the 

observation of unknown aspartic protease activity upon CPO-induced PCD, and as indicated by 

others under distinct PCD situations [52, 70]. In order to have a more complex and accurate 

knowledge about the mechanisms and the hierarchy of events occurring during yeast PCD, future 

experiments need to be directed to the uncovering of the unknown aspartic proteases and the 

assessment of their role during yeast PCD.  
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Despite all these open questions raised through the analysis of the presented results, it was 

possible, through the help of subsequent experiments and as patent in this thesis, to uncover 

new insights into the evolution of eukaryotic apoptotic pathways. However, the work herein 

described also opened new perspectives for future investigations. Further investigation in yeast 

cells is therefore required in order to: i) identify the exact mechanism by which TOR pathway and 

GAAC system members are processing the apoptotic signaling in yeast cells; ii) elucidate the 

crosstalk between eEF1A (Tef1p), mitochondria, actin and mitochondrial release of apoptogenic 

factors; iii) elucidate the NO-dependent metacaspase-mediated cleavage of GAPDH; iv) investigate 

the role of GAPDH in the stimulation of autophagy. Such research might be fruitful for the 

comprehension of: i) the role of TOR and the conditions by which it promotes survival and 

apoptosis [286]; ii) the involvement of GAAC system members in the promotion of higher 

eukaryotic cells apoptosis, which was not assessed until the present date; iii) the confusing role 

of eEF1A in tumorigenesis and apoptosis control [194, 306]; the conditions by which NO 

promotes pro- or anti-apoptotic functions [206].  

The information acquired through the comprehension of such events might be valuable not 

only for the understanding of the physiological processes that regulate apoptosis in yeast, but 

also for apoptosis research.  
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“Science never solves a problem without creating ten more” 

George Bernard Shaw 
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Abstract

In order to alter the impact of diseases on human society, drug development has been one of the most invested research fields. Nowadays,
cancer and infectious diseases are leading targets for the design of effective drugs, in which the primary mechanism of action relies on the
modulation of programmed cell death (PCD). Due to the high degree of conservation of basic cellular processes between yeast and higher
eukaryotes, and to the existence of an ancestral PCD machinery in yeast, yeasts are an attractive tool for the study of affected pathways that give
insights into the mode of action of both antitumour and antifungal drugs. Therefore, we covered some of the leading reports on drug-induced
apoptosis in yeast, revealing that in common with mammalian cells, antitumour drugs induce apoptosis through reactive oxygen species (ROS)
generation and altered mitochondrial functions. The evidence presented suggests that yeasts may be a powerful model for the screening/
development of PCD-directed drugs, overcoming the problem of cellular specificity in the design of antitumour drugs, but also enabling the design
of efficient antifungal drugs, targeted to fungal-specific apoptotic regulators that do not have major consequences for human cells.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Antifungal drug; Antitumour drug; Drug targets; Mitochondria; Reactive oxygen species; Yeast apoptosis

1. Introduction

Throughout the history of mankind, the quest for drugs with
direct or indirect impact on our well-being and longevity has
been at the cutting edge of human cultural and scientific
development. Medicinal consumption has increased to a new
level in recent decades, fuelling a constant exploration for new
agents that might cure a variety of illnesses, or at least improve
life quality. Infectious diseases and cancers, due to their high
mortality/morbidity rates and impact on human society, have
more recently surfaced as leading target diseases for the design
of effective drugs. Interestingly, most of the antitumour drugs
used nowadays were first selected as antimicrobial agents;
however, after the recognition of their antitumour value, their
characterization substantially increased over the following
years. Additionally, up to date scientific research has pointed
out that the mechanism by which most, if not all, of the
antitumour drugs kill tumour cells involves the induction of cell
death by apoptosis [1]. In fact, the increase in knowledge on

programmed cell death (PCD) itself, particularly apoptosis, as
well as its deregulation in tumour cells has dramatically
changed the point of view on the pharmacology of antitumour
drugs. Consequently, great interest has emerged in developing
new strategies that involve the modulation of key molecules that
control life and death decisions, thereby offering an exciting
multitude of molecular targets and therapeutic options for the
future [2,3].

The budding yeast Saccharomyces cerevisiae has been
successfully used as a model organism for the study of mo-
lecular and cellular pathways underlying mammalian diseases.
This is in part due to the high degree of conservation of basic
cellular processes between yeast and higher organisms, as well
as the advantages of yeast genetics [4]. Studies in yeast were the
first to reveal the cellular target of rapamycin, an immunosup-
pressant drug broadly used in human tissue transplants [5,6].
In the last decade compelling evidence accumulated showed
that yeasts are valuable for PCD research due to their ability to
undergo PCD responses which display a certain degree of
conservation with apoptotic mechanisms of higher eukaryotes
[7–9]. Specifically, an apoptosis-inducing factor (AIF1), cyto-
chrome c (cyt c) and HtrA/Omi, that play an important role in
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the intrinsic pathway of yeast and mammalian systems have
been identified [8,10–13]. In contrast, no components of the
extrinsic apoptotic regulatory pathway (e.g., death receptors
and their ligands) have been described, showing that yeast cells
do not completely recapitulate the mammalian apoptotic sys-
tem [9]. Molecules involved in mammalian PCD but whose
counterparts are not known in yeast cells such as Bcl-2 proteins
or p53, have been expressed in yeast and studied in more detail
in a genetically tractable system [14–18]. A throughout cha-
racterization of the yeast conserved and non-conserved PCD
regulators and processes may open up new avenues for the
evaluation of drug targets and modes of action. DNA damage
[19] and defects in DNA replication and cell cycle checkpoints
identified in S. cerevisiae [20] have been shown to induce cell
death resembling apoptosis in metazoans, suggesting that future
studies in yeast may provide further valuable input regarding
the complex molecular pathways underlying these events or the
effects of some antitumour drugs directed against those targets.
On the other hand, differences in the architecture of yeast PCD
may allow the targeting of non-conserved genes or gene
products as novel and specific antifungal drug targets to combat

the increasing number of fungal infections seen in immuno-
compromised individuals (see related article in this issue).

In this article, we aim to review the evidence on drug-
induced apoptosis in yeast, stressing the overlapping and
distinct elements involved with PCD. To address these issues
we have restricted our review to the most commonly tested
drugs in yeast cells, which are predominantly antitumour and
antifungal drugs.

2. Antitumour drugs

Genetic changes in human tumour cells often include
alterations in the control of cell cycle and/or the regulation of
the cell death process [21]. Therefore, it is not surprising that
most antitumour drugs have, directly or indirectly, apoptotic
regulators as targets. According to their mode of action, such
drugs may be grouped in several different classes, among which
the most relevant promote DNA fragmentation and DNA
intercalation, or are microtubule-directed, histone deacetylase
(HDAC) inhibitors, phosphatidylcholine (PC) analogues/inhi-
bitors, topoisomerase inhibitors or antimetabolites. Various

Table 1
Overview of the antitumour drugs known to induce apoptosis in yeast and their associated apoptotic phenotypes

Apoptosis-inducing antitumour drugs in yeast

Antitumour drugs Apoptotic phenotype Yeast species References References of apoptosis in
mammals

Microtubule-directed
Paclitaxel ROS accumulation Saccharomyces cerevisiae AD1-8-tax [32] [25–28]

DNA fragmentation
Sub-G0/G1 population
Arrest in G2/M

Miscellaneous
Arsenic DNA fragmentation Saccharomyces cerevisiae BY4742 [39,40] [36–38,41]

Phosphatidylserine exposure
Mitochondrial membrane permeabilization
ROS accumulation
Dependent of metacaspase
Dependent of Tim18p

DNA fragmenting
Bleomycin DNA fragmentation Saccharomyces cerevisiae YHP-1 [50] [48,49]

Chromatin condensation
Sub-G0/G1 population
Independent of mitochondrial function at high concentrations

Histone deacetylase (HDAC) inhibitors
Valproate Dependent of metacaspase Saccharomyces cerevisiae W303-1A [57,58] [52,53,56]

DNA fragmentation
Phosphatidylserine exposure
ROS accumulation
Dependent of Sir2

DNA intercalating
Doxorubicin Mitochondrial dysfunction Candida utilis ATCC 8205 [64] [62,63]

Morphological alterations

Phosphatidylcholine (PC) analogues
Edelfosine DNA fragmentation Saccharomyces cerevisiae BY4742 [73] [65]

Mitochondria-derived ROS accumulation

Drugs were divided in classes according to their mode of action. Yeast species/strains used in the different studies are listed.
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antitumour drugs have been tested in yeast to ascertain their
mechanism of action and, representative agents of each of these
classes have been shown to induce an apoptotic phenotype
(Table 1). However, some antitumour drugs studied in yeast
have not been assigned as inducers of PCD, e.g. farnesol,
fredericamycin A, camptothecin, etoposide, 5-fluorouracil, sel-
enium, coumarin, and 1,10-phenanthroline. This may be for
many reasons, including lack of experiments that directly
characterize cell death. Given that, the cytotoxic phenotype
and the molecular context of their action are in many cases
related to the triggering of a PCD process (Table 2), they will
also be covered in this review.

2.1. Apoptosis-inducing antitumour drugs in yeast

Paclitaxel, arsenic, bleomycin and valproate (VPA) represent
the most well studied antitumour drugs inducing yeast apoptotic
phenotypes (Table 1; Fig. 1). Paclitaxel is a complex diterpene
that was initially isolated from the bark of the Pacific yew tree
Taxus brevifolia [22] and has subsequently been shown to be a
fungal metabolite [23]. In mammalian cells, paclitaxel has been
shown to bind to β-tubulin, disturbing the equilibrium between
the soluble and polymeric forms of tubulin [24], leading to
cell cycle arrest at G2/M phases and induction of apoptosis in
proliferating cells [25,26]. Paclitaxel has been shown to induce

phosphorylation of the anti-apoptotic protein Bcl-2 [27] and, at
least in vitro, FAS-associated death domain protein (FADD)-
dependent apoptosis through activation of caspase-10 [28].
Growth of wild-type yeast cells is not inhibited by paclitaxel,
due, most probably, to the differences between yeast and mam-
malian tubulin residues involved in paclitaxel binding [29–31].
However, mutations in the yeast β-tubulin promote the accu-
mulation of intracellular reactive oxygen species (ROS), DNA
fragmentation (detected by terminal dUTP nick-end labeling
(TUNEL) assay), and alterations of the cell cycle profile (Fig. 1)
characterized by an arrest in the G2/M phases and the ap-
pearance of a sub-G0/G1 population [32], consistently with a
mitotic blockage as described in mammalian cells [33,34].
Studies with paclitaxel also exemplify how the problem of drug
extrusion by yeast (seen as a main constraint in yeast use for
antitumour drug target characterization) can be overcome by the
modulation of multidrug ABC transporters, thereby facilitating
the accumulation of the drug in yeast cells [32].

Arsenic, a highly toxicmetalloid, has been used in a variety of
ways over the past 200 years not least as an extremely potent
anti-leukemic agent [35]. Cytotoxicity studies have shown
that chronic arsenic exposure induces profound cellular altera-
tions including apoptosis characterized by ROS accumulation,
mitochondrial aggregation, Bax oligomerization, mitochondrial
membrane potential (Δψm) dissipation and caspase activation

Table 2
Overview of the antitumour drugs inducing cytotoxicity in yeast cells

Cytotoxicity of antitumour drugs in yeast

Antitumour
drugs

Phenotype Yeast species References References of apoptosis in
mammals

Phosphatidylcholine (PC) inhibitors
Farnesol Growth arrest Saccharomyces cerevisiae X2180-1A [78,79] [74,162]

ROS accumulation
Repression of cell cycle genes
(CDC9; HAT2)

Topoisomerases inhibitors
Fredericamycin
A

Arrest in G1 Saccharomyces cerevisiae W303-1A [87] [82]
ROS accumulation
Aberrant mitochondria

Camptothecin Arrest in G2/M Saccharomyces cerevisiae FY250/FY251 [88] [86]
DNA damage

Etoposide Arrest in G2/M Saccharomyces cerevisiae JN362acc [89] [84]

Antimetabolites
5-Fluorouracil Inhibition of growth Saccharomyces cerevisiae BY4741/BY4742 Candida albicans

Clinical isolate
[92,96,97] [163]

Arrest in G1/S

Miscellaneous
Selenium Toxicity exacerbated by glutathione Saccharomyces cerevisiae DTY7 [93] [164]

Toxicity exacerbated by thiols
Formation of Hydrogen Selenide

Coumarin ROS accumulation Candida albicans ATCC 10231 [94] [98]
Nuclear dysfunctions
Loss of membrane organelles

1,10-
Phenanthroline

DNA degradation Candida albicans ATCC 10231 [95] [95,99]
Nuclear dysfunctions
Mitochondrial
function disruption

Drugs were divided in classes according to their mode of action. Yeast species/strains used in the different studies are listed.

1438 B. Almeida et al. / Biochimica et Biophysica Acta 1783 (2008) 1436–1448



[36]. Furthermore, arsenic may directly induce cyt c release
from isolated liver mitochondria via the mitochondrial perme-
ability transition pore [37,38]. In contrast to paclitaxel, arsenic
can exert its toxic effects and trigger apoptosis in wild-type
S. cerevisiae cells. Recently, arsenic was shown to induce
DNA fragmentation, phosphatidylserine exposure, mitochon-
drial membrane permeabilization and ROS accumulation in
S. cerevisiae cells [39,40] (Fig. 1). The arsenic resistant phe-
notype of rho0 mutant cells, as well as the decrease of DNA
fragmentation and cell death in metacaspase (Yca1p) mutant
cells supports the involvement of both mitochondria and
Yca1p in the cell death process [39]. In addition, Tim18p, a
component of the mitochondrial translocator, was implicated as
a mediator of arsenic-induced yeast apoptosis, acting down-
stream of ROS production (Fig. 1) [40]. The deletion of CuZn
superoxide dismutase (SOD) also enhances arsenic's toxic
effects, further indicating that ROS play an important role in
this process [39], in accordancewith recent findings by Seok et al.
in a zebrafish liver cell line [41]. Arsenic reacts with sulphur

containing compounds, such as glutathione (GSH) or cysteine
acting as a potent inhibitor of GSH reductase and thioredoxin
reductase [42], thereby increasing cellular oxidation levels.

Bleomycin, a compound isolated from Streptomyces verti-
cillis [43,44] is primarily used as an antibiotic and is also
employed clinically in cancer therapy due to its ability to induce
single-strand and double-strand DNA breaks [45,46]. Although
not yet characterized, a receptor protein mediating bleomy-
cin internalization has been suggested to exist on the plasma
membrane of both mammalian and yeast cells [47]. Upon
entering a cell, bleomycin induces cell death through a JNK-
dependent mitochondrial death pathway in alveolar epithelial
cells [48], and causes apoptosis in lung epithelial cells by
increasing ROS generation/accumulation and mitochondrial
leakage, which require the participation of caspase-8 and -9, and
the Fas/FasL pathway [49]. Bleomycin-induced apoptotic
cell death in yeast (Fig. 1) is mainly characterized by the
appearance of a sub-G0/G1 population, the generation of DNA
double-strand breaks, and, at high bleomycin concentrations,

Fig. 1. Schematic representation of yeast apoptotic phenotypes and events induced by antitumour drugs. ROS appears to possess, like in mammalian cells, a central role
in the induction/signalling of yeast apoptotic process, with paclitaxel, valproate, arsenic and edelfosine leading to their generation/accumulation. ROS production
during edelfosine-induced apoptosis has been demonstrated to be mitochondria-dependent. The crucial involvement of mitochondria on antitumour drug-induced
apoptosis is clearly reflected during arsenic-induced apoptosis, with mitochondria suffering a decrease in membrane potential (Δψm) and with the requirement of
Tim18p, a mitochondrial translocase located in mitochondrial inner membrane (IM), to act downstream ROS. In addition, mitochondria were described as the targets
of doxorubicin. Yeast metacaspase, Yca1p, was also necessary for the execution of apoptosis induced by both arsenic and valproate. Of note, valproate displays a dual
effect on yeast cells, with high concentrations inducing cell death with characteristics similar to those of ACD and low concentrations inducing Sir2p-dependent
apoptosis. All antitumour drugs seem to induce yeast DNA fragmentation with the exception of doxorubicin where this apoptotic feature was not assessed. The
apoptotic events triggered by antitumour drugs are represented by arrows displaying a specific colour for each drug: paclitaxel (brown), valproate (gray), bleomycin
(purple), edelfosine (blue), arsenic (red) and doxorubicin (green). Black arrows indicate already known yeast apoptotic events.
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the induction of a mitochondria-independent cell death process
[50].

Similar to other antitumour drugs, VPA, an inhibitor of the
class I HDACs [51] can trigger apoptosis in mammalian cells
through caspase-dependent and -independent pathways [52,53].
VPA also promotes the down-regulation of pro-survival genes,
Bcl-2 and Bcl-XL, and the up-regulation of pro-apoptotic genes
such as Bax [54,55]. A recent study also demonstrates that VPA
induces caspase-dependent apoptosis in HeLa cells through the
blocking of the Akt pathway [56]. Likewise, in yeast cells, VPA
triggers a cell death process that is dependent on Yca1p [57]
(Fig. 1). Exposure to high concentrations of VPA induces cell
death with morphological features similar to those of autopha-
gic cell death (ACD), which is independent of Yca1p [57],
while low VPA concentrations result in apoptotic cell death
associated with DNA fragmentation, ROS accumulation,
phosphatidylserine exposure and morphological alterations
such as cell shrinkage [57,58]. Sun et al. showed that Sir2p or
sirtuin, a class III HDAC, that is also involved in the DNA
damage response and life span extension mediated by caloric
restriction [59,60], is required for VPA-induced cell death [58].
Accordingly, Δsir2 cells do not produce ROS or accumulate
neutral lipids, leading to the conclusion that Sir2p has a role in
lipid metabolism, which might be linked to apoptosis [58].

Other antitumour drugs presented in Table 1 and described
as inducing apoptosis in yeast cells include doxorubicin (DOX)
and edelfosine. DOX is an antibiotic, originally isolated from
Streptomyces peucetius and currently used as an effective an-
titumour drug [61] known to induce, among other events, the
generation of free radicals, DNA damage and apoptosis, via an
inhibition of topoisomerase II [62,63]. In yeast, DOX was
shown to induce apoptosis in Candida utilis, based merely upon
morphological observations, with reported plasma membrane
alterations and changes in mitochondrial shape and cristae
organization [64] (Fig. 1). Therefore, further studies directed to
known yeast apoptotic regulators are needed in order to uncover
the mechanism by which DOX kills yeast cells.

Edelfosine is a synthetic lipid, analogue of phosphatidylcho-
line (PC), which induces apoptosis in a wide variety of tumour
cells [65]. Edelfosine and its analogues contain ether linked fatty
acids, as opposed to the endogenous ester linked fatty acids,
rendering them more resistant to cellular phospholipases and,
thus, more effective as drugs. Although not as an amplificatory
mechanism, like bleomycin [49], edelfosine was found to induce
Fas-dependent apoptosis in leukemic cells [66]. Overexpression
of Bcl-2 or Bcl-XL was shown to be able to inhibit apoptosis
induced by this compound [65,67], which was also shown to be
associated with alterations in mitochondrial function, generation
of ROS and caspase-3 activation [68,69]. Recently it was
suggested that endoplasmic reticulum may also play a major
role in edelfosine-induced apoptosis in tumour cells [70]. In
addition to its cytotoxic effects [71,72], edelfosine was reported
to promote apoptosis in S. cerevisiae cells characterized by a
TUNEL-positive phenotype and mitochondrial dependent ROS
generation [73], presenting similarities with edelfosine-induced
apoptosis in human tumour cells, also mediated by mitochon-
dria and correlated with ROS generation [68,69].

The accumulated evidence indicates that the mechanisms of
antitumour drug-induced apoptosis in yeast share some homo-
logies with the mammalian system. Particularly predominant
are the involvement of mitochondria, DNA fragmentation, and
especially ROS production/accumulation. Nevertheless, not all
the studies regarding the induction of apoptosis in yeast cells by
antitumour drugs explore the knowledge of yeast molecular
PCD pathway(s), namely, the precise association of the apop-
totic regulators and their hierarchy. Even so, the data herein
presented point out the potential value of yeast to study PCD-
based therapies and drug targets.

2.2. Cytotoxicity of antitumour drugs in yeast

As a model organism, yeast has long been used as a phar-
macological tool in the identification and definition of the
molecular context and of critical determinants that confer
chemosensitivity to specific cytotoxic injuries induced by drugs.
Several of the different antitumour drugs studied in yeast have
not been specifically assigned as inducers of PCD, although,
the cytotoxic phenotype and the molecular context of their
action are suggestive of that. Drugs such as the PC inhibitor
farnesol and some topoisomerases inhibitors are worth of further
discussion (Table 2). Farnesol is known to induce apoptosis in a
wide variety of cell lines [74,75]. Farnesol-induced cell death is
attenuated through the addition of exogenous PC or diacylgly-
cerol, but not other lipids [76,77]. In yeast cells, farnesol has
been shown to induce growth arrest and cell death, with
repression of cell cycle genes encoding a DNA ligase (CDC9)
and a histone acetyltransferase (HAT2), a process that can be
inhibited by the addition of a diacylglycerol analogue [78].
Although farnesol induces the generation of ROS [79,80], the
farnesol-induced cell death mechanism remains uncharacterized
in yeast cells. Nevertheless, farnesol has been described to
induce apoptosis in Aspergillus nidulans cells characterized by
chromatin condensation, a TUNEL-positive phenotype, expo-
sure of phosphatidylserine, and is also dependent on mitochon-
drial function and ROS generation [81].

Other successful antitumour drugs take advantage of the
inhibition of topoisomerases, key enzymes in DNA transcription
and replication. Fredericamycin A (FMA), an antibiotic product
of Streptomyces griseus, camptothecin, an alkaloid derived from
the plant Camptotheca acuminate and etoposide, a derivative of
the podophyllotoxin from Podophyllum peltatum are among the
antitumour drugs known to induce apoptosis in mammalian cells
due to the inhibition of topoisomerases [82–86]. Although the
induction of apoptosis in yeast cells by those drugs is not
supported by the available data, some lines of evidence do
support a link. For example, FMAwas shown to induce growth
arrest (G1 cell cycle phase) and the appearance of aberrant
mitochondria in yeast, just as in mammalian cells, which also
results in the generation of high intracellular ROS levels [87].
Furthermore, and even though evidence for apoptosis induced
by etoposide and camptothecin in yeast cells is scarce, these
topoisomerase inhibitors are known to induce arrest in the G2/M
cell cycle phases and DNA damage [88,89], a phenomenon also
observed in other drugs inducing apoptosis in yeast [90,91].
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Other antitumour drugs, including 5-fluorouracil, selenium,
coumarin and 1,10-phenanthroline, have been described as cy-
totoxic agents that lead to yeast cell death [92–97]. However,
the mechanism of the cell death process underlying their
cytotoxicity remains unexplored. Nonetheless, treatment with
coumarin and 1,10-phenanthroline stimulates ROS genera-
tion, changes in nuclear morphology and a loss of membrane
organelles [94,95], indicating that apoptotic cell death might
take place in yeast as demonstrated in mammalian cells [98,99].

Future studies directed towards the identification of the true
nature of the cell death processes that occur upon treatment
with these drugs will bring forth important data regarding drug-
induced apoptotic phenotype in yeast strengthening its claim as
a useful tool for screening the cytotoxic effects of antitumour
drugs.

3. Apoptosis-inducing antifungal drugs in yeast

S. cerevisiae represents a practical and conventional system
for studying the properties of antifungal compounds, not only
against fungal human pathogens with which they are closely
related (e.g., Candida albicans) [100], but also with those that
are evolutionarily more distant (e.g., filamentous fungi). More-
over, the majority of the currently used antifungal drugs are
active against S. cerevisiae (reviewed in [101]), thus making it a
suitable model for both drug development and the elucidation of
the mechanisms underlying drug's action.Most antifungal drugs
belong to a few structural classes that affect specific fungal
cellular targets, such as ergosterol synthesis. However, many of
these drugs are associated with a high human toxicity (e.g.
amphotericin B) and/or to the selection of resistant fungal pa-
thogens (e.g., azole drugs), two main constraints on the success
of antifungal drug therapies. To overcome the changing tide of
fungal diseases, novel fungal targets for drug therapy need to
be identified. As described above, the possible architectural
differences between apoptotic regulators/mechanisms of yeast
and mammalian cells may open the door either for the design
of new antifungal drugs, or for testing the fungal-specific
apoptotic-inducing abilities of the current ones. In fact, some
drugs with known antifungal capacities have already been
demonstrated to act as yeast-specific apoptotic PCD-inducers
(Table 3). Among these, some are currently used in clinics while
others are still under development. One of the best characterized
and commercially available antifungal drugs is amphotericin B
(AmB), a polyene agent efficiently used for treating invasive
fungal infections, but generally associated with high toxicity
against human cells [102]. AmB binds to sterols, creating pores
that increase fungal membrane permeability to small cations,
thus promoting the rapid depletion of intracellular potassium and
fungal cell death [103]. Phillips et al. assessed the toxic effects
of AmB inC. albicans, revealing that AmB induces an apoptotic
mechanism, with the occurrence of arrest in G2/M cell cycle
phases, chromatin condensation, nuclear fragmentation, phos-
phatidylserine externalization and ROS accumulation [91].

Ciclopirox olamine (CPO), a representative of a quite distinct
class of antifungal drugs, was introduced into clinical therapy
more than three decades ago. CPO belongs to a group of syn-

thetic antifungal agents, hydroxypyridones that have high af-
finity for trivalent metal cations [104], that are used effectively
in clinical practice since they have a broad spectrum of action
against dermatophytes, yeasts, filamentous fungi and bacteria
[105]. A remarkable feature of CPO is that no single case of
fungal resistance has been reported so far. Work performed by
our group has shown that CPO leads to non-apoptotic yeast PCD
characterized by chromatin condensation and DNA damage
associated with the appearance of a sub-G0/G1 population and
arrest in G2/M cell cycle phases [90]. Notably, in contrast to
AmB-induced apoptosis, CPO-induced PCD does not involve
ROS signalling and is associated with a TUNEL-negative
phenotype; CPO-induced PCD also appears to be independent of
metacaspase but is associated with unknown protease activities
[90].

Besides the described antifungal drugs, other compounds
isolated from distinct organisms have proved to display effective
antifungal capacities through the induction of apoptosis. Os-
motin, a Tobacco pathogenesis-related protein, dermaseptins, a
family of peptides derived from the tree-frog Phyllomedusa
sauvagii, and pradimicin (PRM), an Actinomadura hibisca-
derived antibiotic, were found to induce cell death in yeast with
apoptotic features [106–109]. All of these drugs were shown to
induce nuclear fragmentation, a TUNEL-positive phenotype and
the generation of high intracellular ROS levels [106–109].
However, some differences were detected among the apoptotic
cell death processes triggered by these drugs. The mechanism by
which osmotin induces apoptosis, relies on the suppression of
stress-responsive gene transcription via the RAS2/cAMP path-
way, and, upstream from RAS2, on the binding of osmotin to
the plasma membrane protein Pho36, a homologue of the mam-
malian receptor for the hormone adiponectin [106,110]. On the
other hand, the truncated derivative of dermaseptin S3 [111],
which promotes disruption of the yeast cell membrane and a
deregulation in the homeostasis of intracellular pH, was shown
to induce S. cerevisiae PCD associated with ROS generation and
nuclear DNA fragmentation [107,108]. Interestingly, the mode
of dermaseptin-induced cell death is metacaspase-independent,
but dependent on Aif1p, and on the proteasomal substrate,
Stm1p [108], which is also involved in yeast apoptosis [112]. In
addition to their capacity to induce yeast apoptosis, dermaseptins
have very low human cytotoxicity. In fact, the same is true for
most of the naturally occurring antimicrobial peptides from
amphibian skin, at concentrations that effectively inhibit fungal
growth [111,113–115], making them very attractive antifungal
drugs. PRM, a mannose-binding antifungal antibiotic that cau-
ses membrane permeability dysfunction, is also capable of
inducing S. cerevisiae apoptotic cell death, characterized by
ROS accumulation, DNA damage and nuclear fragmentation
[109]. The cell death mechanism seems to be dependent on the
sensor kinase, Sln1p, to which PRM can bind [116].

Another group of compounds that display antifungal capa-
cities are histatins, histidine-rich cationic peptides secreted by
the parotid and the submandibular/sublingual human salivary
glands [117]. Histatin 5 has been shown to display potent fun-
gicidal properties against C. albicans [117]. Although scarce,
evidence for the induction of a histatin 5-mediated apoptotic
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process in yeast exists. It was reported that histatin 5 treatment
results in mitochondrial membrane depolarization and mito-
chondrial swelling, loss of intracellular ATP and amino acids,
cell cycle arrest in G1 phase and the generation of ROS, although
this latter feature still remains controversial [118–122]. Veerman
et al. state that ROS do not play a role in the histatin 5-mediated
death of C. albicans cells since no effect on survival was ob-
served using the ROS scavenger Tempo (2,2,6,6-tetramethylpi-
peridine-N-oxil) [123]. New studies on the effects of histatin 5
on yeast cells, especially on those focused on the involvement of
known apoptotic regulators, may uncover its cell death-inducing
mechanism of action.

It is conceivable that the capacity of AmB to trigger yeast
apoptotic-PCD underlies its high fungicidal activity. Indeed,
AmB also triggers apoptosis in human cells which might
explain its high cytotoxicity [102]. Therefore, the design of new
antifungal drugs should consider the less evolutionary con-
served steps and focus on the yeast-specific regulators of PCD.

Natural compounds isolated from diverse organisms, includ-
ing humans, are assuming great importance since they possess
high antifungal activity and low human toxicity. Interestingly, as
described above, most seem to induce apoptosis in yeast
revealing that they are potentially targeting fungal-specific cell
death pathways and/or regulators. Thereby, the elucidation of
unique fungal PCD pathways/regulators would revolutionize the
manner in which antifungal drugs are designed.

4. Other drugs inducing apoptosis in yeast

Besides exploiting yeasts in the study of the mode of action
of antitumour and antifungal drugs, yeasts have also been used
to ascertain the cytotoxicity of many different drug types. In
many cases these drugs also have certain antitumour properties
although they are not usually used for this purpose. For this
review we have selected two such drugs, (i) aspirin, one of the
World's safest and least expensive pain relievers with over

Table 3
Overview of the antifungal drugs known to induce apoptosis in yeast and their associated apoptotic phenotypes

Apoptosis-inducing antifungal drugs in yeast

Antifungal drugs Apoptotic phenotype Yeast species References References of apoptosis in mammals

Cell permeability disruptor
Amphotericin B Arrest in G2/M Candida albicans CaF-2 [91] [102]

Chromatin condensation
Nuclear fragmentation
Phosphatidylserine externalization
ROS accumulation

Metal cation chelator
Ciclopirox
olamine

Chromatin condensation Saccharomyces cerevisiae BY4742 [90] –
Sub-G0/G1 population
Arrest in G2/M
Nuclear dysfunction
Independent of ROS accumulation
Independent of metacaspase
Associated with unknown protease(s)

Plasma membrane binders/disruptors
Osmotin DNA fragmentation Saccharomyces cerevisiae BWG7a [106,110] –

ROS accumulation
Dependent on the suppression of transcription of
stress-responsive genes via RAS2/cAMP pathway
Dependent on the binding to Pho36p

Dermaseptin DNA fragmentation Candida albicans IP886-65
Saccharomyces cerevisiae BY4742

[107,108,111] –
ROS accumulation
Metacaspase independent
Dependent of the apoptosis-inducing factor
(Aif1p) and the proteosomal substrate (Stm1p)

Pradimicin DNA fragmentation Saccharomyces cerevisiae 953 [109,116] [165,166]
ROS accumulation
Dependent of the sensor kinase, Sln1p

Mitochondrial membrane disruptor
Histatin Mitochondrial membrane depolarization Candida albicans 10S DS1

31531A
[118–122] –

Mitochondrial swelling
Loss of intracellular ATP and amino acids
Arrest in G1
ROS accumulation

Drugs were divided in classes according to their mode of action. Yeast species/strains used in the different studies are listed.
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100 years of proven and effective treatment against a variety of
ailments, and (ii) ricin, a toxin isolated from plants that has the
capacity to inhibit protein synthesis by irreversibly inactivating
eukaryotic ribosomes.

Aspirin, or acetylsalicylic acid, is a non-steroidal anti-
inflammatory drug known to induce apoptosis in mammalian
cells by a variety of different mechanisms including caspase
activation [124,125], inhibition of NF-KB activation [126], ce-
ramide pathway activation [127] and p38MAP kinase activation
[128]. The effects of aspirin on cell growth and its propensity to
induce apoptosis have also been studied in yeast cells. Aspi-
rin was found to commit mitochondrial MnSOD-deficient
S. cerevisiae cells growing in ethanol to apoptosis [129]. In
accordance with aspirin's ROS scavenger properties, it also
exhibits a significant antioxidant effect until the onset of overt
apoptosis in yeast cells, suggesting that ROS probably do not
play a primary role in the apoptosis of cells exposed to aspirin
[129]. Instead, the authors suggest that a disruption of the redox
balance commits yeast cells to apoptosis upon aspirin treatment
[130].

Ricin is naturally synthesized in the seeds of Ricinus com-
munis (castor bean). This plant toxin is a type II ribosome-
inactivating protein (RIP) that inhibits protein synthesis [131].
It consists of a catalytic A chain (RTA) covalently joined by a
disulfide bond to a cell binding B chain (RTB) and is highly toxic
to eukaryotic cells [132,133]. The RTB is a lectin that binds
galactose or N-acetylgalactosamine receptors on the surface of
target cells and promotes subsequent endocytosis of the RTA
[132,133]. Ricin induces apoptosis in a wide variety of animal
cells [134] and recently the effects of ricin were studied in
S. cerevisiae, using a large-scale mutagenesis screen for variants
of the precursor form of RTA (pre-RTA) that were unable to kill
yeast cells. Apoptotic markers, such as chromatin condensation,
nuclear fragmentation and ROS accumulation were observed
for yeast cells expressing the wild-type RTA but not for cells
expressing the nontoxic mutants, even though they still de-
purinated ribosomes and inhibited translation [135]. These re-
sults provide evidence showing that similar to the studies in
mammalian cells, ribosome depurination and translation inhibi-
tion are also not sufficient for the ricin-induced cytotoxicity in
S. cerevisiae. Moreover, the mechanism of apoptotic cell death
seems to be strictly dependent on the early generation of ROS
[135].

5. Conclusions and future perspectives

The field of yeast PCD, particularly apoptotic-PCD, has
grown rapidly during the last decade [7–9]. The increasing
understanding of yeast PCDmolecular pathways is crucial either
for the basic knowledge or for the application of this knowledge
to the use of yeasts as a model for cell death-based therapies.
Yeasts have been intensively explored to study a wide range of
processes, from the basic cellular and molecular pathways to
the implications of their regulation and dysfunction in human
diseases. Previously, yeast cells containing mutations in genes
associated with a specific disease, e.g. tumour associated alte-
rations in DNA repair, mitotic catastrophe, etc., have allowed the

screening of drugs that kill mutant cells more efficiently than
wild-type cells [136,137]. These strategies have been used
successfully revealing several antitumour agents with a high
therapeutic advantage [138,139]. The power of yeast molecular
genetics, including the multi-faceted role of yeast in drug
discovery is also apparent from yeast two-hybrid and three-
hybrid systems that have been employed in target identification
and validation; the yeast target-based screenings such as high-
throughput screening or cell based assays; phenotype-based
screening; gene expression profiling of drug action and drug-
induced haploinsufficiency (reviewed in [101,140,141]). There-
fore, one may already consider “Yeast as a model in drug target
discovery and validation”. The question that now arises is, can
we now reasonably say that “Yeasts are also a good model in
apoptosis or cell death-based therapies and drug targets”? The
examples addressed in this review show that some therapeutic
agents induce yeast apoptotic-PCD that certainly have some
similarities with the cell death processes known in mammalian
cells. For most of the cell death scenarios induced by antitumour
drugs and discussed herein, ROS and mitochondria appear as
crucial yeast and mammalian players. This evidence brings us to
a relevant and recurrent theme in tumours and chemotherapy:
mitochondria and ROS as therapeutic targets. Indeed, a great
variety of drugs can directly be targeted to mitochondria to
induce apoptosis [142] or to ROS scavenging, resulting in ROS
accumulation and apoptosis (reviewed in [143,144]). Besides
ROS, nitric oxide (NO), which reacts with molecular oxygen to
form reactive nitrogen species (RNS) and ultimately favours
carcinogenesis [145], is also an appealing target. Somewhat
paradoxically, both anti-NO and NO-based strategies have been
applied in cancer therapy (reviewed in [145,146]) indicating a
NO dichotomy and an inevitable need of modulate NO levels
according to the specific molecular makeup of each individual
tumour cell (reviewed in [145,146]). Recently, we demonstrated
that S. cerevisiae is able to synthesize NO by an L-arginine-
dependent mechanism, controlling the formation of ROS and
acting as a crucial apoptotic inducer [147,148]. Following this
line of thought, yeast could be employed in the study of the
synergistic effects as well as molecular pathways that determine
the increased sensitivity of cells to antitumour drugs in the
presence of different endogenous NO levels.

Other cellular processes that have been revealed as future
therapeutic targets include the proteasome, Heat Shock Protein
90 (HSP90), and non-apoptotic PCD pathways including ACD,
all of which could be explored using yeast. Yeast proteasome
function has already been linked to apoptotic cell death [112]. As
the proteasome is a critical enzymatic complex for fundamental
pathways in cell survival and proliferation, its inhibition could
be a potential antitumour therapy [149,150]. The established
link between proteasome and yeast apoptosis suggests that a
proteasome inhibition-based therapy could also be investigated
in yeast.

The molecular chaperone HSP90, required to ensure the cor-
rect conformation, activity, intracellular localization, and proteo-
lytic turnover of a range of proteins that are involved in cell
growth, differentiation, and survival [151,152], is also an at-
tractive target for tumour therapy. It is already known that
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inhibition of HSP90's function causes degradation of the so
called “client proteins”, which are reported to be involved in
tumourigenesis [151], via the ubiquitin-proteasome pathway
[153,154]. Interestingly, our recent observations point to a
protective role of HSP90 members in yeast apoptosis (Almeida,
B. et al., unpublished data). Using yeast to assess for HSP90
“client proteins”, upon treatment with HSP90 inhibitors, could
easily contribute to the understanding of its mode of action
and role in tumourigenesis. Regarding non-apoptotic PCD
process such as ACD, accumulated evidence has shown that
this phenomenon also occurs in yeast cells [155–157]. Since
many reports show that antitumour drug-induced cell death
may involve non-apoptotic PCD through caspase-independent
pathways [158,159] or even through the induction of ACD [160],
the yeast system seems promising for revealing clues on the
foundation of new opportunities to design targeting therapy to
promote non-apoptotic cell death of tumour cells.

An interesting link between HSPs, the proteasome and
autophagy relates to the fact that they all act as cellular defenses
in neurodegenerative disorders, especially those that involve
protein misfolding. Given the fact that yeast is being used as a
model to study several neurodegenerative disorders involving
protein misfolding and aggregation [161], it seems feasible to
also use yeast for screening of drugs that are able to increase
survival by acting on these targets.

Although yeast cells are useful for the study of the cytotoxic
effects of a panoply of drugs, their primary relevance might be
directed to the design of new antifungal drugs. A new
generation of antifungal drugs is urgently needed given the
problems associated with ones currently in use and to the
increasing number of invasive fungal infections in immuno-
compromised patients. In this sense, the exploration of yeast
PCD processes to identify molecules that allow the specific
manipulation of yeast cell death without causing serious side
effects on human cells is appealing. Until recently the
cumulative knowledge on yeast PCD shows a high conservation
of cell death processes and regulators, however substantial
differences will necessarily be detected among molecules and/
or pathways as the field develops. One good example is the
fungal metacaspases which seem to be the main executors of a
wide range of apoptotic stimuli. Even though metacaspases are
orthologs of caspases, they display enough structural dissim-
ilarity to allow the design/screening of compounds or molecules
that selectively activate metacaspases and not caspases. For this
to be possible more effort needs to be applied to the study of
yeast PCD.

On the other hand, we must not disregard the existence of
distinct cellular machineries linked to yeast PCD induction that
may be relevant as future therapeutic targets. In fact, one of the
main problems regarding the design of antitumour drugs is the
cellular specificity; ergo, some drugs are effective only against a
particular kind of tumour cells while ineffective for others. As
simple eukaryotic microorganisms with less complex PCD re-
gulation without the idiosyncrasies of different cell types, yeasts
are undoubtedly important models for the design of therapies
directed to basic molecular pathways, thus overcoming the
problem of cellular specificity.

The examples presented throughout this review show in
very distinct ways the real utility of yeasts in drug-induced cell
death discovery. In addition, the plethora of tools available,
along with our knowledge of PCD also makes yeast a highly
valuable model organism for drug target identification and
validation. Future studies are required in order to fully cha-
racterize the “ups and downs” of yeast PCD and definitively
expose the extent of potential benefits that yeast may present to
study these issues.
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Yeast protein expression profile during acetic

acid-induced apoptosis indicates causal involvement of

the TOR pathway
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Although acetic acid has been shown to induce apoptosis in yeast, the exact apoptotic mechanisms
remain unknown. Here, we studied the effects of acetic acid treatment on yeast cells by 2-DE,
revealing alterations in the levels of proteins directly or indirectly linked with the target of rapamy-
cin (TOR) pathway: amino-acid biosynthesis, transcription/translation machinery, carbohydrate
metabolism, nucleotide biosynthesis, stress response, protein turnover and cell cycle. The
increased levels of proteins involved in amino-acid biosynthesis presented a counteracting response
to a severe intracellular amino-acid starvation induced by acetic acid. Deletion of GCN4 and GCN2
encoding key players of general amino-acid control (GAAC) system caused a higher resistance to
acetic acid indicating an involvement of Gcn4p/Gcn2p in the apoptotic signaling. Involvement of
the TOR pathway in acetic acid-induced apoptosis was also reflected by the higher survival rates
associated to a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-
negative phenotype and lower reactive oxygen species levels of Dtor1 cells. In addition, deletion
mutants for several downstream mediators of the TOR pathway revealed that apoptotic signaling
involves the phosphatases Pph21p and Pph22p but not Sit4p. Altogether, our results indicate that
GAAC and TOR pathways (Tor1p) are involved in the signaling of acetic acid-induced apoptosis.
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1 Introduction

For many years, apoptosis, a form of active cell death that
requires the coordinated activation and execution of multi-

ple sub-programs, has been assumed to be confined to
multicellular organisms. Nowadays, it is well known that
the yeast Saccharomyces cerevisiae is also able to undergo
cell death with an apoptotic phenotype upon induction by
several stimuli, including acetic acid [1, 2]. Nevertheless,
the mechanisms that regulate yeast apoptosis are still
poorly understood. In fact, only few yeast cell death reg-
ulators and molecular events that take place during yeast
cell death processes have been identified [1, 2]. Laun and
colleagues used global transcriptome analysis to investigate
the mechanisms underlying the apoptotic phenotype of S.
cerevisiae using temperature-sensitive Dcdc48S565G [3] or
Dorc2-1 [4] cells. Genes involved in cell-cycle regulation,
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DNA repair, oxidative stress response, mitochondrial func-
tions and, to a lesser extent, cell-surface rearrangement,
were found to be differentially regulated during yeast
apoptosis [5]. However, in mammalian cells a large fraction
of the events guiding cell death programs are dependent
on protein PTM rather than on genomic regulatory path-
ways [6]. Therefore, the functional characterization of pro-
teins and regulatory networks involved in these processes
is essential to further elucidate apoptosis as a mechanistic
phenomenon.

In yeast, acetic acid-induced apoptosis was proven to
involve mammalian homologous regulators [7–9]. Thus, by
combining a proteomic approach (2-DE and MS) for the
analysis of total cellular extracts along with functional stud-
ies of acetic acid treated S. cerevisiae cells, we reveal that acetic
acid causes severe intracellular amino-acid starvation, in-
volving the general amino-acid control (GAAC) system as
well as the TOR pathway (Tor1p) culminating in apoptotic
cell death.

2 Materials and methods

2.1 Strains, media and treatments

S. cerevisiae strain BY4742 (MATa his3D1 leu2D0 lys2D0
ura3D0) and the respective knockouts in TOR1, PPH21,
PPH22, SIT4, GCN2, and GCN4 genes (EUROSCARF,
Frankfurt, Germany) were used. For acetic acid treatment,
yeast cells were grown until the early stationary phase in
liquid YPD medium containing glucose (2%, w/v), yeast
extract (0.5%, w/v) and peptone (1%, w/v). Cells were har-
vested and suspended (107 cells/mL) in fresh medium (pH
3.0) followed by the addition of 140, 160, 180, and 200 mM
acetic acid and incubation during 200 min at 267C with
stirring (150 rpm) [10]. After treatment, 300 cells were
spread on YPD agar plates and viability was determined by
counting colony-forming units after 2 days of incubation at
267C. For proteomic analysis, experiments were performed
in YPD medium and an equitoxic dose of acetic acid, in-
ducing 50% of apoptotic cell death evaluated by terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay after 200 min, was used. Treatment
with rapamycin (0.1 mg/mL) was carried out for 60 min at
267C (150 rpm) prior to acetic acid treatment as described
above.

2.2 Preparation of protein extracts

Apoptotic or non-apoptotic yeast cells were collected and
washed twice with 2 mL TE buffer (1 mM EDTA, 0.1 M Tris-
HCl pH 7.5, Complete Mini protease inhibitor cocktail,
Roche, Mannheim, Germany) for preparation of total cellular
extracts. Cells were disrupted using a French Press with 900
PSI (62.1 bar) and the cell lysate was centrifuged. Protein

aliquots of total cellular extracts (100 mg, 600 mg) were stored
at 2207C. To verify the reproducibility three independent
samples were obtained for each of the two conditions (con-
trol and acetic acid-treated) and each sample separated
within four 2-D gels.

2.3 2-DE

For 2-DE the protein pellet was resuspended in urea buffer
(8 M urea, 2 M thiourea, 1% w/v CHAPS, 20 mM DTT,
0.8%, v/v carrier ampholytes and Complete Mini protease
inhibitor cocktail). The protein separation was done as pre-
viously described [11]. Briefly, the protein solution was
adjusted with urea buffer to a final volume of 350 mL and in-
gel rehydration was performed overnight. IEF was carried
out in IPG strips (pH 3–10, non-linear, 18 cm; GE Health-
care, Uppsala, Sweden) with the Multiphor II system (GE
Healthcare) under paraffin oil for 55 kVh. SDS-PAGE was
done overnight in polyacrylamide gels (12.5% T, 2.6% C)
with the Ettan DALT II system (GE Healthcare) at 1–2 W
per gel and 127C. The gels were silver stained and analyzed
with the 2-DE image analysis software Melanie 3.0 (Gene-
Bio, Geneva, Switzerland). The apparent pI and molecular
masses (Mr) of the proteins were calculated with Melanie
3.0 (GeneBio) using identified proteins with known param-
eters as a reference. An expression change was considered
significant if the intensity of the corresponding single spot
differed reproducibly more than twofold and was reproduc-
ible for all three experiments.

2.4 Identification of altered proteins by MS

To identify low abundant proteins, the spots were excised
from 2-D gels separated with 600 mg of protein, in-gel diges-
ted, and identified from the peptide fingerprints as described
elsewhere [11]. Proteins were identified with the ProFound
database, version 2005.02.14 (http://prowl.rockefeller.edu/
prowl-cgi/profound.exe) using the following parameters:
20 ppm; 1 missed cut; MH1; 1C2H2O2@C (Complete),
1O@M (Partial). The identification of a protein was accep-
ted if the peptides (mass tolerance 20 ppm) covered at least
30% of the complete sequence. Sequence coverage below
20% was only accepted if at least three main peaks of the
mass spectrum matched with the sequence and the number
of weak-intensity peaks was clearly reduced. If the protein
spot was detected at a lower molecular mass than expected,
which indicates processing or fragmentation, the spot-spe-
cific peptides in the mass spectrum were also analyzed to
confirm which parts of the corresponding protein sequence
matched with these peptides. If the mass spectrum of the
spot lacked peptides observed for the complete protein it was
indicated as a protein fragment. Therefore, both the spot
position observed by 2-DE and the specific peptides in the
corresponding mass spectrum were analyzed to indicate a
putative protein fragment.
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2.5 Western-blot analysis

For detection of protein levels by Western-blot in total cel-
lular extracts, untreated or acetic acid-treated cells (140 mM)
were collected and disrupted using glass beads in lysis buf-
fer [1% v/v Triton X-100, 120 mM NaCl, 50 mM Tris-HCl
pH 7.4, 2 mM EDTA, 10% v/v Glycerol, 1 mM PMSF and
Complete Mini protease inhibitor cocktail (Roche, Man-
nheim, Germany)]. Of total protein, 40 mg was resolved on a
10% SDS gel and transferred to an NC membrane during
90 min at 100 V. Membranes were then probed with the
following antibodies: polyclonal rabbit anti-Rnr2p (1:7000),
polyclonal rabbit anti-Rnr4p (1:7000, both antibodies were
kindly supplied by Prof. J. Stubbe), polyclonal rabbit anti-
Eft1p/2p (1:15 000), polyclonal rabbit anti-Tef1p/2p
(1:15 000, both antibodies were kindly supplied by Prof. T.
G. Kinzy) and polyclonal rabbit anti-Tif1p/2p (1:15 000,
kindly supplied by Prof. M. Montero-Lomelí). HRP-con-
jugated anti-rabbit IgG secondary antibody was used, at a
dilution of 1:5000 and detected by enhanced chemilumi-
nescence.

2.6 Apoptotic markers

Apoptotic nuclear morphological alterations of acetic acid-
treated yeast cells were assessed by 4,6-diamino-2-phenyl-
indole dihydrochloride (DAPI) staining. Treated and non-
treated cells were harvested, washed, and suspended in
DAPI solution (0.5 mg/mL in PBS). Cells were then incu-
bated in the dark for 10 min at 377C. Stained cells were
washed twice with PBS and visualized by epifluorescence
microscopy with an Olympus BX61 microscope equipped
with a high-resolution DP70 digital camera and with an
Olympus UPlanSApo 100X/oil objective, with a numerical
aperture of 1.40.

DNA strand breaks were assessed by a TUNEL assay
with the In situ Cell Death Detection Kit, Fluorescein
(Roche Applied Science, Indianapolis, IN). Yeast cells were
initially fixed with 3.7% formaldehyde followed by diges-
tion of the cell walls with lyticase. After preparation of
cytospins, the slides were rinsed with PBS, incubated in
permeabilization solution (0.1%, v/v, Triton X-100 and
0.1%,w/v, sodium citrate) for 3 min on ice, rinsed twice
with PBS, and incubated with 10 mL of TUNEL reaction
mixture (terminal deoxynucleotidyl transferase and FITC-
dUTP) for 60 min at 377C [7]. Finally, the slides were rinsed
three times with PBS and a coverslip was mounted with a
drop of anti-fading agent Vectashield (Molecular Probes,
Eugene, OR) and with 2 mL of 50 mg/mL propidium iodide
(PI, Molecular Probes) solution in Tris buffer (10 mM, pH
7.0) with MgCl2 (5 mM) and RNase (0.5 mg/mL). Cells were
visualized with an Olympus PlanApo 60X/oil objective,
with a numerical aperture of 1.42. For quantification of the
number TUNEL-positive cells, at least 400 cells from three
independent assays were counted. Data express the per-

centage of TUNEL-positive cells compared to the total
number of counted cells.

2.7 Assessment of intracellular reactive oxygen

species

Free intracellular ROS were detected with dihy-
drorhodamine 123 (DHR123) (Molecular Probes). DHR123
was added from a 1 mg/mL stock solution in ethanol to
56106 cells/mL suspended in PBS, reaching a final con-
centration of 15 mg/mL. Cells were incubated during
90 min at 307C in the dark, washed in PBS and visualized
by epifluorescence microscopy. For quantification of the
number of cells displaying high ROS levels, at least 400
cells from three independent assays were counted. Data
express the percentage of DHR123-positive cells compared
to the total number of counted cells.

2.8 Quantification of intracellular amino acids

For the quantification of intracellular amino acids, untreated
and treated cells were disrupted as described above. Protein
was removed by TCA precipitation followed by sulfosalicylic
acid clean-up and filtration. Samples were then analyzed by
ion exchange column chromatography followed by post-col-
umn ninhydrin derivatization on an automated amino-acid
analyzer (Biochrome 30, Amersham Pharmacia Biotech,
Cambridge, UK).

2.9 Cell-cycle analysis

Cell-cycle analysis was performed in untreated and acetic
acid-treated (140 mM for 200 min) cells. Cells were har-
vested, washed and fixed with ethanol (70% v/v) at 47C.
Following, cells were sonicated, treated with RNase for 1 h
at 507C in sodium citrate buffer (50 mM sodium citrate,
pH 7.5), and subsequently incubated with proteinase K
(0.02 mg per 107 cells). Cellular DNA was then stained
overnight at 47C with SYBR Green 10000X (Molecular
Probes), diluted tenfold in Tris-EDTA (pH 8.0). Samples
were then diluted 1:4 in sodium citrate buffer and analyzed
by flow cytometry as described in [12]. Determination of
cells in each phase of the cell cycle was performed offline
with MODFIT LT software (Verity Software House, Top-
sham, ME).

2.10 Statistical analysis

The arithmetic means for the intracellular amino acids
quantification and comparison of cell survival rates are pre-
sented with standard deviation with a 95% confidence value.
Statistical analysis was carried out using independent sam-
ples t-test analysis. A p-value lower than 0.05 was assumed to
denote a significant difference.
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3 Results

3.1 Acetic acid as an yeast apoptotic inducer

Although acetic acid is a well known yeast apoptotic inducer
[7, 10, 13], prior to proteomic analysis we initially aimed to
confirm the occurrence of massive apoptotic cell death under
the specific scale-up conditions of acetic acid treatment used
in this work to isolate higher amounts of total cellular protein
extracts. Our results demonstrated that under these settings
typical apoptotic phenotypes were induced, namely nuclear
morphological alterations (Fig. 1A) and approximately 50%
of TUNEL positive cells (Fig. 1B), validating these experi-
mental conditions for further assays.

3.2 The proteome of acetic acid-induced apoptotic

cells reveals alterations in several TOR-

dependent cellular processes

During the course of this work, we studied the mechan-
isms of acetic acid-induced apoptosis in yeast by compar-
ing the total cellular proteome separated by 2-DE from
treated and non-treated cells. This revealed that upon acetic
acid-induced apoptosis 53 spots were affected (Fig. 2, green
and red circles), with 41 spots showing decreased (Fig. 2,
red circles) and 12 spots increased (Fig. 2, green circles)
intensity. MS analyses revealed that these spots correspond
to 28 proteins. To assess which cellular processes were
influenced we clustered these proteins into functional
groups. As shown in Table 1, our results clearly point to
the involvement of several cellular processes in the cell re-
sponse to acetic acid-induced apoptotic conditions: amino
acid biosynthesis (Frs1p, Leu1p, Lys9p, Ilv3p, Krs1p,

Thr4p), transcription/translation machinery (Rpp0p,
Rps12p, Wtm1p, Tif1p/Tif2p, Tef1p/Tef2p, Eft1p/Eft2p,
Yef3p), stress response (Hsc82p, Hsp82p, Ssa1p, Ssa2p,
Ssb1p, Ssb2p, Sse1p), nucleotide biosynthesis (Ade6p,
Rnr2p, Rnr4p), carbohydrate metabolism (Fba1p, Pdc1p,
Pfk2p), cell cycle (Cdc10p), and protein turnover (Uba1p)
(Table 1). Given the cellular processes affected upon acetic
acid-induced apoptosis, and the fact that the TOR pathway
is the conserved master regulator of proliferation that is
involved in nutrient and cellular energy sensing integrat-
ing these signals with the downstream regulation of tran-
scription, translation, protein degradation, ribosome bio-
genesis, and cell cycle [14], our results point to the causal
involvement of TOR pathway in the acetic acid-induced
apoptotic process.

3.2.1 Stress response

Acetic acid treatment affected chaperones of both the Hsp70
and Hsp90 families (Fig. 3, Table 1). Five members of the
Hsp70 family (Ssa1p, Ssa2p, Sse1p, Ssb1p, and Ssb2p)
showed a decreased intensity in all ten spots upon acetic
acid-induced apoptosis. In contrast, acetic acid treatment
caused increased spot intensity for Hsp82p, a member of the
Hsp90 chaperone family. Interestingly, another member of
this chaperone family (Hsc82p) was detected within two
spots of different Mr, which revealed an increased intensity of
the high Mr spot (spot 40) but decreased intensity of the low
Mr spot (spot 15) (Fig. 3, Table 1). Spot 40 corresponds to the
expected position of Hsc82p while spot 15 might represent a
fragmented form. Accordingly, a peptide (2959.493) corre-
sponding to amino acids 637–663 was only detected for spot
40 but not for spot 15, indicating C-terminal truncation of

Figure 1. Analysis of apoptotic markers
in acetic acid-treated cells prior to prote-
omic assay. (A) Epifluorescence micro-
graphs of acetic acid-treated or
untreated (control) cells stained with
DAPI to visualize nuclei. Arrows indicate
typical apoptotic nuclear morphological
alterations. (B) Epifluorescence and
bright field micrographs of acetic acid-
treated and untreated (control) wild-type
cells displaying TUNEL reaction to visu-
alize double-strand DNA breaks. Cells
were co-stained with propidium iodide
in order to facilitate nuclei visualization.
Examples of TUNEL-positive cells (yel-
low nuclei due to the overlay between
TUNEL reaction, green, and PI staining,
red) are indicated by arrows. Bar, 5 mm.
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Table 1. Proteins of total cellular extracts altered upon acetic acid-induced apoptosisa)

Proteins
identified

Spot
number

Function Expression
levelb)

Theoretical
pI/Mr (kDa)

Experimental
pI/Mr (kDa)

SC (%)/ P

Stress response

Hsc82 15 Chaperone of the Hsp90 family Down 4.78/ 80.768 4.81/ 68.584 27/ 12
40 Up 4.69/ 87.114 42/ 19

Hsp82 39 Chaperone of the Hsp90 family Up 4.84/ 81.406 4.84/ 89.577 41/ 20
Ssa1 25 Member of the Hsp70 family Down 5.00/ 69.526 5.16/ 48.013 25/ 11
Ssa2 26 Member of the Hsp70 family Down 4.95/ 69.339 5.25/ 47.162 17/ 5
Ssb1 6 Member of the Hsp70 family Down 5.32/ 66.470 4.88/ 63.620 18/ 7

7 Down 4.91/ 63.565 32/ 11
16 Down 5.08/ 65.438 43/ 11

Ssb2 8 Member of the Hsp70 family Down 5.37/ 66.463 4.97/ 63.511 41/ 13
9 Down 5.05/ 63.511 34/ 13

17 Down 5.12/ 65.494 34/ 13
49 Down 4.91/ 63.565 34/ 13

Sse1 10 Member of the Hsp70 family Down 5.12/ 77.235 5.17/ 77.919 21/ 8

Transcription/translation machinery

Rpp0 32 Ribosomal protein P0 Down 4.75/ 33.766 5.68/ 26.070 30/ 6
Rps12 36 Component of the 40S ribosomal subunit Down 4.68/ 15.472 4.92/ 13.660 34/ 4
Wtm1 44 Transcriptional repressor Up 5.18/ 48.383 5.14/ 66.736 25/ 11

45 Up 5.09/ 66.622 22/ 7
29 Down 4.63/ 38.696 17/ 6

Tif1/2 35 Translation initiation factor eIF4A Down 5.02/ 44.566 5.11/ 19.039 45/ 8
Tef1/2 33 Translational elongation factor eEF1A Down 9.14/ 50.033 8.91/ 24.201 19/ 6

53 Down 8.90/ 24.022 19/ 6
Eft1/2 27 Translational elongation factor eEF2 Down 5.92/ 93.289 5.26/ 44.103 38/ 6
Yef3 1 Translational elongation factor eEF3A Down 5.73/ 115.861 4.88/ 76.912 12/ 10

2 Down 4.94/ 77.055 12/ 10
3 Down 5.01/ 77.342 7/ 7
4 Down 5.10/ 77.486 12/ 10

11 Down 5.26/ 111.965 10/ 7
12 Down 5.29/ 111.965 10/ 7
13 Down 5.34/ 111.135 10/ 7
14 Down 5.37/ 111.135 11/ 8

Amino acid biosynthesis

Leu1 41 Isopropylmalate isomerase Up 5.61/ 85.794 5.49/ 99.406 30/ 16
42 Up 5.55/ 99.962 30/ 16
43 Up 5.61/ 99.962 18/ 8

Lys9 22 Saccharopine dehydrogenase Down 5.10/ 48.918 5.08/ 55.370 17/ 5
Ilv3 46 Dihydroxyacid dehydratase Up 7.91/ 62.861 6.75/ 66.055 17/ 3
Frs1 48 Phenylalanyl-tRNA synthetase Up 5.53/ 67.234 5.12/ 54.125 19/ 5
Krs1 20 Lysyl-tRNA synthetase Down 5.78/ 67.827 5.67/ 71.400 6/ 4

52 Down 5.61/ 71.533 6/ 4
Thr4 47 Threonine synthase Up 5.46/ 57.474 5.40/ 57.129 35/ 10

Nucleotide biosynthesis

Ade6 37 Formylglycinamidine-ribonucleotide
(FGAM)-synthetase

Up 5.15/ 148.905 5.06/ 103.555 22/ 15
38 Up 5.11/ 103.363 22/ 15

Rnr2 23 Ribonucleotide-diphosphate reductase Down 5.15/ 46.147 5.00/ 45.159 38/ 14
24 Down 5.04/ 45.856 28/ 7

Rnr4 30 Ribonucleotide-diphosphate reductase Down 5.11/ 40.055 5.11/ 40.461 39/ 11

Carbohydrate metabolism

Fba1 31 Fructose 1,6-bisphosphate aldolase Down 5.51/ 39.489 5.24/ 31.988 17/ 5
34 Down 5.19/ 24.840 22/ 4
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Table 1. Continued

Proteins
identified

Spot
number

Function Expression
levelb)

Theoretical
pI/Mr (kDa)

Experimental
pI/Mr (kDa)

SC (%)/ P

Pdc1 21 Pyruvate decarboxylase isozyme Down 5.80/ 61.364 5.41/ 62.223 29/ 14
50 Down 5.35/ 62.383 29/ 14

Pfk2 18 Beta subunit of heterooctameric
phosphofructokinase

Down 6.22/ 104.486 5.85/ 83.623 18/ 14
19 Down 5.95/ 83.934 18/ 14
51 Down 6.01/ 83.468 18/ 14

Protein turnover

Uba1 5 Ubiquitin activating enzyme Down 4.97/ 114.266 5.12/ 85.988 16/ 8

Cell cycle

Cdc10 28 Component of the septin ring of the
mother-bud neck

Down 5.50/ 37.025 5.29/ 41.351 16/ 4

a) The protein function was obtained from SGD (http://www.yeastgenome.org/) and the theoretical pI and Mr was calculated with the
Compute pI/Mr tool (http://ca.expasy.org/tools/pi_tool.html). Parameters for protein identification: P, measured specific peptides; SC,
sequence coverage (in %).

b) Increased (Up) or decreased (Down) spot intensity upon acetic acid treatment. An expression change was considered significant if the
intensity of the corresponding spot differed reproducibly more than twofold.

Figure 2. Representative silver-stained 2-D gel of total cellular
extracts from yeast cells treated with acetic acid. Spots altered
upon treatment are represented by numbers (1–53). Colored cir-
cles correspond to proteins with decreased (red) or increased
(green) spot intensity upon acetic acid treatment.

the latter spot. This reveals that upon acetic acid-treatment,
as shown for Hsp82p, the Hsc82p level increases while the
corresponding fragmentation of Hsc82p decreases.

3.2.2 Nucleotide biosynthesis and cell cycle

Three proteins involved in nucleotide biosynthesis (Ade6p,
Rnr2p, and Rnr4p) were affected upon acetic acid-induced
apoptosis. Ade6p, linked to the ’de novo’ purine nucleotide
biosynthetic pathway, was detected within two putative pro-
tein fragments with increased spot intensity (Fig. 3, Table 1).
Conversely, the expression of Rnr2p and Rnr4p, proteins that
supply DNA precursors for replication and repair [15], was
decreased upon acetic acid-induced apoptosis (Fig. 3,
Table 1). In addition, Western-blot analysis using anti-Rnr2p
and anti-Rnr4p antibodies also corroborated the proteomic
data (Fig. 4A). Altogether, these results indicate that crucial
proteins that mediate nucleotide biosynthesis are either
down-regulated or fragmented upon acetic acid-induced
apoptosis. Moreover, supporting the regulation of nucleotide
biosynthesis by TOR pathway, the levels of Rnr2p and Rnr4p
were not decreased in Dtor1 cells (Fig 4A).

The decreased expression of Cdc10p (Fig. 3, Table 1), a
septin involved in the regulation of cell cycle progression [16,
17], suggested an acetic acid-mediated cell-cycle arrest later
on confirmed by the detection of an arrest in the G0/G1
phases and a decrease in the S-phase in acetic acid-treated
cells (Fig. 4B).

3.2.3 Carbohydrate metabolism

Three proteins of the carbohydrate metabolism, among them
the glycolytic phosphofructokinase (Pfk2p) and fructose 1,6-
bisphosphate aldolase (Fba1p), showed a decreased expres-
sion upon acetic acid-induced apoptosis (Fig. 3, Table 1),
suggesting a decreased glycolytic rate. Here, Pfk2p was
detectable within three and Fba1p within two spots among
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Figure 3. Acetic acid affects
proteins with functions in stress
response, nucleotide biosynthe-
sis, cell cycle and carbohydrate
metabolism. Enlarged 2-D gel
parts present altered proteins in
total cellular extracts from
untreated (control) and treated
(acetic acid) yeast cells. The spot
numbers in correspondence
with Table 1 and Fig. 2 are
marked and putative protein
fragments are indicated by an
asterisk.

them an Fba1p spot with significantly decreased Mr, indicat-
ing the presence of the complete (spot 31) and the frag-
mented protein (spot 34). Moreover, the pyruvate decarboxy-
lase isoenzyme (Pdc1p), a key enzyme in alcoholic fermen-
tation, was detected within two spots. Interestingly, the
Pdc1p as well as the Pfk2p spots differed only by their pI,
suggesting additional PTM (Fig. 3, Table 1).

3.2.4 Regulation of the intracellular amino-acid pool

and protein turnover

Three proteins involved in amino acid biosynthesis (Leu1p,
Ilv3p, Thr4p) showed increased expression upon acetic acid
treatment (Fig. 5A, Table 1), suggesting a higher synthesis
rate of the corresponding amino acids. In contrast, the
level of the lysyl-tRNA synthetase Krs1p was decreased
(Fig. 5A, Table 1,) which suggests accumulation of
uncharged tRNA caused by a limitation of lysine [18, 19].
Interestingly, the beta subunit of the cytoplasmic phenyl-
alanyl-tRNA synthetase (Frs1p) was induced (Fig. 5A,
Table 1). However, this spot presents a putative protein
fragment and might therefore suggest a higher fragmen-
tation or processing rather than active protein upon treat-
ment. Altogether, these results suggested that acetic acid
also affects the intracellular amino-acid pool. To study this

effect in more detail we determined the intracellular
amino-acid concentrations in treated and non-treated cells.
This revealed a drastic depletion of all analyzed amino
acids upon incubation with acetic acid (Fig. 5B), indicating
a general amino-acid limitation. In this context, the
observed decreased expression of the ubiquitin activating
enzyme Uba1p (Fig. 5C, Table 1) might indicate a cellular
strategy to compensate limitation of intracellular amino
acids by inhibiting the ubiquitin-mediated degradation of
amino-acid permeases [20].

3.2.5 Transcription/translation machinery

Acetic acid-induced apoptosis also affected proteins
involved in transcription as well as in translation. The
transcriptional repressor Wtm1p, linked to the regulation
of meiosis and silencing, was detected within three spots
(Fig. 6, Table 1). Interestingly, two Wtm1p spots (spots 44
and 45) were localized at a higher Mr than expected, indi-
cating additional PTM, while another spot (spot 29), pres-
ent only in the control, indicates a putative protein frag-
ment (Fig. 6, Table 1). Wtm1p has been shown to act as an
anchor to maintain nuclear localization of Rnr2p and
Rnr4p, both involved in nucleotide biosynthesis [21]. Thus,
the decrease of the Rnr2p- and Rnr4p-levels observed here
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Figure 4. Western-blot analysis of proteins belonging to nucleo-
tide biosynthesis and translation machinery found altered in 2-D
gels and cell cycle profile of acetic acid-induced apoptotic yeast
cells. (A) Western-blot analysis of the levels of Rnr2p, Rnr4p,
Tif1p/Tif2p, Eft1p/Eft2p and Tef1p/Tef2p, upon treatment of wild-
type and Dtor1 cells with or without (untreated) 140 mM of acetic
acid for 200 min. Asterisks indicate fragmented forms of the pro-
teins with the same molecular mass as detected by 2-DE. (B)
Analysis of the percentage of cells in each phase of the cell cycle
in untreated cells or upon 200 min of acetic acid treatment
(140 mM). Density plot of three-dimensional profile analysis of
forward scatter (FS log), green fluorescence (FL1) and percentage
of events in untreated and acetic acid-treated (140 mM) cells,
after 200 min of treatment.

(Figs. 3 and 4A, Table 1) are in agreement with the
increased intensity observed for the two Wtm1p spots (44
and 45).

A large number of proteins affected by acetic acid
treatment also belong to the translation machinery. The
expression of proteins involved in translation initiation
(Tif1p/Tif2p) and elongation (Eft1p/Eft2p, Tef1p/Tef2p,
Yef3p) was reduced (Fig. 6, Table 1). In addition, Western-
blot analysis of Tif1p/Tif2p, Eft1p/Eft2p and Tef1p/Tef2p
revealed decreased protein levels upon acetic acetic acid-
induced apoptosis (Fig. 4A), further supporting our 2-DE
findings. Interestingly, four of the eight detected Yef3p
spots (spots 11-14) indicate the presence of the complete
protein while four additional spots (spots 1-4) present
putative protein fragments (Fig. 6, Table 1). In agreement
with an inhibition of translation activity, two ribosomal
proteins (Rps12p, Rpp0p) were also found decreased

(Fig. 6, Table 1). Altogether, our results indicate a failure of
the protein synthesis machinery under acetic acid-induced
apoptosis.

3.3 TOR pathway and GAAC system are involved in

acetic acid-induced apoptosis

Our proteomic study of acetic acid-induced apoptotic cells
revealed significant alterations in different cellular pro-
cesses, which are directly or indirectly dependent on the TOR
pathway and regulated in response to nutrient availability
and cellular stresses [14, 22, 23]. TOR function has been
shown to be stimulated by amino acids in mammals [22]
while in yeast its abrogation by rapamycin causes an inhibi-
tion of translation [22].Consistently, we observed that acetic
acid induces a severe intracellular amino-acid starvation
(Fig. 5B) associated to an inhibition of protein synthesis,
suggesting an involvement of TOR in acetic acid-induced
apoptosis. In order to confirm the causal involvement of
TOR in acetic acid-induced apoptosis, we performed a West-
ern-blot analysis using the previously described antibodies
and total cellular extract from untreated and acetic-acid treat-
ed Dtor1 cells. As demonstrated in Fig. 4A, and contrarily to
wild-type cells, the levels of the translation initiation factor
Tif1p/Tif2p were found to be equal in untreated and acetic
acid-treated Dtor1 cells. On the contrary, the levels of the
translation elongation factors Eft1p/Eft2p and Tef1p/Tef2p
were found to be decreased (Fig. 4A). These results suggest
that the abrogation of translation initiation during acetic
acid-induced apoptosis might be regulated by TOR pathway.
Thus, we investigated the consequences of acetic acid treat-
ment upon loss of TOR1. A strong increase in the survival
rate of Dtor1 cells (Fig. 7A) was associated to a decrease in the
number of cells with a TUNEL-positive phenotype (aprox.
10%, Fig. 7B), as well as to a decrease in the number of cells
with high levels of ROS (Figs. 7C and D), crucial mediators
of the yeast apoptotic process [2], pointing to the involvement
of the TOR pathway, particularly Tor1p, in apoptotic cell
death. To reveal which specific downstream mediators of the
TOR pathway are involved in acetic acid-induced apoptosis
we studied the survival rates dependent on three key reg-
ulators in TOR signaling – the protein phosphatases
Pph21p, Pph22p and Sit4p [24, 25]. Interestingly, Dpph21
and Dpph22 cells showed an increased survival rate, while
Dsit4 cells were only slightly affected (Fig. 8E), suggesting
that Pph21p and Pph22p but not Sit4p play a major role in
TOR signaling during acetic acid-induced apoptosis.

The intracellular amino-acid pool in yeast is regulated by
the GAAC system with the transcriptional activator Gcn4p as
a key player [26]. Since acetic acid caused a general amino-
acid limitation, we studied the role of GAAC during acetic
acid-induced apoptosis. Here, Dgcn4 cells as well as the dele-
tion of GCN2 encoding a protein kinase required for GCN4
translation [26, 27] showed an increased survival rate upon
treatment (Figs. 8A and B). This is surprising, since treat-
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Figure 5. Acetic acid induces
severe intracellular amino acid
starvation. (A) Enlarged 2-D gel
parts presenting altered pro-
teins, with functions in amino
acid biosynthesis, in total cel-
lular extracts from untreated
(control) and treated (acetic
acid) yeast cells. The spot num-
bers in correspondence with
Table 1 and Fig. 2 are marked.
(B) Intracellular amino acid con-
centrations of untreated (con-
trol) and acetic acid-treated
yeast cells *p �0.05 versus con-
trol, t-test, n = 3. (C) Enlarged 2-D
gel parts presenting altered pro-
teins, with functions in protein
turnover, in total cellular
extracts from untreated (control)
and treated (acetic acid) yeast
cells. The spot numbers in cor-
respondence with Table 1 and
Fig. 2 are marked.

Figure 6. Acetic acid affects proteins of
the transcription/translation machinery.
Enlarged 2-D gel parts present altered
proteins in total cellular extracts from
untreated (control) and treated (acetic
acid) yeast cells. The spot numbers in
correspondence with Table 1 and Fig. 2
are marked and putative protein frag-
ments indicated by an asterisk.

ment with acetic acid caused a general amino-acid limitation
that is expected to activate both regulators, but revealed an
unexpected role for the GAAC system in apoptotic signaling.
Furthermore, the levels of the translation initiation (Tif1p/
Tif2p) and elongation (Eft1p/Eft2p, Tef1p/Tef2p) factors,
previously detected altered by 2-DE, were found, contrarily to
wild-type cells, unchanged in acetic acid-treated Dgcn2 cells

(Fig. 8C), also supporting a dependency of protein synthesis
on GAAC system signaling.

Since crosstalk of GAAC and TOR pathways to coordi-
nate a cellular response to nutritional stress has been shown
earlier, e.g. in the regulation of Gcn4p [27], we studied the
survival rates upon simultaneous inhibition of both path-
ways. Inhibition of the TOR pathway by rapamycin revealed
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Figure 7. TOR pathway is implicated in
acetic acid-induced apoptosis. (A) Com-
parison of the survival rate of wild-type
and Dtor1 cells upon acetic acid treat-
ment; *p�0.03 versus wild-type, t-test, n
= 3. (B) Epifluorescence and bright field
micrographs of acetic acid-treated Dtor1
cells displaying TUNEL reaction to visu-
alize double-strand DNA breaks. Cells
were co-stained with propidium iodide
in order to facilitate nuclei visualization.
Examples of TUNEL-positive cells are
indicated with arrows. Bar, 5 mm. (C)
TOR1-disrupted yeast cells present
decreased intracellular ROS levels upon
acetic acid treatment. Epifluorescence
and bright field micrographs of
untreated and acetic acid-treated wild-
type and Dtor1 yeast cells, stained with
DHR123 as an indicator of high intracel-
lular ROS accumulation. Bar, 5 mm. (D)
Quantification of the number of cells
displaying high intracellular ROS levels;
*p �0.03 versus wild-type, t-test, n = 3.
(E) Comparison of the survival rate of
wild-type, Dpph21, Dpph22, and Dsit4
cells upon acetic acid treatment; *p
�0.03 versus wild-type (wt), t-test, n = 3.

a higher survival rate of Dgcn4 cells (Fig. 8A), indicating that
acetic acid-induced apoptosis is not only dependent on
Gcn4p regulation but also of TOR pathway.

Overall, these results indicated that amino-acid starva-
tion occurring during acetic acid-induced apoptosis is sensed
by both the GAAC system and the TOR pathway, which
either may act independently or crosstalk at any given point,
dictating the cell death fate.

4 Discussion

Yeast cells, like mammalian cells, may display different
apoptotic sub-programs, which are dependent on the specific
apoptotic stimuli. To study these mechanisms in more detail
we analyzed the yeast-protein expression profile upon acetic
acid-induced apoptosis. We found a general decline in the
expression of chaperones belonging to the Hsp70 family. In
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Figure 8. GAAC system and TOR pathway contribute for acetic
acid-induced apoptosis. (A) Comparison of the survival rate of
wild-type and Dgcn4 cells in the absence or presence of 0.1 mg/
mL rapamycin, upon acetic acid treatment; *p �0.05 versus wild-
type, t-test, n = 3. (B) Comparison of the survival rate of wild-type
and Dgcn2 cells upon acetic acid treatment; *p�0.03 versus wild-
type, t-test, n = 3. (C) Western-blot analysis of the levels of Tif1p/
Tif2p, Eft1p/Eft2p and Tef1p/Tef2p, upon treatment of Dgcn2 yeast
cells with or without (untreated) 140 mM of acetic acid for
200 min. Asterisks indicate fragmented forms of the proteins
with the same molecular mass as detected by 2-DE.

mammalian cells these chaperones have been shown to
present anti-apoptotic activity, e.g. by preventing caspase
activation or by neutralizing the apoptosis-inducing factor
(AIF) function through direct interaction [9, 28, 29]. This
suggests that acetic acid-induced apoptosis in yeast might be
promoted by a decrease in the anti-apoptotic activity of
Hsp70 chaperones and subsequent activation of caspase-like
proteins or AIF, which is released from mitochondria in re-
sponse to this apoptotic stimulus [9].

In addition, we revealed that acetic acid treatment in-
duces severe starvation of all analyzed intracellular amino
acids. Since acetic acid as well as sorbic acid has been shown
to block the uptake of aromatic amino acids [30], this starva-
tion might be caused by an inhibition of amino acids uptake.
In fact, auxotrophic wild-type cells grown under either
amino-acid starvation conditions or excess of amino acids
were equally susceptible to acetic acid-induced apoptosis
while the prototrophic wild-type strain grown under the

same conditions was resistant, indicating that the amino acid
uptake was affected [31]. Moreover, the decreased expression
of the ubiquitin activating enzyme Uba1p upon acetic acid
treatment might suggest a reduced ubiquitin-mediated deg-
radation of amino-acid permeases to compensate a disturbed
uptake of amino acids [20]. Recently, it was shown that star-
vation for lysine or histidine resulted in an increasing num-
ber of cells displaying an apoptotic phenotype [32]. Thus,
amino-acid starvation could be the primary signal for acetic
acid-induced apoptosis. In yeast, amino acid starvation acti-
vates Gcn2p and subsequently Gcn4p, the key player of the
GAAC system, which activates the corresponding genes to
synthesize starved but also non-starved amino acids [26].
Surprisingly, deletion of GCN2 or GCN4 resulted in a de-
crease of the apoptotic rate rather than an elevation. This
apparent contradiction might be explained by the blockage of
amino acid uptake in auxotrophic strains disabling them to
overcome intracellular amino-acid starvation imposed by
acetic acid. However, as a master regulator, Gcn4p is not only
involved in the regulation of amino acid uptake and biosyn-
thesis but also in a large number of other processes [26] that
might be responsible for the signaling of the cell death pro-
cess under persistent amino-acid starvation. Therefore, one
cannot discard a putative and yet unknown function of the
GAAC system’s players in cell death signaling. In fact, the
results showing unaltered levels of translation initiation and
elongation factors in Dgcn2 cells associated with a pro-
nounced increased survival rate of these mutant cells rein-
force the involvement of the GAAC system in the acetic acid-
induced apoptotic process. Moreover, the elongation factors
Eft1p/Eft2p, Tef1p/Tef2p, but not the translation initiation
factor Tif1p/Tif2p, were found decreased in Dtor1 cells, sug-
gesting that both pathways (GAAC system and TOR) might
contribute to acetic acid-induced apoptosis and therefore, to
the protein alterations detected by 2-DE.

The TOR pathway was previously connected to apoptosis
in yeast since its inactivation resulted in an extension of the
life span [33]. Overall, our study supports that the TOR
pathway is also involved in acetic acid-induced apoptosis.
Recently it has been shown that GAAC and TOR pathways
interact because inactivation of TOR by rapamycin resulted
in subsequent Gcn4p activation [27]. Thus, as discussed
above, the observed apoptotic signaling through the TOR
pathway might be in part connected to Gcn4p. However,
since addition of rapamycin affected the survival rates of
Dgcn4 cells this also reveals Gcn4p-independent apoptotic
signaling through the TOR pathway.

The protein phosphatases Pph21p, Pph22p and Sit4p
play a pivotal role in the TOR pathway, since they interact
with Tap42p, a downstream mediator of TOR signaling [34,
35]. The observed survival rates of Dpph21, Dpph22 and Dsit4
cells revealed that the apoptotic signaling upon acetic acid
treatment is also dependent on Pph21p and Pph22p, while
deletion of SIT4 altered the cell death rate only slightly. Thus,
active Pph21p and Pph22p seem to promote the apoptotic
signaling while Sit4p plays only a minor role. The fact that
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Pph21p and Pph22p together comprise about 80–90% of
total protein phosphatase type 2A (PP2A) activity and are
involved also in other regulatory pathways [25, 36] might
explain the differences between the survival rates of Dpph21
and Dpph22 in comparison to Dsit4 cells. A study of the
whole-yeast genome revealed that the shift to low-quality
carbon or nitrogen sources caused nearly similar transcrip-
tional changes as treatment with rapamycin [23]. Con-
currently, Tap42p, a central mediator of rapamycin-sensitive
transcription, was shown to regulate a large number of
genes, which are also affected upon shift from fermentative
to respiratory growth (diauxic shift) [23]. Therefore, a strict
differentiation between nutrient- and TOR-dependent
changes might be difficult. The proteomic data of our study
might only suggest a role of TOR in acetic acid-induced
apoptosis since a large number of identified proteins are also
affected by other regulatory pathways. However, the survival
rates of Dtor1 cells as well as wild-type cells upon addition of
rapamycin reveal that the TOR pathway is indeed an impor-
tant regulatory node during acetic acid-induced apoptosis
and indicates that the proteomic changes are connected to a
TOR-dependent regulation. Interestingly, the yeast’s genome
encodes two TOR proteins (Tor1p, Tor2p), which have high
homology but mediate different functions within two sepa-
rate complexes: the rapamycin-sensitive TOR complex 1
(TORC1) regulates cell growth in response to nutrient avail-
ability or cellular stresses through regulation of, e.g. tran-
scription, translation and ribosome biogenesis, while the
rapamycin-insensitive complex 2 (TORC2) regulates cell
polarity [37, 38]. Our analyses of Dtor1 cells and the affected
survival rates upon addition of rapamycin reveal that Tor1p
(TORC1) plays a major role in acetic acid-induced apoptosis,
which is in agreement with the affected cellular processes
observed by our 2-DE analyses. However, an additional
involvement of Tor2p cannot be excluded as it is also part of
TORC1 [37].

Recently, two independent studies evaluated the yeast
protein expression profile under H2O2-induced apoptosis
[39, 40]. Data presented in these works indicate that this oxi-
dative agent induces in yeast cells an apoptotic mechanism
with distinct partners from those required during acetic acid-
induced apoptosis. Even though no similarities in the pro-
teome were observed for acetic acid- and H2O2-induced
apoptotic cells, both stimuli lead to the same fate, an apop-
totic cell death. Nevertheless, following a transversal analysis
of the results herein presented and those obtained upon
H2O2-induced apoptosis [39, 40], it seems now evident that
yeast, as proven in metazoan cells, display different apoptotic
sub-programs depending on the apoptotic stimuli.

Altogether, our results yield relevant insights into the
evolution of eukaryotic apoptotic pathways, thus opening
new perspectives for future investigations. Specifically, re-
search lines may be targeted at the elucidation of the patho-
logical mechanisms underlying diseases in which the dereg-
ulation of cell death plays a key role, such as cancer or neu-
rodegenerative diseases. Moreover, the fact that the

regulation of the TOR pathway and protein synthesis control
have been associated with the progression of several dis-
eases, further supports yeast as a valuable model to study
how TOR function influences cell death processes.
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Introduction
Nitric oxide (NO) is a highly diffusible free radical with
dichotomous regulatory roles in numerous physiological and
pathological events (Ignarro et al., 1987; Nathan, 1992) being
recognized as an intra- and inter-cellular signalling molecule
in both animals and plants (Delledonne, 2005). Diverse cellular
functions can be directly or indirectly affected by NO through
posttranslational modification of proteins, of which the most
widespread and functionally relevant one is S-nitrosation,
defined as the covalent attachment of NO to the thiol side chain
of a cysteine (Cys) (Hess et al., 2005). NO also controls the
apoptotic signalling cascade by regulating the expression of
several genes, mitochondrial dysfunction, and caspase
activity/activation (Brune et al., 1995; Kroncke et al., 1995).
Nonetheless, the mechanisms underlying the NO-mediated
inhibition of apoptosis are not clearly understood, although it
is well known that S-nitrosation is a crucial event to
permanently maintain human caspases in an inactive form
(Choi et al., 2002). Recent work demonstrated that like
mammalian caspases, metacaspases, which are apoptosis-
executing caspase-like proteases in yeast (Madeo et al., 2002)
and plants (Suarez et al., 2004), can be kept inactive through
S-nitrosation of one Cys residue (Belenghi et al., 2007).
Nevertheless, a second catalytic Cys residue, highly conserved
in all known metacaspases but absent in all members of
caspases, can rescue the first S-nitrosated catalytic site even in

the presence of high NO levels (Belenghi et al., 2007). In
addition, S-nitrosation has been shown to regulate the function
of an increasing number of intracellular proteins (Stamler
et al., 2001), among them glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), a key glycolytic enzyme that when
S-nitrosated translocates to the nucleus, triggering apoptosis in
mammalian cells (Hara et al., 2005).

The origin of NO in yeast cells is still a matter of debate
essentially because of the lack of mammalian nitric oxide
synthase (NOS) orthologues in the yeast genome, as previously
observed in plants. Recently, Castello and coworkers (Castello
et al., 2006) showed that yeast cells are capable of producing
NO in mitochondria under hypoxic conditions. This production
is nitrite dependent through cytochrome c oxidase and is
influenced by YHb, a flavohaemoglobin NO oxidoreductase
(Castello et al., 2006). Furthermore, results from our group
showed that treatment of yeast cells with menadione leads to
NO production dependent on intracellular L-arginine levels,
suggesting the existence of an enzyme with NOS-like activity
(Osorio et al., 2007). Supporting the relevance of NO in yeast
physiology and pathophysiology is the presence of various
cellular defences against nitrosative stress. Several molecules,
such as peroxiredoxins, thioredoxins and the flavohaemoglobin,
prompt yeast cells to face nitrosative stress (Liu et al., 2000;
Wong et al., 2002). Moreover, when nitrosative stress is
exogenously imposed it is sufficient to inactivate GAPDH

Nitric oxide (NO) is a small molecule with distinct roles in
diverse physiological functions in biological systems,
among them the control of the apoptotic signalling cascade.
By combining proteomic, genetic and biochemical
approaches we demonstrate that NO and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) are crucial
mediators of yeast apoptosis. Using indirect methodologies
and a NO-selective electrode, we present results showing
that H2O2-induced apoptotic cells synthesize NO that is
associated to a nitric oxide synthase (NOS)-like activity as
demonstrated by the use of a classical NOS kit assay.
Additionally, our results show that yeast GAPDH is a target
of extensive proteolysis upon H2O2-induced apoptosis and
undergoes S-nitrosation. Blockage of NO synthesis with N�-
nitro-L-arginine methyl ester leads to a decrease of

GAPDH S-nitrosation and of intracellular reactive oxygen
species (ROS) accumulation, increasing survival. These
results indicate that NO signalling and GAPDH S-
nitrosation are linked with H2O2-induced apoptotic cell
death. Evidence is presented showing that NO and GAPDH
S-nitrosation also mediate cell death during chronological
life span pointing to a physiological role of NO in yeast
apoptosis.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/120/18/3279/DC1

Key words: Yeast apoptosis, Nitric oxide, S-nitrosation,
Glyceraldehyde-3-phosphate dehydrogenase, L-arginine, Reactive
oxygen species
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(Sahoo et al., 2003). However, the role of NO and its relevance
in yeast apoptosis has never been explored.

Using proteomic, genetic and biochemical approaches we
found evidence suggesting the intervention of NO and GAPDH
in yeast H2O2-activated apoptotic pathway. NO production
upon H2O2 treatment is dependent on intracellular L-arginine
content and contributes to the generation of intracellular
reactive oxygen species (ROS). GAPDH, the levels of which
increase in total cellular extracts of H2O2-induced apoptotic
cells, becomes fragmented and S-nitrosated, possibly acting as
an apoptotic trigger. Chronologically aged cells also display
increased NO production and GAPDH S-nitrosation, as well as
a correlation between intracellular levels of superoxide anion
and NO production, thereby suggesting a physiological role of
NO in the signalling of yeast apoptosis.

Results
H2O2, as a ROS, triggers a stress response in Saccharomyces
cerevisiae by activating a number of stress-induced pathways
that might lead to alterations of gene expression, protein
modification and translocation, growth arrest or apoptosis.
Using 2-D gel electrophoresis coupled to mass spectrometry
we analyzed both the mitochondrial and total cellular proteome
of H2O2-induced apoptotic cells, identifying increased levels
of several stress-related proteins (Fig. 1, Table 1). An acidic
form of the thiol-specific peroxiredoxin, Ahp1p (Lee et al.,
1999), previously described as the active form (Prouzet-
Mauleon et al., 2002), and two spots of the thioredoxin
peroxidase, Tsa1p (Garrido and Grant, 2002), were induced
upon H2O2 treatment (Fig. 1, Table 1). Under the same
conditions, increased levels of two mitochondrial stress-related
proteins, Prx1p, a thioredoxin peroxidase (Pedrajas et al.,
2000), and Ilv5p, required for the maintenance of
mitochondrial DNA (Zelenaya-Troitskaya et al., 1995) were
also detected (Fig. 1, Table 1).

NO is synthesized by an L-arginine-dependent process
during H2O2-induced apoptosis
Taking into account that molecules such as peroxiredoxins and
thioredoxins are known to play a role against both oxidative
and nitrosative stress in several organisms, including yeast
(Barr and Gedamu, 2003; Missall and Lodge, 2005; Wong et
al., 2002; Wong et al., 2004), we questioned whether H2O2
might be inducing nitrosative stress due to an endogenous
production of NO. Therefore, we performed several
experiments in order to measure NO production in yeast cells
dying by an apoptotic process triggered by H2O2. Given that
NO is a diffusible free radical rapidly oxidized to nitrate and
nitrite (Palmer et al., 1987), an indirect measurement of NO
production by monitoring nitrate and nitrite formation was
performed. The obtained results supported the hypothesis of
NO production since nitrate concentrations increased upon
exposure to H2O2 (Fig. 2A). Additionally, flow cytometric
quantification of cells stained with the NO indicator 4-amino-
5-methylamino-2�,7�-difluorescein (DAF-FM) diacetate
revealed that a high percentage of H2O2-treated cells contain
high NO and/or reactive nitrogen species (RNS) levels, which
decreased when a non-metabolized L-arginine analogue, N�-
nitro-L-arginine methyl ester (L-NAME), was added (Fig. 2B).
Nonetheless, Balcerczyk and coworkers (Balcerczyk et al.,
2005) have shown that NO quantitative determination by DAF-

FM in the presence of ROS is overestimated, indicating that
DAF-FM is a fairly specific NO probe. Thus, to support the
hypothesis of NO production in H2O2-apoptosing cells we
investigated NO synthesis in vivo using a NO-selective
electrode (AmiNO-700). After H2O2 stimulus, yeast cells
produced NO (Fig. 2C), the concentration of which increased
in the medium following sigmoid-type kinetics. In fact, NO
production was shown to be dependent of H2O2 concentration
as indicated by the rate of NO production inferred from the
curves during the initial linear periods (Fig. 2D). These results
were further confirmed using a different NO-selective
electrode (ISO-NO; World Precision Instruments; data not
shown). Moreover, the results obtained with the NO-selective
electrode supported that NO synthesis is L-arginine dependent

Journal of Cell Science 120 (18)

Fig. 1. The levels of stress response proteins are increased in both
total and purified mitochondrial extracts from H2O2-induced
apoptotic cells. Comparison of protein expression levels in total
cellular (A) and purified mitochondrial extracts (B) of untreated
(control) and H2O2-treated wild-type S. cerevisiae cells. Selected
regions of the 2-D gel (isoelectric point/molecular mass) are shown
enlarged and the position of altered protein spots are marked with an
arrowhead. Putative protein fragments are marked with an asterisk.
The apparent isoelectric points and molecular masses of the proteins
were calculated with Melanie 3.0 (GeneBio) using identified proteins
with known parameters as references.
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since pre-incubation with L-NAME or D-arginine partially
inhibited its synthesis (Fig. 2C). T80, time at which NO
concentration is 80% of the maximal concentration, was
368.81 seconds for 4 mM of H2O2 and 384.52 and 403.38
seconds when cells were pre-incubated with D-arginine or L-
NAME, respectively. Given the evidence supporting the
synthesis of NO being dependent on L-arginine, we decided to
use a classical method to detect a putative nitric oxide synthase
(NOS)-like activity. Using a NOS assay kit that measures the
formation of [3H]citrulline from L-[3H]arginine, we observed
that H2O2-induced apoptotic yeast cells increased NOS-like
activity in a H2O2 dose-dependent manner, concurrent with the
previously observed NO production (Fig. 3A). Additionally,
analysis of intracellular amino acid concentrations in yeast
cells revealed that upon treatment there was a twofold increase
in L-arginine concentration, which might be crucial for NO
production upon H2O2-induced apoptosis (Fig. 3B). In fact,
pre-incubation of cells grown in SC medium with L-arginine
is sufficient to increase their susceptibility to H2O2 (data not
shown). However, pre-incubation of cells with tyrosine,
methionine, or glutamine, whose intracellular concentrations
were also found to increase after H2O2 treatment (Fig. 3B), did
not increase cellular susceptibility to this oxidative agent (data
not shown). Moreover, results showing that pre-incubation
with L-NAME rendered yeast cells resistant to H2O2 (Fig. 4A),
further supported the hypothesis that NO synthesis occurs
during, and accounts for, H2O2-induced apoptosis. In fact,

cellular protection conferred by L-NAME was shown to be
specific since it did not result in a cell-death-resistant
phenotype when challenged with acetic acid (Fig. 4B). Also,
rather than having a protective effect on cells dying by Bax
heterologous expression, L-NAME actually increases Bax
toxicity (Fig. 4C). In accordance with the specificity of NO
production during H2O2-induced apoptosis, pre-incubation
with L-NAME dramatically decreased the intracellular levels
of ROS (Fig. 4D). Supporting the suggested correlation
between NO production and the increase of ROS, cell
treatment with the NO donor DETA/NO, previously used to
induce nitrosative stress in yeast cells (Horan et al., 2006),
resulted in intracellular ROS accumulation (data not shown).

Altogether our results demonstrated that upon H2O2-induced
apoptosis, NO is produced in yeast cells by an L-arginine-
dependent mechanism pointing to the requirement of a yet
unknown protein with a NOS-like activity. Moreover, NO is
presented herein as an important apoptotic regulator that
correlates with the intracellular ROS levels generated during
H2O2-induced apoptosis.

NO is produced during chronological life span leading to
an increase of superoxide anion levels
In order to unravel the possible role of NO in a physiological
scenario of yeast apoptosis, we evaluated its production during
chronological life span. Our results demonstrated that
chronologically aged cells (10 days) display more than a

Table 1. Proteins of mitochondrial and total cellular extracts with detected expression changes upon H2O2 treatment
Theoretical  Experimental

Proteins Expression  pI/mol.  pI/mol. mass
identified Spots Function level* mass (kDa) (kDa)

Total cellular proteome

Stress response
Ahp1 1 Thiol-specific peroxiredoxin Up 5.01/19.115 4.55/19.245
Tsa1 2 Thioredoxin peroxidase Up 5.03/21.458 4.85/18.702

Up 5.11/19.732

Carbohydrate metabolism
Adh1 1 Alcohol dehydrogenase Up 6.26/36.692 5.68/42.191
Eno2 2 Enolase II Up 5.67/46.783 5.45/45.268

Up 5.97/43.214
Tdh2 1 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 2 Up 6.49/35.716 5.89/18.980
Tdh3 5 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3 Up 6.46/35.747 (5.83/29.513) 5.57/31.420

Up 5.54/20.168
Up 5.78/20.188
Up 5.72/19.118
Up 5.60/37.475

Amino acid biosynthesis
His4 1 Involved in histidine biosynthesis Down 5.18/87.721 5.15/97.957

Unknown function
Ycl026c-b 1 Hypothetical protein Up 6.43/20.994 6.05/19.989

Mitochondrial proteome

Ilv5 3 Acetohydroxyacid reductoisomerase Up 9.10/44.368 (6.31/39.177) 5.49/21.465
Up 6.04/43.627
Up 5.78/43.717

Prx1 1 Mitochondrial peroxiredoxin Up 8.97/29.496 6.35/20.385
Tdh3 1 Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3 Up 6.46/35.747 (5.83/29.513) 6.44/37.008

Ycl026c-b 1 Hypothetical protein Up 6.43/20.994 6.14/19.749

*An expression change was considered significant if the intensity of the corresponding spot differed reproducibly more than threefold. 
Protein function was obtained from SGD (http://www.yeastgenome.org/). Theoretical pI (isoelectric point) and molecular mass (kDa) were calculated with the
Compute pI/kDa tool (http://ca.expasy.org/tools/pi_tool.html). 
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fivefold increase in NO generation, as indirectly determined by
an increase in nitrate concentrations, which directly correlated
with aging time (Fig. 2A). Given the limitations of assessing
NO production by a NO-selective electrode with a chronic
stimulus such as aging, and aiming to address the
consequences of the indirect observation of NO production, we
also evaluated distinct cellular parameters in the presence of
oxyhaemoglobin (OxyHb), a compound that scavenges NO
and is considered a major route of its catabolism (Kelm et al.,
1996; Pietraforte et al., 1995; Wennmalm et al., 1992),
representing a gold standard test for the involvement of NO in
a biological process (Ignarro et al., 1987; Joshi et al., 2002).
Cells in the presence of OxyHb revealed a faster growth (Fig.
5A) and a delay in cell death induced during chronological life
span (Fig. 5B), both of which are OxyHb dose dependent.

Superoxide anion, which is generated during chronological
life span, is known to play a major role in the age-associated
death of yeast and other eukaryotic cells (Fabrizio et al., 2004).
In mammalian cells, superoxide anion interacts with NO

leading to the formation of peroxynitrite
(Packer et al., 1996), a RNS that
enhances mitochondrial dysfunction,
triggering an increased production of
intracellular ROS levels (Zamzami et al.,
1995). Following this line of thought, we
evaluated the intracellular levels of
superoxide anion during chronological
life span in the presence of OxyHb. Our
results demonstrated a decrease in
superoxide anion production during
chronological life span, which was
inversely correlated to OxyHb
concentrations (Fig. 5C). Overall, these
results point to the occurrence of NO
synthesis during chronologic life span
and a role for NO during physiological
apoptotic cell death. Moreover, NO is
suggested to mediate superoxide anion
production probably due to the action of
intracellular RNS.

GAPDH is S-nitrosated during yeast
apoptosis
Analysis of mitochondrial and total
cellular proteome of H2O2-induced
apoptotic cells revealed several GAPDH
alterations, particularly of the Tdh3p
isoenzyme (Fig. 6, Table 1). Upon H2O2
exposure, Tdh3p was detected within
five spots of increased intensity, three of
them corresponding to putative protein
fragments, one to the mature protein
with the putative mitochondrial import
signal sequence removed (see Fig. S1 in
supplementary material), and one
corresponding to a new isoform of the
complete Tdh3p with a lower isoelectric
point. Tdh2p was also detected as a
putative protein fragment (Fig. 6, Table
1; Fig. S1 in supplementary material),
indicating that both GAPDH isoenzymes

might be targets for proteolysis. In yeast, GAPDH, particularly
the Tdh3p isoform, is normally found in the cytoplasm, the
nuclei or the mitochondria depending on the physiological
conditions (Ohlmeier et al., 2004). Interestingly, a new form of
Tdh3p with a lower isoelectric point was detected in
mitochondrial extracts (Fig. 6, Table 1), suggesting the
occurrence of a posttranslational modification upon H2O2
treatment.

S-nitrosation promoted by NO has been shown to regulate
GAPDH, a glycolytic protein extensively implicated in
mammalian apoptosis (reviewed by Chuang et al., 2005).
Besides NO production, our results revealed several different
alterations of GAPDH upon H2O2-induced apoptosis, which
prompted us to investigate whether GAPDH S-nitrosation and
its involvement in apoptosis were probably conserved in yeast
cells. The first approach explored the contribution of GAPDH
isoenzymes (Tdh2p and Tdh3p) that, from the proteomic assay,
were found to be altered during yeast cell death. Exposure of
both TDH2- and TDH3-disrupted cells to apoptotic inducing

Journal of Cell Science 120 (18)

Fig. 2. Yeast cells synthesize NO upon apoptosis induction, which is dependent on L-
arginine. (A) NO production in untreated, H2O2-treated and chronologically aged cells was
indirectly assessed through measurement of nitrite and nitrate concentrations as described in
Materials and Methods. *P�0.05 versus untreated cells, **P�0.03 versus 1-day-old cells;
t-test, n=3. (B) NO production in untreated and H2O2-treated (1.5 and 2.0 mM) cells
assessed by flow cytometric quantification of cells stained with the NO indicator DAF-FM
diacetate, in the absence (white area under the peak) or presence (shaded area) of the non-
metabolized L-arginine analogue L-NAME. The data are presented in the form of frequency
histograms displaying relative fluorescence (x axis) against the number of events analyzed
(y axis). (C) Direct measurement of L-arginine-dependent NO production upon H2O2-
induced apoptosis. NO production was recorded with a NO-selective electrode (AmiNO-
700) upon addition of 4 mM H2O2 to 5�108 wild-type cells (black line) or to wild-type cells
pre-incubated with the non-metabolized D-arginine (blue line) or L-NAME (green line). A
control experiment without cells was also recorded and is represented as a red line. (D) Rate
of NO production is H2O2 dependent. 2 mM or 4 mM of H2O2 was added to 5�108 wild-
type cells and NO production assessed using the NO-selective electrode (AmiNO-700). Data
presented correspond to the linear part of the NO production curve. Rate of NO production
was calculated from the slope.
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concentrations of H2O2 revealed an increase in the survival rate
compared to that of wild-type cells (Fig. 7A), reflecting a
putative role of GAPDH in the apoptotic process. Remarkably,
�tdh2 and �tdh3 cells also displayed a reduction in
intracellular ROS upon H2O2-induced apoptosis (Fig. 7B),
suggesting the involvement of GAPDH in ROS generation
during apoptotic cell death.

As a posttranslationally modified form of Tdh3p was
detected in the mitochondria of H2O2-treated cells (Fig. 6,
Table 1), we questioned if the concurrent synthesis of NO was
promoting GAPDH S-nitrosation and its translocation to
mitochondria. However, mass spectrometry analysis revealed
that the observed mitochondrial GAPDH posttranslational
modified form corresponds to an oxidation rather than an S-
nitrosation of the protein (data not shown). Nevertheless, by
immunoprecipitating GAPDH from cellular extracts with an
anti-nitrosocysteine (CSNO) antibody, we demonstrated that
GAPDH suffers a dose-dependent increase of S-nitrosation
upon exposure to H2O2 (Fig. 8A,B). To support the

observation of the occurrence of GAPDH S-nitrosation, cells
were treated with the NO donor DETA/NO. The results
showed that GAPDH also suffers S-nitrosation upon
exposure to the NO donor, discarding a possible artefact
of H2O2 treatment. Interestingly, treatment with H2O2 after
pre-incubation with L-NAME resulted in a reduction in
the amount of S-nitrosated GAPDH to control levels (Fig.
8C,D), associated with an increased survival rate of yeast
cells (Fig. 4A). Furthermore, chronologically aged cells
displayed increased GAPDH S-nitrosation (Fig. 8C,D),
pointing to a role of NO and GAPDH in the signalling of
yeast apoptosis.

In summary, the occurrence of GAPDH S-nitrosation
reinforces the fact that during yeast apoptotic cell death,
induced by H2O2 or age-associated, NO is produced, which is
dependent on intracellular L-arginine content, and that, as in
mammalian cells, it is responsible for the signalling and
execution of the process through GAPDH action (Hara et al.,
2005). These results show yeast to be a valuable model for

Fig. 3. H2O2-induced apoptotic cells display NOS-
like activity. (A) NOS activity assessed in untreated
and H2O2-treated wild-type cells. The radioactivity
obtained from a negative control consisting of yeast
extract boiled for 20 minutes was subtracted from
all the samples to remove background radioactivity.
Data are expressed as the percentage conversion of
L-[3H]arginine to [3H]citrulline. *P�0.03 versus
untreated cells; t-test, n=4. (B) Intracellular amino
acid concentrations of untreated (control) and
H2O2-treated wild-type cells. *P�0.05 versus
untreated cells; t-test, n=3.

Fig. 4. Inhibition of NO production by L-
NAME protects yeast cells from H2O2, but
not from mammalian Bax expression, or
acetic acid-induced apoptosis.
(A) Comparison of the survival rate of
wild-type cells upon H2O2 treatment with
or without pre-incubation with L-NAME in
order to inhibit NO production. *P�0.03
versus wild type; t-test, n=3.
(B) Comparison of the survival of wild-
type cells upon acetic acid-induced
apoptosis with or without pre-incubation
with L-NAME. (C) Comparison of the
survival of yeast cells (strain BY.bax) upon
Bax expression for 15 hours (apoptotic
inducing conditions), with or without pre-
incubation with L-NAME.
(D) Epifluorescence and phase-contrast
micrographs of untreated and H2O2-treated
(1.5 mM) wild-type cells, with or without
pre-incubation with L-NAME, stained with
dihydrorhodamine 123 (DHR123) as an
indicator of high intracellular ROS
accumulation. Bars, 5 �m.
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studying the role of GAPDH in apoptosis and also open new
frontiers for the study of NO role in yeast physiology.

Discussion
Apoptosis can be triggered by several different signals through
different sub-programs controlled by a complex network of
regulators and effectors. A large fraction of these apoptotic
events depends on newly synthesized proteins,
posttranslational modifications and translocation to specific
cellular compartments (Ferri and Kroemer, 2001; Porter, 1999;

Thiede and Rudel, 2004). Taking this into consideration, the
analysis of cellular proteome under apoptotic conditions might
produce useful information for the identification of apoptotic
regulators and effectors. In our work, we examined the total
and mitochondrial proteome of H2O2-induced apoptotic yeast
cells. Proteomic analysis revealed the activation of stress-
induced pathways through the increased levels of proteins
previously described to be involved in both oxidative and
nitrosative stresses. In addition, different posttranslationally
modified forms of GAPDH were shown to be present at

Journal of Cell Science 120 (18)

Fig. 5. NO scavenged by OxyHb is associated with a delay in cell
death during chronological life span and to decreased levels of
superoxide anion. (A) Growth curve of wild-type cells after addition
of indicated concentrations of OxyHb. (B) Survival determined by
clonogenicity during chronological aging of wild-type cells with or
without addition of OxyHb, at the indicated concentrations on day 0.
(C) Quantification (fluorescence) of ROS accumulation using
dihydroethidium (DHE) staining during chronological aging of wild-
type cells with or without OxyHb treatment.

Fig. 6. GAPDH is extensively fragmented in H2O2-induced apoptotic
cells. Comparison of protein expression levels in total cellular (A)
and purified mitochondrial extracts (B) of untreated (control) and
H2O2-treated wild-type cells. Selected regions of the 2-D gel
(isoelectric point/molecular mass) are shown enlarged and the
position of altered protein spots are marked with an arrowhead. The
apparent isoelectric points and molecular masses of the proteins were
calculated with Melanie 3.0 (GeneBio) using identified proteins with
known parameters as a reference. Putative protein fragments are
marked with an asterisk. Tdh3p fragments are numbered 1 to 4. For
each Tdh3p and Tdh2p fragment, matched peptides obtained after
trypsin digestion and used for identification of the proteins, as well
as the amino acids specific for Tdh3p and Tdh2p, are shown in Fig.
S1 in supplementary material.
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increased levels, indicating that the activation of oxidative and
nitrosative stress-induced pathways might have led to increased
protein modifications, culminating in apoptotic cell death.

The observation of a nitrosative stress response, together
with previous reports on endogenous NO production in yeast
(Osorio et al., 2007), prompted us to examine the possibility
of NO synthesis under H2O2 treatment. Our results show that
H2O2 induces nitrosative stress as demonstrated by the indirect
(measurement of nitrate concentration) and direct (NO-
selective electrode and a NO-sensitive probe) detection of
elevated intracellular NO levels, as well as by the detection of
a NOS-like activity (classical methods used for mammalian
cells). NO synthesis was found to be dependent on L-arginine
and could be inhibited by the non-metabolized L-arginine

analogous, L-NAME. The endogenous NO synthesis during
H2O2-induced apoptosis, herein observed in yeast cells, has
been previously described in mammalian cells, in which H2O2
activates endothelial NOS (Thomas et al., 2002), pointing to
the conservation of some basic biochemical pathways
activated/affected by H2O2. It is also clear that NO levels are
mediating the apoptotic cell death occurring during
chronological life span. Given that a common feature of
apoptotic cell death induced by H2O2 or age-associated cell
death is the generation of ROS, and bearing in mind that
menadione was found to promote endogenous NO synthesis
(Osorio et al., 2007), the relevance of NO in yeast apoptotic
programs is reinforced, pointing to the conservation of links
between ROS and RNS (Espey et al., 2000). Nevertheless, the
origin of NO in yeast cells is still unclear, mainly due to the
lack of mammalian NOS orthologues in the yeast genome.
Although Castello and coworkers (Castello et al., 2006)
showed that yeast cell mitochondria are capable of NO
synthesis independently of a NOS-like activity, our results,

Fig. 7. Deletion of GAPDH isoform 2 and 3 prevents H2O2-induced apoptosis. (A) Comparison of the survival of wild-type, �tdh2 and �tdh3
cells upon H2O2 treatment, *P�0.03 versus wild type, t-test, n=3. (B) Epifluorescence and phase-contrast micrographs of untreated and H2O2-
treated (1.5 mM) wild-type, �tdh2 and �tdh3 cells, stained with dihydrorhodamine 123 (DHR123) as an indicator of high intracellular ROS
accumulation. Bar, 5 �m.

Fig. 8. GAPDH is S-nitrosated during H2O2-induced apoptosis.
(A) Detection of S-nitrosated GAPDH by immunoprecipitation using
an anti-CSNO antibody in cell extracts from untreated cells, H2O2-
treated (1.0, 1.5 and 2.0 mM) cells and cells treated for 200 minutes
with 2 mM of the NO donor diethylenetriamine/NO (DETA/NO).
(B) Quantification of band intensity from A by densitometry. Band
intensities were normalized to the intensity of IgG bands. Data
express the GAPDH/IgG fold change in comparison to control (lane
1). *P�0.05 versus control, t-test, n=3. (C) Immunoprecipitation of
S-nitrosated GAPDH with an anti-CSNO antibody from cellular
extracts of untreated, H2O2-treated (1.5 mM), either in the absence or
presence of L-NAME, or chronologically aged cultures (2 and 5
days). (D) Quantification of band intensity from C by densitometry.
Band intensities were normalized to the intensity of IgG bands. Data
express the GAPDH/IgG fold change in comparison to control (lane
1). *P�0.05 versus control, t-test, n=3.
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together with the physiological role of NO, point to the
presence of a yet unknown protein(s) with NOS-like activity
in yeast. Plants, like yeast, do not have a protein with sequence
similarity to known mammalian-type NOS but display a NOS-
like activity, indicating the presence of an enzyme structurally
unrelated to those of their mammalian counterparts.

Diverse cellular functions can be affected by NO through
posttranslational modification, particularly S-nitrosation of
GAPDH, a key glycolytic enzyme that undergoes S-nitrosation
and translocates to the nucleus, triggering apoptosis in
mammalian cells (Hara et al., 2005). Our results show that
following H2O2 stimulus, yeast GAPDH is a target of extensive
proteolysis as revealed by the number of identified fragments.
Further studies concerning the elucidation of the functional
relationship of GAPDH fragmentation with its apoptotic role
will be crucial for the understanding of the evolutionarily
conserved multifunction of GAPDH.

GAPDH has been previously described to suffer different
posttranslational modifications upon an oxidative stress insult,
both as a target (Magherini et al., 2007) and as the most
abundant yeast S-thiolated protein in response to H2O2
challenge (Shenton and Grant, 2003). Surprisingly, only the
Tdh3p and not the Tdh2p GAPDH isoenzyme is modified
(Grant et al., 1999). In addition, GAPDH Tdh3p isoenzyme
was also described as suffering a redox-dependent and
reversible S-glutathiolation (reviewed by Klatt and Lamas,
2000), with the formation of proteins with different mixed
disulfides probably encompassing NO-dependent S-
nitrosation of protein thiol groups. In this study we show that
H2O2 or the NO donor DETA/NO lead to GAPDH S-
nitrosation, revealing that yeast GADPH is both S-nitrosated
and S-glutathionylated as described for mammalian cells
(Giustarini et al., 2005). This evidenced interrelationship
between S-glutathiolation, thiol oxidation and nitrosation
points to the formation of proteins with different mixed
disulfides as a mechanism that integrates signalling by both
oxidative and nitrosative stimuli (reviewed by Klatt and
Lamas, 2000). Our results concerning NO synthesis, GAPDH
fragmentation and S-nitrosation, together with the fact that
ROS/RNS-induced S-glutathiolation is involved in the
modulation of signal transduction pathways such as the
regulation of proteolytic processing, ubiquitination and
degradation of proteins (Klatt and Lamas, 2000), pinpoint
yeast as an attractive model to uncover the emerging roles for
ROS/RNS. Moreover, the role of GAPDH S-nitrosation seems
to be of extreme importance for the yeast apoptotic process,
since the blockage of GAPDH S-nitrosation by L-NAME is
associated with decreased amounts of ROS within the cells,
suggesting that S-nitrosated GAPDH also concurs with ROS
generation, although by a mechanism that is still elusive, as it
is in mammalian cells (Puttonen et al., 2006).

Altogether, our findings bring new insights into the
evolutionarily conserved apoptotic pathways. Similarly to
higher eukaryotes, yeast cells undergo apoptosis mediated by
NO signalling, which places yeast as a powerful tool in the
study of the mechanisms that determine cellular sensitivity to
NO and for the elucidation of NO pro- and anti-apoptotic
functions. Moreover, the finding that S-nitrosated GAPDH is
involved in yeast apoptosis raises the possibility of future
investigations using yeast cells to screen for drugs that directly
act against S-nitrosated GAPDH.

Materials and Methods
Strains, media and treatments
S. cerevisiae strain BY4742 (MAT� his3�1 leu2�0 lys2�0 ura3�0) and the
respective knockouts in the TDH2 and TDH3 genes (EUROSCARF, Frankfurt,
Germany) were used. For H2O2 treatment, yeast cells were grown until the early
stationary growth phase in liquid YPD medium containing glucose (2%, w/v), yeast
extract (0.5%, w/v) and peptone (1%, w/v). Cells were then harvested and suspended
(107 cells/ml) in fresh YPD medium followed by the addition of 0.5, 1.0, 1.5 and
2.0 mM H2O2 and incubation for 200 minutes at 26°C with stirring (150 r.p.m.), as
previously described (Madeo et al., 1999). After treatment, 300 cells were spread
on YPD agar plates and viability was determined by counting colony-forming units
(c.f.u.) after 2 days of incubation at 26°C. For proteomic analysis, experiments were
performed in YPD medium and an equitoxic dose of H2O2 was used which induced
50% of apoptotic cell death, as evaluated by TUNEL assay after 200 minutes (data
not shown). For determination of NOS activity and kinetic measurement of NO
production with the NO-selective electrode, cells were treated for a shorter period
using higher H2O2 concentrations (3 and 4 mM) in order to induce 50% of apoptotic
cell death. For acetic acid treatment, yeast cells were grown until the early stationary
growth phase as described previously (Ludovico et al., 2002), harvested and
suspended in YPD medium (pH 3.0 set with HCl) containing 0, 160 and 180 mM
of acetic acid. Treatments were carried out for 200 minutes at 26°C. Viability was
determined by c.f.u. counts as described above.

For determination of chronological life span and growth rates, cells were grown
on synthetic complete (SC) medium containing glucose (2%, w/v), yeast nitrogen
base (Difco) (0.17%, w/v), (NH4)2SO4 (0.5%, w/v) and 30 mg/l of all amino acids
(except 80 mg/l histidine and 200 mg/l leucine), 30 mg/l adenine and 320 mg/l
uracil. For chronological aging experiments, cells were inoculated to an OD600=0.1,
oxyhaemoglobin (OxyHb) was added at the indicated concentrations (day 0) and
viability was determined by counting c.f.u. For determination of proliferation rates,
cells were inoculated to 5�105 cells/ml, OxyHb was added and cell number was
determined using a CASY cell counter.

Bax expression was induced as described before (Madeo et al., 1999). In brief,
strain BY4742 was transformed with plasmid pSD10.a-Bax (Madeo et al., 1999),
which contains murine bax under the control of a hybrid GAL1-10/CYC1 promoter;
originating strain BY.bax. Individual clones were pre-grown overnight in SC
medium with glucose (2%, w/v) until exponential growth phase. To induce bax
expression, cells were washed three times with water and resuspended in SC
medium with galactose (2%, w/v). Cells were then incubated at 26°C with stirring
(150 r.p.m.) for 15 hours. Viability was determined by c.f.u. counts as described
above.

2-D gel electrophoresis
For analysis of total cell extracts, cells were collected and washed twice with 2 ml
TE buffer (1 mM EDTA, 0.1 M Tris-HCl pH 7.5, complete mini protease inhibitor;
Roche Applied Science, Mannheim, Germany). Cells were disrupted using a French
Press with 900 p.s.i. (62.1 bar) and the cell lysate centrifuged. For analysis of
mitochondrial extracts, cells were collected and mitochondria isolated and purified
as previously described (Meisinger et al., 2000). Protein concentrations were
determined with a commercially available kit (RotiNanoquant, C. Roth, Karlsruhe,
Germany) and protein aliquots of total cell extracts, as well as mitochondrial
extracts, (100 �g, 600 �g) were stored at –20°C. For two dimensional (2-D) gel
electrophoresis the protein pellet was resuspended in urea buffer [8 M urea, 2 M
thiourea, 1% (w/v) CHAPS, 20 mM 1,4-dithio-DL-threitol, 0.8% (v/v) carrier
ampholytes], and complete mini protease inhibitor. The protein separation was done
as previously described (Gorg et al., 1995). Briefly, the protein solution was adjusted
with urea buffer to a final volume of 350 �l and in-gel rehydration performed
overnight. Isoelectric focusing was carried out in IPG strips (pH 3-10, non linear,
18 cm; Amersham Biosciences, Uppsala, Sweden) with the Multiphor II system
(Amersham Biosciences) under paraffin oil for 55 kVh. SDS-PAGE was done
overnight in 12.5% T, 2.6% C polyacrylamide gels using the Ettan DALT II system
(Amersham Biosciences) at 1-2 W per gel and 12°C. The gels were silver stained
and analyzed with the 2-D PAGE image analysis software Melanie 3.0 (GeneBio,
Geneva, Switzerland). The apparent isoelectric points (pI) and molecular masses
(in kDa) of the proteins were calculated with Melanie 3.0 (GeneBio) using identified
proteins with known parameters as a reference. An expression change was
considered significant if the intensity of the corresponding spot reproducibly
differed more than threefold.

Identification of altered proteins by mass spectrometry
Excised spots were in-gel digested and identified from the peptide fingerprints as
described elsewhere (Gorg et al., 1995). Proteins were identified with the ProFound
database, version 2005.02.14 (http://prowl.rockefeller.edu/prowl-cgi/profound.exe)
using the parameters: 20 ppm; 1 missed cut; MH+; +C2H2O2@C (Complete),
+O@M (Partial). The identification of a protein was accepted if the peptides (mass
tolerance 20 ppm) covered at least 30% of the complete sequence. Sequence
coverage between 30% and 20% or sequence coverage below 20% for protein
fragments was only accepted if at least two main peaks of the mass spectrum
matched with the sequence and the number of weak-intensity peaks was clearly
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reduced. The spot-specific peptides in the mass spectrum were also analyzed to
confirm which parts of the corresponding protein sequence matched with these
peptides, indicating putative fragmentation. This comparison reveals that spots
presenting putative fragments lacked peptides observed in the mass spectrum of the
whole protein. Thus, the spot position observed by 2-D gel electrophoresis and the
specific peptides in the corresponding mass spectrum were analyzed to define the
spot as intact protein or putative fragment. Distinction between GAPDH isoform 2
and 3 (Tdh2p and Tdh3p) was possible by the identification of amino acids present
in the matched peptides that are specific for each GAPDH isoform.

Epifluorescence microscopy and flow cytometry analysis
Images were acquired using an Olympus BX61 microscope equipped with a high-
resolution DP70 digital camera and using an Olympus PlanApo 60� oil objective,
with a numerical aperture of 1.42. All the samples were suspended in PBS and
visualized at room temperature.

Flow cytometry assays were performed on an EPICS XL-MCL flow cytometer
(Beckman-Coulter Corporation, USA), equipped with an argon-ion laser emitting a
488 nm beam at 15 mW. Twenty thousand cells per sample were analyzed. The data
were analyzed with the Multigraph software included in the system II acquisition
software for the EPICS XL/XL-MCL version 1.0.

Assessment of intracellular reactive oxygen species (ROS)
Free intracellular ROS were detected with dihydrorhodamine 123 (DHR123)
(Molecular Probes, Eugene, OR, USA). DHR123 was added from a 1 mg/ml stock
solution in ethanol, to 5�106 cells/ml suspended in PBS, reaching a final
concentration of 15 �g/ml. Cells were incubated for 90 minutes at 30°C in the dark,
washed in PBS and visualized by epifluorescence microscopy. For dihydroethidium
(DHE) staining, 5�106 cells were harvested by centrifugation, resuspended in 250
�l of 2.5 �g/ml DHE in PBS and incubated in the dark for 5 minutes. Relative
fluorescence units (RFU) were determined using a fluorescence reader (Tecan,
GeniusPROTM).

Indirect assessment of NO levels through nitrate concentration
measurement
Nitrite and nitrate concentration was measured spectrophotometrically using the
Griess-reagent. Sodium nitrite (0, 1.0, 2.0, 3.0, 5.0, 10, 15, 20 �M) was used as
standard. For the reagent, 20 mg N-1-naphthylethylenediamine dihydrochloride, 200
mg suflanilamide and 2.8 g HCl (36%) was dissolved in 17.2 g water. Individual
supernatant samples (100 �l) were mixed with 100 �l reagent and the concentration
recorded. For nitrate concentration, 100 �l of vanadium (III) chloride (8 mg/ml 1
M HCl) was added, thus reducing any existent nitrate to nitrite. After incubation
(90 minutes at 37°C) the concentration was recorded again. Nitrate concentration
was calculated as the difference between the two measurements. Since NO is a
diffusible free radical rapidly oxidized to nitrate and nitrite, the nitrate concentration
obtained was assumed to be correlated to the amount of NO synthesized by the cells.

Direct assessment of NO levels
Intracellular NO levels upon H2O2 treatment, with or without the inhibition of NO
production by the non-metabolized L-arginine analogue, N�-nitro-L-arginine
methyl ester (L-NAME; Sigma-Aldrich) were assessed by flow cytometry using the
NO-sensitive probe 4-amino-5-methylamino-2�,7�-difluorescein (DAF-FM)
diacetate (Molecular Probes, Eugene, OR, USA). After treatment, 3�107 cells were
harvested, washed and suspended in PBS, pH 7.4. Cells were then incubated for 30
minutes at room temperature, with DAF-FM diacetate (5 �M).

NO production was kinetically measured using the AmiNO-700 Nitric Oxide
Sensor with inNO Model-T – Nitric Oxide Measuring System (Innovative
Instruments, Inc., Florida, USA). This NO electrode is specific to NO and has the
detection limit of 0.1 nM, which is 20 times more sensitive than that of the ISO-
NO electrode (World Precision Instruments, Florida, USA). For NO measurement,
5�108 cells (with or without pre-incubation with D-arginine or L-NAME, to inhibit
NO production) were washed, resuspended in 3 ml of Tris buffer (10 mM Tris-HCl,
pH 7.4) and transferred to a recording cell chamber with agitation, under aerobic
conditions, followed by addition of 4 mM H2O2. A negative control consisting of
Tris buffer without cells was also included to exclude possible H2O2 interferences
with the electrode. Amperometric currents originated from the oxidation of NO at
the electrode surface were recorded at +0.9 V. The electrode was calibrated in 100
mM KI-H2SO4 with stock solutions of nitrite according to the manufacturer’s
instructions.

Inhibition of NO production
For inhibition of NO production, cells were pre-incubated, for 1 hour, with L-NAME
(200 mM) in YPD medium or pre-incubated for 1 hour with 0.4 mg/ml D-arginine.
A high concentration of L-NAME was used throughout the work because of the
presence of a cell wall in yeast cells.

Determination of NOS activity
The conversion of L-[3H]arginine to [3H]citrulline (NOS activity) was monitored
using a highly sensitive Nitric Oxide Synthase Assay Kit (Calbiochem) with minor

changes from the supplied protocol. Untreated or H2O2-treated yeast cells were
harvested, washed in double-distilled water and resuspended in 25 mM Tris-HCl,
pH 7.4; 1 mM EDTA and 1 mM EGTA. Yeast protein extracts were obtained by
vortexing in the presence of 1 g of glass beads and used immediately after. 10 �l
of protein extract (2 �g/�l) were added to 40 �l of reaction buffer with 1 �Ci of
L[3H]arginine (60 Ci/mmol), 6 �M tetrahydrobiopterin, 2 �M FAD, 2 �M FMN,
1 mM NADPH, 0.6 mM CaCl2 in 50 mM Tris-HCl, pH 7.4. After 60 minutes of
incubation, 400 �l of EDTA buffer (50 mM Hepes pH 5.5, 5 mM EDTA) were
added. In order to separate L-arginine from citrulline, 100 �l of equilibrated L-
arginine-binding resin was added and samples were applied to spin cup columns
and centrifuged. Citrulline quantification was performed by liquid scintillation
spectroscopy of the flow-through. The radioactivity obtained from a negative control
consisting of yeast extract boiled for 20 minutes was subtracted from all the samples
to remove background radioactivity. Data are expressed as the percentage of
conversion of L-[3H]arginine to [3H]citrulline and represent the average of four
independent experiments.

Quantification of intracellular amino acids
For the intracellular amino acid quantification, untreated and H2O2-treated cells
were disrupted as described above. Proteins were removed from the samples by
TCA precipitation followed by sulfosalicylic acid clean-up and filtration. Samples
were then analyzed by ion exchange column chromatography followed by post-
column ninhydrin derivatization on an automated amino acid analyzer (Biochrome
30, Amersham Pharmacia Biotech, Cambridge, UK).

Detection of S-nitrosated GAPDH
S-nitrosated GAPDH was detected by immunoprecipitation with an anti-
nitrosocysteine (CSNO) antibody. Briefly, untreated, H2O2-treated with or without
pre-incubation with L-NAME, and aged cells were disrupted using glass beads as
previously described (Gourlay et al., 2003). As a positive control, cellular nitrosative
stress was induced by the NO donor (Cahuana et al., 2004; Horan et al., 2006)
diethylenetriamine/NO (DETA/NO, Sigma-Aldrich). The treatment with a NO
donor facilitated the increase of intracellular NO levels allowing the determination
of GAPDH S-nitrosation independent of H2O2. Thus, cells were incubated for 200
minutes with 2 mM of DETA/NO. One mg of cell lysate was mixed with rabbit
anti-S-nitrosocysteine antibody (Sigma-Aldrich) at a dilution of 1:160 and
incubated at 4°C with rotation for 4 hours. Protein G plus/protein A-agarose beads
were added and rotated overnight at 4°C. Immunoprecipitated proteins were then
resolved on a 10% SDS gel and transferred to a PVDF membrane before being
probed with a monoclonal mouse anti-GAPDH antibody (MAB474, Chemicon) at
a dilution of 1:200. A horseradish peroxidase-conjugated anti-mouse IgG secondary
antibody was used (Chemicon) at a dilution of 1:5000 and detected by enhanced
chemiluminescence.

Statistical analysis
The arithmetic means are given with standard deviation with 95% confidence value.
Statistical analyses were carried out using independent samples t-test analysis. A P
value less than 0.05 was considered to denote a significant difference.
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Abstract

Ciclopirox olamine (CPO), a fungicidal agent widely used in clinical practice,

induced in Saccharomyces cerevisiae an active cell death (ACD) process character-

ized by changes in nuclear morphology and chromatin condensation associated

with the appearance of a population in the sub-G0/G1 cell cycle phase and an arrest

delay in the G2/M phases. This ACD was associated neither with intracellular

reactive oxygen species (ROS) signaling, as revealed by the use of different classes

of ROS scavengers, nor with a terminal deoxynucleotidyl transferase-mediated

dUTP nick end labeling (TUNEL)-positive phenotype. Furthermore, CPO-in-

duced cell death seems to be dependent on unknown protease activity but

independent of the apoptotic regulators Aif1p and Yca1p and of autophagic

pathways involving Apg5p, Apg8p and Uth1p. Our results show that CPO triggers

in S. cerevisiae an atypical nonapoptotic, nonautophagic ACD with as yet

unknown regulators.

Introduction

Ciclopirox olamine (CPO) belongs to a group of synthetic

antifungal agents, hydroxypyridones, that are used effectively

in clinical practice and that have a very broad spectrum of

action against dermatophytes, yeast, filamentous fungi and

bacteria (Sakurai et al., 1978b; Abrams et al., 1991; Kokjohn

et al., 2003). In addition, this drug has been frequently used

with remarkable success against azole-resistant Candida spe-

cies (Niewerth et al., 2003). Although hydroxypyridones have

been used in clinical practice for the last 30 years, their mode

of action is still poorly understood. Nonetheless, it is well

established that, in contrast to other antifungal agents such as

azoles or polyenes, hydroxypyridones do not produce anti-

fungal activity by inhibition of ergosterol synthesis (Gupta,

2001). CPO is well known as a chelating agent that forms

complexes with iron cations such as Fe31, inhibiting the iron-

containing enzymes, such as catalase and peroxidase, that play

a part in the intracellular degradation of toxic peroxides

(Niewerth et al., 2003). Nevertheless, CPO protects mito-

chondria from hydrogen peroxide toxicity mainly by inhibit-

ing mitochondrial membrane potential depolarization (Lee

et al., 2005b). CPO treatment induces the expression of many

genes involved in iron uptake in Candida albicans cells (Lee

et al., 2005a), which is consistent with CPO acting as an iron

chelator. CPO also inhibits uptake of precursors of macro-

molecule biosynthesis by C. albicans (Sakurai et al., 1978b;

Iwata & Yamaguchi, 1981), but does not affect endogenous

respiration, and therefore interference with electron transport

was not suspected to be the primary cause of its antifungal

activity (Sakurai et al., 1978a). Intracellular CPO is neither

metabolized nor degraded (Sakurai et al., 1978b), with 97%

of the accumulated drug binding irreversibly to the cell

membrane, cell wall, mitochondria and ribosomes, and small

amounts being found free in the cytosol. Transmission

electron microscopy (TEM) studies conducted on CPO-

treated C. albicans cells showed enlargement of the vacuole

and mitochondria, and invagination of the plasma mem-

brane, whereas the cell wall remained unaffected (Niewerth

et al., 2003). It was recently shown that the targets of CPO in

Saccharomyces cerevisiae include many proteins that partici-

pate in different aspects of cellular metabolism, such as DNA

replication, DNA repair, signal transduction, and cellular

transport (Leem et al., 2003).
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A significant feature of CPO is that no single case of

fungal resistance has been reported so far, even though it was

introduced into clinical therapy more than three decades ago.

Niewerth et al. (2003) demonstrated that even the upregula-

tion of well-characterized multidrug resistance genes, e.g.

CDR1, CDR2 and FLU1, or 6 months of exposure to the drug

could not generate CPO resistance in C. albicans. The knowl-

edge of the fungal targets of this clinically established and very

efficient drug, which has very few side effects when used

topically, is poor (Gupta, 2001). Because of its genetic

tractability and easy laboratory handling, we used S. cerevisiae

as a model to evaluate the mechanisms of the antifungal

action of CPO. In particular, we aimed to determine whether

CPO triggers an active cell death (ACD) pathway, as recently

shown for C. albicans cells treated with amphotericin B

(Phillips et al., 2003). For this purpose, we evaluated CPO

effects on several cellular parameters, such as mitochondrial

function/integrity, plasma membrane integrity, cell cycle

progression, reactive oxygen species (ROS) production,

nuclear morphology, DNA fragmentation, autophagy and

caspase-like or aspartic protease (ASPase) activity.

Materials and methods

Microorganisms and growth conditions

The yeast S. cerevisiae strain BY4742 (MATahis3D1 leu2D0

lys2D0 ura3D0), susceptible to CPO concentrations higher

than 16mg mL�1, and the respective knockouts in YCA1, AIF1,

APG5, APG8 and UTH1 genes were used in the experiments.

The growth experiments were performed in liquid YEPD

(Yeast extract - peptone - dextrose) medium in 300-mL flasks

containing a 2 : 1 air-to-liquid phase ratio, and incubated on a

mechanical shaker (150 r.p.m.) at 26 1C. Cells were grown to

early stationary growth phase (2.5 OD640 nm). For specific

experiments, cells were grown to exponential (0.8 OD640 nm)

or stationary (3.5 OD640 nm) growth phase. OD was measured

in a ‘Sprectronic GENESYS 20’ (Thermo Electron Corpora-

tion) spectrophotometer.

Treatments with CPO and inhibition of protein
synthesis

Early stationary-phase cells were harvested and suspended

(106 cells mL�1) in YEPD medium containing 0, 16, 18, 20

and 22 mg mL�1 CPO (SIGMA C-0415). The treatments were

carried out for 200 min at 26 1C with shaking (150 r.p.m.).

The cellular effects of CPO on plasma membrane integrity,

mitochondrial function/integrity and ROS production were

kinetically analyzed (0, 60, 90, 120, 200 and 240 min) by flow

cytometry as described hereafter. The inhibition of protein

synthesis was performed by adding cycloheximide (Merck),

100 mg mL�1 (Ludovico et al., 2001b), to the cell suspensions

at the same time as CPO. Cycloheximide at this concentra-

tion did not affect S. cerevisiae viability after 200 min of

incubation. Cell viability was determined by CFU counts

after 2 days of incubation at 26 1C on YEPD agar plates. No

further colonies appeared after that incubation period. The

relative survival percentages were calculated, with 100% of

viability corresponding to 1.11� 106 cells.

Flow cytometry assays

Flow cytometry assays were performed on an EPICS XL-MCL

(Beckman-Coulter Corporation, Hialeah, FL) flow cytometer,

equipped with an argon-ion laser emitting a 488-nm beam

at 15 mW. The green fluorescence was collected through

a 488-nm blocking filter, a 550-nm long-pass dichroic and a

525-nm bandpass. Red fluorescence was collected through

a 488-nm blocking filter, a 590-nm long-pass dichroic and a

620-nm bandpass. Twenty thousand cells per sample were

analyzed. The data were evaluated with the MULTIGRAPH soft-

ware included in the system II acquisition software for the

EPICS XL/XL-MCL version 1.0.

Cell-sorting assays were performed on a BD FACSAria

Cell Sorting System (BD Biosciences, San Jose, CA), using a

Coherent Sapphire solid-state laser at 488-nm. Separation of

cells was carried out at a medium sheath pressure of 26 p.s.i.

and a frequency of 60 kHz. Data were analyzed using

FACSDIVA software.

Assessment of plasma membrane integrity

Plasma membrane integrity was assessed by flow cytometry

using propidium iodide (PI) (Molecular Probes, Eugene,

OR) vital staining as described elsewhere (de la Fuente et al.,

1992) with minor adaptations. Briefly, PI was added to yeast

cell suspensions (106 cells mL�1) from a working solution

(0.5 mg of PI in 10 mL of Tris/MgCl2 buffer) to a final

concentration of 6.7 mg mL�1 and incubated at 37 1C for

15 min. Cells with high red fluorescence were considered to

have plasma membrane disruption.

Assessment of mitochondrial function/integrity
and ROS production

Mitochondrial function/integrity was evaluated by flow

cytometry using the fluorescent dye rhodamine 123

(Rh123) (Molecular Probes, Eugene, OR), as described

elsewhere (Ludovico et al., 2001a). Briefly, cells presenting

green fluorescence levels identical to those presented by

heat-killed cells were considered to have disturbances in

mitochondrial function/integrity.

Cellular ROS production was kinetically monitored by flow

cytometry with MitoTracker Red CM-H2XRos (Molecular

Probes) staining, as previously described (Ludovico et al.,

2002). Cells presenting high red fluorescence were considered

to have increased intracellular ROS concentrations.
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CPO treatment was carried out in the presence of

different classes of ROS scavengers. Ascorbic acid (10 mM),

glutathione (5 mM) and acetyl-L-carnitine (0.02 g L�1) were

added to the cell suspension before addition of CPO. At

these concentrations, antioxidants did not affect S. cerevisiae

viability after 200 min of incubation (data not shown).

Cell cycle analysis

Cell cycle analysis was performed after treatment with 18 and

20mg mL�1 CPO, as described elsewhere (Fortuna et al.,

2000). Briefly, at the desired time points, cells were harvested,

washed and fixed with ethanol (70% v/v) for 30 min at 4 1C,

and this was followed by sonication, treatment with RNAse

for 1 h at 50 1C in sodium citrate buffer (50 mM sodium

citrate, pH 7.5), and subsequent incubation with proteinase K

(0.02 per mg 107 cells). Cell DNA was then stained overnight

with SYBR Green 10 000� (Molecular Probes), diluted 10-

fold in Tris-EDTA (pH 8.0), and incubated overnight at 4 1C.

Before cytometric analysis, samples were diluted 1 : 4 in

sodium citrate buffer. Determination of cells in each phase

of the cell cycle was performed offline with MODFIT LT software

(Verity Software House, Topsham, ME).

Assessment of nuclear morphology alterations
and terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay

Changes in the nuclear morphology of CPO-treated S.

cerevisiae cells were assessed by 4,6-diamino-2-phenyl-in-

dole dihydrochloride (DAPI) staining. CPO-treated cells

were harvested, washed, and resuspended in phosphate-

buffered saline (PBS) with DAPI (0.5mg mL�1) for 10 min.

Stained cells were washed twice with PBS and visualized by

epifluorescence microscopy with an Olympus BX61 micro-

scope with filter wheels, to control excitation and emission

wavelengths, equipped with a high-resolution Olympus

DP70 digital camera. DNA strand breaks were assessed by a

TUNEL assay with the In situ Cell Death Detection Kit,

Fluorescein (Roche Applied Science, Indianapolis, IN) as

described elsewhere (Ludovico et al., 2001b).

Caspase-like or ASPase activity

Caspase-like or ASPase activity was detected using a CaspSC-

REEN Flow Cytometric Analysis Kit (Chemicon). Cells were

incubated with the nonfluorescent substrate D2R [(Asp)2-

rhodamine 110] at 37 1C for 45 min, and then analyzed by flow

cytometry and epifluorescence microscopy. Micrographs were

acquired in an Olympus BX61 microscope with filter wheels, to

control excitation and emission wavelengths, equipped with a

high-resolution Olympus DP70 digital camera.

TEM analysis and confocal microscopy

Cells from different treatment conditions were washed with

phosphate/magnesium buffer (40 mM K2HPO4/KH2PO4,

pH 6.5, 0.5 mM MgCl2), suspended in 2.5% (v/v) glutar-

aldehyde in 40 mM phosphate/magnesium buffer (pH 6.5),

and fixed overnight at 4 1C. After fixation, the cells were

rinsed twice in 0.1 M phosphate/citrate buffer (pH 5.8) and

suspended in this buffer containing 10 U mL�1 lyticase

(Boehringer Mannheim) for about 90 min at 37 1C, to digest

the cell wall. After cell wall digestion of the prefixed yeast

cells, protoplasts were washed and postfixed with 2% (w/v)

osmium tetroxide (2 h), and this was followed by 30 min of

incubation with 1% (w/v) aqueous uranyl acetate (Silva

et al., 1987). Dehydration was performed as described by

Byers & Goetsch (1991) for embedding vegetatively grown

yeast cells. After 100% ethanol washes, the samples were

transferred to 100% propylene oxide, infiltrated with 50%

(v/v) propylene oxide and 50% (v/v) Epon (TAAB Labora-

tories) for 30 min and with 100% Epon overnight. Cells were

transferred to gelatin capsules with 100% Epon and incu-

bated at 60 1C for 48 h before cutting thin sections and

staining with uranyl acetate and lead acetate. Micrographs

were taken with a Zeiss EM 10C electron microscope.

The images in Fig. 2c were acquired in a confocal

Olympus FLUOVIEW microscope with an Olympus PLAPON

60X/oil objective, with a numerical aperture of 1.42, and

using the Olympus FLUOVIEW advanced software.

Reproducibility of the results

The results presented are mean values and SDs of at least

three independent assays. Statistical analyses were carried

out using independent samples t-tests. A P-value less than

0.05 was assumed to denote a significant difference.

Results and discussion

CPO induces S. cerevisiae ACD

Exposure of S. cerevisiae to CPO resulted in dose-dependent

cell death (Fig. 1a). As reported in other instances of

S. cerevisiae ACD (Madeo et al., 1999; Ludovico et al.,

2001b), CPO-induced cell death was attenuated by coin-

cubation with the protein synthesis inhibitor cycloheximide

(Fig. 1a). In addition, these results were shown to be

independent of cell growth phase: exponential, early sta-

tionary, and stationary (Fig. 1b). Moreover, the addition of

cycloheximide after 20 min of CPO treatment still abrogated

cell death, showing that death occurs via a mechanism other

than the inhibition of CPO uptake (data not shown).

The plasma membrane is one of the main targets of many

antifungal agents (Groll et al., 1998; Theis & Stahl, 2004). PI

staining showed alterations in plasma membrane integrity
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in 23% and 41% of cells when they were treated with 18 and

20 mg mL�1 CPO, respectively, for 200 min (Fig. 1c). These

results showed that only the high CPO concentration

induced significant damage to plasma membrane integrity,

as previously reported (Sigle et al., 2005), whereas for

18 mg mL�1 CPO, the plasma membrane damage was con-

siderably lower in comparison to the observed cell

death (Fig. 1a and c). Nonetheless, alterations at the

plasma membrane functional level were not evaluated,

and therefore their occurrence could not be completely

discarded.

Mitochondria are preferential targets for the majority of

antifungal agents. Azoles are the best example, because in

addition to their action at the plasma membrane, they can

indirectly affect mitochondria (Kontoyiannis & Murray,

2003). Although CPO acts as a chelator of Fe31 (Wanner

et al., 2000; Linden et al., 2003; Niewerth et al., 2003), it

seems to be important in the maintenance of mitochondrial

membrane potential (Lee et al., 2005b). We therefore

assessed yeast mitochondrial function/integrity on the basis

of Rh123 staining (Ludovico et al., 2001a). Our results

showed that approximately the same percentage of PI-

positive cells displayed loss of mitochondrial function/

integrity (Fig. 1d). The results obtained with the study of

plasma and of mitochondrial membrane integrity after

200 min of 18 mg mL�1 CPO treatment suggested that some

cells were being killed by an active process, and prompted us

to analyze the nuclear morphology and chromatin conden-

sation of yeast cells exposed to CPO. The ultrastructural

analyses performed by TEM together with DAPI staining

showed that CPO induced chromatin condensation and

changes in nuclear morphology, respectively (Fig. 2b).

Moreover, CPO induced the appearance of a subpopulation

displaying a decrease in forward scatter (directly correlated

with cell size) as evaluated by flow cytometry (Fig. 2c).

Cell sorting of this subpopulation showed small cells

with compromised plasma membrane integrity but that

maintained their genome size, as shown by their cell

cycle profile (Fig. 2c). Moreover, as revealed by CFU

counts, these cells had lost their proliferation capacity

(data not shown).

The results described above, namely (1) dependence of

cell death on protein synthesis, (2) maintenance of plasma

membrane integrity and of mitochondrial function/integ-

rity, (3) chromatin condensation, and (4) nuclear morpho-

logic changes observed for the majority of S. cerevisiae cells,

Fig. 1. CPO treatment of wild-type Saccharo-

myces cerevisiae cells results in cell death inde-

pendent of ROS production with minor

alterations in plasma membrane integrity and

mitochondrial membrane function/integrity. (a)

Effect of cycloheximide on the survival of Sacc-

charomyces cerevisiae cells treated for 200 min

with different CPO concentrations. (b) Survival

rate of exponential-phase, early stationary-

phase and stationary-phase cells with different

CPO concentrations, after 200 min of treatment.

(c) Percentage of cells displaying affected plasma

membrane integrity as assessed by flow cyto-

metric quantification of cells after vital staining

with PI. (d) Percentage of cells presenting mito-

chondrial dysfunction as assessed by flow cyto-

metric quantification of cells with increased

levels of Rh123. (e) Percentage of cells with

increased ROS levels, as assessed by flow cyto-

metry using the fluorescent probe MitoTracker

Red CM-H2XRos. (f) Survival rate of CPO-treated

Saccharomyces cerevisiae cells evaluated in the

absence (control) and presence of different

classes of ROS scavengers. Vertical error bars

representSD.
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when treated with 18 mg mL�1 CPO, fit with a scenario of an

ACD process triggered by CPO. On the other hand cells

treated for 200 min with 20 mg mL�1 CPO already displayed

a phenotype compatible with necrosis that might also

correspond to the final stages of the ACD process, as

previously described for high concentrations of acetic acid

(Ludovico et al., 2001b) or hydrogen peroxide (Madeo et al.,

1999).

CPO-induced cell death is independent of ROS

To further characterize the cell death process triggered by

CPO, several yeast apoptotic regulators were studied. ROS

are known to be crucial mediators of yeast apoptosis, being

associated with the vast majority of apoptotic phenotypes

described so far (reviewed in Madeo et al., 2004). Surpris-

ingly, a kinetic study using CPO concentrations of 18 and

20 mg mL�1, which induce, respectively, about 50% and 60%

loss of viability (Fig. 1a), revealed that only a very low

percentage of CPO-treated cells displayed high intracellular

ROS concentrations, reaching a value of about 10% for the

highest concentration (20 mg mL�1) after 200 min of treat-

ment (Fig. 1e). These results might be explained by CPO’s

ability to function as an iron chelator (Daudu et al., 2002).

Iron is an essential cofactor for mitochondrial electron

transport enzymes as well as for the Fenton reaction, which

Fig. 2. CPO induces nuclear morphologic al-

terations, chromatin condensation and the ap-

pearance of a subpopulation with a decreased

forward scatter and compromised plasma

membrane integrity. TEM and epifluorescence

micrographs (DAPI staining) of (a) untreated and

(b) CPO-treated cells (18 mg mL�1, 200 min). N,

nuclei. (C) Confocal micrographs of sorted cells

(from control and R1 subpopulation, displaying

a decrease in forward scatter), double stained

with DAPI and Concavalin A (ConA) (incubation

with 0.2 mg mL�1 ConA, 30 min at room tem-

perature), displaying compromised plasma

membrane integrity but a normal cell cycle

profile [density plot, three-dimensional profile

analysis of forward scatter (FS) log, green fluor-

escence (FL1) and percentage of events]. Bar,

5 mm (1 mm for TEM micrographs).
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might cooperate to inhibit ROS production. Furthermore,

CPO treatment in the presence of different classes of ROS

scavengers did not enhance cell survival (Fig. 1f). For longer

CPO incubation times (up to 400 min), an increase of the

percentage of cells with high ROS levels was detected but was

associated with an increase in cell death that was not

prevented by the presence of different ROS scavengers

(data not shown). Overall, these data strongly support

the view that CPO-induced cell death is independent of

ROS signaling.

CPO-induced cell death is independent of
known yeast apoptotic regulators and has a
TUNEL-negative phenotype

The involvement of known S. cerevisiae apoptotic regulators

(reviewed in Ludovico et al., 2005), namely apoptosis-

inducing factor (AIF1) and metacaspase (YCA1), was ana-

lyzed under CPO-induced cell death conditions. As a first

approach, survival after CPO treatment was estimated in

each mutant strain in comparison with the wild-type strain.

The results (Fig. 3a) showed that there were no differences

between the survival percentages obtained for each of the

mutant strains, indicating that the respective proteins do

not have a significant role in the signaling and/or execution

of the CPO-induced cell death process. However, c. 20–25%

of the wild-type cells exposed to 18 mg mL�1 CPO were

labeled by the D2R substrate which enabled the determina-

tion of cells with intracellular caspase-like or other ASPase

activities (Fig. 3c). Nonetheless, an identical level of D2R

labeling was observed in Dyca1 cells treated with 18 mg mL�1

CPO (Fig. 3c), indicating that an ASPase activity indepen-

dent of YCA1 was present. Moreover, Z-VAD-FMK was

unable to block the observed ASPase activity in either wild-

type or Dyca1 cells (data not shown), pointing to the

presence of a caspase-like or other protease that was

insensitive to Z-VAD-FMK inhibition, as shown by others

(Váchová & Palková, 2005).

The number of cells displaying caspase-like or ASPase

activity is quite similar to the percentage of PI-positive cells

under the same conditions (about 23% for 18 mg mL�1

CPO). However, D2R staining was previously described to

be a good alternative for detection of caspase-like or ASPase

activity in living yeast cells (Váchová & Palková, 2005).

Accordingly, our results showed that D2R and PI stain

different cells (Fig. 3d). Altogether, our findings led us to

hypothesize that other unknown protease(s) could be

involved in the CPO-induced cell death of S. cerevisiae,

as recently proposed in different instances (Herker et al.,

2004; Váchová & Palková, 2005). Another intriguing devia-

tion from a typical apoptotic cell death process was the

observation that CPO-treated cells had no TUNEL-positive

phenotype (data not shown).

CPO-induced yeast cell death is not autophagic

In order to obtain new insights into the puzzling cell death

pathway induced by CPO in S. cerevisiae cells, we considered

the possibility of this cell death process being autophagic, as

CPO induces an increase in vacuolization observed by TEM

(Fig. 2b). Both Apg5p and Apg8p are crucial for the

formation of the preautophagosomal structure in yeast cells

(Suzuki et al., 2001), and Uth1p is required for the autopha-

gic degradation of mitochondria (Camougrand et al., 2004).

Fig. 3. CPO-induced cell death is independent

of Saccharomyces cerevisiae apoptotic regula-

tors and of autophagic pathways but is asso-

ciated with a caspase-like or ASPase activity

independent of YCA1. Relative survival, upon

CPO treatment, of wild-type and respective

knockout cells with different (a) apoptotic and

(b) autophagic regulators. (c) Percentages of

wild-type and Dyca1 cells displaying caspase-

like or ASPase activity, assessed by flow cyto-

metric quantification of cells incubated with

D2R. Filled area (gray), untreated cells stained

with D2R. Open area, CPO-treated cells

(18 mg mL�1, 200 min). Vertical error bars repre-

sent SD. (d) Epifluorescence micrographs of

CPO-treated wild-type and Dyca1 cells

(18 mg mL�1, 200 min), double stained with D2R

and PI. Bar, 5 mm.
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In this regard, the susceptibilities of the Dapg5, Dapg8 and

Duth1 mutant strains were assessed after CPO treatment.

None of the tested mutant strains was found to have a

different susceptibility to CPO treatment when compared to

the wild-type strain (Fig. 3b). In addition, blocking

autophagy with 3-methyladenine (Seglen & Gordon, 1982)

did not inhibit CPO-induced cell death (data not shown).

Altogether, these results indicate that the autophagic path-

ways analyzed are not involved in CPO-induced cell death.

CPO induces the appearance of a sub-G0/G1

population and G2/M arrest/delay

As a consequence of exposure to diverse cytotoxic agents,

DNA damage can occur, leading to an arrest in the cell cycle

and, ultimately, to cell death. DNA damage checkpoints are

critical for the fate of the cell, allowing DNA damage

detection and repair or, when injury is too extensive, cell

death (Tyson et al., 2002). As the mechanism of DNA repair

Fig. 4. CPO induces the appearance of a sub-G0/

G1 population and G2/M arrest/delay. (a) Kinetic

analysis of the percentage of Saccharomyces cer-

evisiae cells in each phase of the cell cycle. (b)

Percentage of untreated (control) and CPO-trea-

ted (18 and 20 mg mL�1) Saccharomyces cerevisiae

cells in each phase of the cell cycle after 240 min

of treatment; �P � 0.05 vs. control, t-test, n = 3.

(c) Density plot of three-dimensional profile analy-

sis of forward scatter (FS log), green fluorescence

(FL1) and percentage of events of untreated (con-

trol) and CPO-treated (18 and 20mg mL�1) Sac-

charomyces cerevisiae cells after 200 min of

treatment. (d) Left panel: Histogram of logarith-

mic FL3 (red fluorescence) of PI-stained cells (trea-

ted with 18mg mL�1 CPO, 200 min) displaying PI-

negative cells (gray color) used for cell sorting.

Middle panel: Dot plot of logarithmic forward

scatter (FS log) vs. logarithmic side scatter (SS log)

of CPO-treated (18 mg mL�1, 200 min) Saccharo-

myces cerevisiae PI-negative cells. Right panel:

Cell cycle profile of PI-negative CPO-treated

(18 mg mL�1, 200 min) cells. (e) Left panel: Cell

cycle profile of CPO-treated (18 mg mL�1,

200 min) cells, displaying a sub-G0/G1 subpopula-

tion (R2). Middle panel: Dot plot of logarithmic

forward scatter (FS log) vs. logarithmic side scatter

(SS log) of Saccharomyces cerevisiae cells from the

R2 subpopulation. Right panel: Dot plot of loga-

rithmic forward scatter (FS log) vs. logarithmic side

scatter (SS log) of CPO-treated (18 mg mL�1,

200 min) cells.
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was shown to be one of the targets of CPO (Leem et al.,

2003), the effect of CPO on cell cycle progression was

assessed through a flow cytometric determination of DNA

content (Fig. 4a). Leem et al. (2003) previously reported for

another S. cerevisiae strain that CPO treatment induces a

general growth arrest at different points of cell cycle. Our

results showed that CPO treatment induced a statistically

significant arrest/delay in the G2/M phases of the cell cycle

(Fig. 4a and b). In addition, CPO treatment induced the

appearance of a subpopulation of cells with a lower DNA

content, described as a sub-G0/G1 peak (Fig. 4c), which was

previously associated with UV-induced yeast apoptosis (Del

Carratore et al., 2002). Interestingly, the percentage of cells

in sub-G0/G1 reaches its highest value for a CPO concentra-

tion of 18 mg mL�1. In order to exclude artefacts from the

debris associated with necrotic dying cells, which might

produce values on the histogram with a sub-G0/G1 DNA

content, PI-negative cells were sorted after treatment with

18 mg mL�1 CPO (Fig. 4d, left panel). Cell cycle analysis of

this population revealed the appearance of c. 20% of cells in

the sub-G0/G1 peak (Fig. 4d, right panel). Moreover, when

the sub-G0/G1 peak was gated and the physical scatter

displayed (Fig. 4e, left panel), it was possible to observe that

the cells with lower DNA content had a normal physical

scatter and did not correspond with either debris or the

observed cells with a lower forward scatter. These results

strongly support the observed nuclear alterations and con-

cur with the main conclusion that an unknown ACD process

is induced by CPO.

CPO triggers an atypical ACD pathway

Altogether, our results show that CPO induces an atypical

ACD process in S. cerevisiae. This process is dependent

on protein synthesis, and is characterized by DNA damage

as reflected by cell cycle analysis and the appearance

of a sub-G0/G1 population, nuclear morphologic alterat-

ions, and chromatin condensation. However, this ACD

process does not display a TUNEL-positive phenotype and

is independent of the known yeast apoptotic regulators,

namely AIF1 and YCA1. The detection of non-necrotic

wild-type and Dyca1 cells labeled by D2R suggests that this

ACD process is mediated by other unknown proteases,

as proposed in other scenarios (Herker et al., 2004; Váchová

& Palková, 2005). The specific percentage of cells labeled

by D2R substrate is in agreement with the percentage

of sub-G0/G1 cells, reinforcing the idea that about 25%

of the cells treated with CPO (18mg mL�1) are dying as a

result of an atypical ACD process. Moreover, CPO-induced

yeast cell death was not associated with ROS signaling,

as initially described in other instances (Cheng et al., 2003;

Balzan et al., 2004). Although further studies need to

be performed, the data presented here highlight the use

of CPO for research on the identification of novel proteases

and pathways involved in yeast ACD. Additionally, the

elucidation of cell death pathways triggered by antifungal

drugs may allow the design of new drugs and the rational

use of those available.
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