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Volume 2013, Article ID 932472, 13 pages

Roles of Mitochondrial Dynamics under Stressful and Normal Conditions in Yeast Cells,
Dmitry A. Knorre, Konstantin Y. Popadin, Svyatoslav S. Sokolov, and Fedor F. Severin
Volume 2013, Article ID 139491, 6 pages

Maintenance of Mitochondrial Morphology by Autophagy and Its Role in High Glucose Effects on
Chronological Lifespan of Saccharomyces cerevisiae, May T. Aung-Htut, Yuen T. Lam, Yu-Leng Lim,
Mark Rinnerthaler, Cristy L. Gelling, Hongyuan Yang, Michael Breitenbach, and Ian W. Dawes
Volume 2013, Article ID 636287, 13 pages

The Benefits of Humanized Yeast Models to Study Parkinson’s Disease, V. Franssens, T. Bynens,
J. Van den Brande, K. Vandermeeren, M. Verduyckt, and J. Winderickx
Volume 2013, Article ID 760629, 9 pages



Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2013, Article ID 684395, 3 pages
http://dx.doi.org/10.1155/2013/684395

Editorial
Yeast Stress, Aging, and Death

Cristina Mazzoni,1 Sergio Giannattasio,2 Joris Winderickx,3 and Paula Ludovico4,5

1 Pasteur Institute-Cenci Bolognetti Foundation, Department of Biology and Biotechnology Charles Darwin Sapienza,
University of Rome, 00185 Rome, Italy

2 National Research Council-Institute of Biomembranes and Bioenergetics, Via Amendola 165/a, 70126 Bari, Italy
3 Functional Biology, KU Leuven, Kasteelpark Arenberg 31, 3001 Heverlee, Belgium
4Life and Health Sciences Research Institute, School of Health Sciences, University of Minho, 4710-057 Braga, Portugal
5 ICVS/3B’s–PT Government Associate Laboratory, Braga, Guimarães, Portugal
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Until about 15 years ago, programmed cell death (PCD),
at that time mainly defined as apoptosis, was believed to
be a feature occurring only in metazoans to ensure proper
embryonic development, cell differentiation, and regulation
of the immune response. However, the discovery that single-
celled organisms, such as yeast, also undergo PCD challenged
this idea. Meanwhile, several key regulators and cell death
executers were shown to be highly conserved in yeast and
other unicellular organisms, and it is now generally accepted
that at least part of the molecular cell death machinery
originated early in evolution.

Approximately 31% of the yeast genes have a mammalian
homologue, and an additional 30% of yeast genes show
domain similarity.This, combined with the ease of manipula-
tion of yeast and the elegance of yeast genetics, has turned this
lower eukaryote into an ideal system to study more complex
phenomena that occur in metazoan cells, including stress
responses, mechanisms governing life span and cell death,
and processes contributing to aging or human diseases like
cancers and neurodegenerative disorders.

In this special issue, we collected both original research
and review articles, which combined give a nice overview on
the current status of the field.

Several papers relate to mitochondrial functions and
mitochondrial dynamics, thereby documenting the piv-
otal role of this organelle in aging processes and life
span determination. In their review article, Y. Liu and

X. J. Chen discuss a novel form of mitochondria-induced
cell death in yeast cells tentatively referred to as degenerative
cell death (DCD). Mutations in the adenine nucleotide
translocase (Ant) cause aging-dependent DCD in yeast,
which is sequentially manifested by inner membrane stress,
mitochondrial DNA (mtDNA) loss, and progressive loss of
cell viability. Recent work revealed that the Ant-induced
DCD is suppressed by reduced cytosolic protein synthesis,
suggesting a proteostatic crosstalk betweenmitochondria and
the cytosol, which may play an important role in cell survival
during aging.

Maintenance of mtDNA is important for cell growth and
survival. Oxidative damage to mtDNA causes respiratory
deficiency and human disease. In higher eukaryotes, the
mechanisms for maintenance and transmission of the mito-
chondrial genome are still elusive. However, studies using
the budding yeast Saccharomyces cerevisiae have generated
an abundance of data on how its mitochondrial genome is
maintained, and many nuclear-encoded proteins of diverse
functions appear to be involved. As such, mutations in TCA
cycle enzyme-encoding genes lead to variable defects in
mtDNA maintenance and respiratory deficiency. The most
severe phenotype is caused by mutations in the ACO1 gene
encoding aconitase, which has been shown to have a novel
function inmediatingmtDNAmaintenance by directly bind-
ing mtDNA. In this issue, Z. Liu and co-workers come with
an alternative model to account for mtDNA loss due to an
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aco1Δmutation. On the basis of genetic evidence they found
that intracellular iron-citrate complex toxicity contributes to
aco1Δmutant phenotypes.

Mitochondrial morphology also changes during aging
and similar changes are also observed when yeast cells switch
theirmetabolism from the use of fermentative carbon sources
to nonfermentative ones and vice versa. I. W. Dawes and
co-workers studied this in more detail, which led them to a
correlation between carbon source availability,mitochondrial
dynamics, and autophagy. In particular, they show that
increasing autophagy prevents mitochondrial fragmentation
and that this relates directly to the determination of life span.

F. F. Severin and co-workers provide an overview and
discussion on the role and delicate balance between mito-
chondrial fission and fusion events as an ingenious mecha-
nism for the removal of defectivemitochondria, a topic which
directly links to the pathophysiological role of mitochondrial
dynamics.

It is well known that genotoxic stress contributes to
aging. Also, changes in the organization of chromatin are of
particular importance. In their research paper, G. Miloshev
and co-workers examined the role of the linker histone
Hho1 on chromatin organization and found this histone
to be essential for the maintenance of the chromatin loop
structures during chronological aging.

Significant progress has also beenmade in understanding
how metabolism impacts on aging and the determination
of life span. In an interesting study, M. Barile and co-
workers investigated the potential metabolic regulation of
FAD by metabolites such as NAD, and they propose a novel
role of mitochondrial NAD redox status in regulating FAD
homeostasis in yeast.

M. J. Sousa and co-workers report that ammonium
ion shortens the chronological life span (CLS) of S. cere-
visiae cells when they are starved for different auxotrophy-
complementing amino acids (leucine, lysine, and histidine).
Interestingly, this effect of ammonium is mediated through
different pathways depending on the amino acid that is miss-
ing. Therefore, this study provides interesting new insights
on the underlying signalling network and as such gives new
clues for the development of environmental interventions
that extend CLS or for the identification of new therapeutic
targets in diseases associated with hyperammonemia.

M. Vai and co-workers show that products of acetic
acid and ethanol metabolism, rather than the compounds
themselves, influence CLS. In particular, they show that
inhibition of ethanol metabolism by pyrazole prevents CLS.

J. A. Bárcena and colleagues address two critical pro-
cesses within the cell, that is, heme biosynthesis and the
nonoxidative part of the pentose phosphate pathway (PPP).
Particularly, the authors investigated the key enzymes uro-
porphyrinogen decarboxylase (Hem12p) and transketolase
(Tkl1p) and proposed a redox control mechanism for heme
biosynthesis thatmight be important in the context of tumour
progression.

K. F. Cooper and colleagues reveal that Mtl1, a cell wall
stress sensor protein that activates the cell wall integrity
pathway (CWI) upon exposure to hydrogen peroxide, plays

an important role in the pathways leading to destruction of
cyclin C, which is involved in PCD.

S. Colombo and co-workers further investigated the
involvement of the Ras proteins in PCD. They found that
Ras-GFP relocalizes to mitochondria after abrogation of the
glycolytic enzyme hexokinase 2. As this renders yeast cells
more susceptible to acetic acid, their data suggest that this
enzyme confers protection against apoptosis in S. cerevisiae.

R. Schaffrath and co-workers investigated how ceramides
trigger stress responses in yeast. Besides being building
blocks for complex sphingolipids in the plasma membrane,
ceramides are known to play a crucial role in the regulation of
cell proliferation and apoptosis. Here, the authors describe a
novel Sit4-dependent regulatory mechanism in the ceramide
stress response.

That metabolic changes play a crucial role not only at the
cellular level, but also at the level of colonies is nicely doc-
umented in an elegant study by Z. Palkova and co-workers.
Colonies represent a well-structured and differentiated mul-
ticellular community. During aging, cells within the colony
produce ammonia as signal for metabolic reprogramming
to support long term survival. Here, the authors reveal that
aging giant colonies and rapidly developing microcolonies
pass through similar developmental phases, which indicates
that the age of colony is not crucial for colony differentiation.

Finally, three papers report how yeast can be used as a
model to study human disease or to screen for drugs and
decipher their mode of action.

V. Franssens and co-workers present an elegant review
on the benefits of using humanized yeast models to study
fundamental aspects related to protein folding diseases. The
authors discuss the most important findings and recent
advances that assign new roles for cell wall integrity signaling,
Ca2+ homeostasis, mitophagy, and cytoskeleton-mediated
transport processes in the pathobiology underlying Parkin-
son’s disease.

The research article by K. Thevissen and colleagues
demonstrates a role for superoxide dismutases in governing
tolerance of the pathogenic yeast Candida albicans to the
antifungal drug Amphotericin B.

The review article by G. Farrugia and R. Balzan illustrates
how yeast research contributes to our understanding of the
proapoptotic effects and the mode of action of traditional
novel nonsteroidal anti-inflammatory drugs such as aspirin.
The authors give an overview of the various proapoptotic
pathways activated by these drugs and show the remarkable
similarity of the effects triggered in yeast and mammalian
cells.

In the opinion of the editors, the contributions published
in this special issue highlight many novel features on the
interplay between metabolism, stress responses, aging, and
PCD pathways and how this determines the life span of yeast
cells. Insight into the matter is not only important to better
understand fundamental aspects of yeast physiology, but it
is also of direct relevance in the context of human health, as
nicely documented in several reviews.
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Mtl1 is amember of a cell wall sensor family thatmonitors cell wall integrity in budding yeast. In response to cell wall stress,Mtl1 acti-
vates the cell wall integrity (CWI) MAP kinase pathway which transmits this signal to the nucleus to effect changes in gene expres-
sion. One target of the CWIMAP kinase is cyclin C, a negative regulator of stress response genes. CWI activation results in cyclin C
relocalization from the nucleus to the cytoplasmwhere it stimulates programmed cell death (PCD) before it is destroyed.This report
demonstrates that under low oxidative stress conditions, a combination of membrane sensors, Mtl1 and either Wsc1 or Mid2, are
required jointly to transmit the oxidative stress signal to initiate cyclin C destruction. However, when exposed to elevated oxidative
stress, additional pathways independent of these three sensor proteins are activated to destroy cyclin C. In addition,N-glycosylation
is important forMtl1 function asmutating the receptor residue (Asn42) or an enzyme required for synthesis ofN-acetylglucosamine
(Gfa1) reduces sensor activity. Finally, combining gfa1-1 with the cyclin C null allele induces a severe synthetic growth defect. This
surprising result reveals a previously unknown genetic interaction between cyclin C and plasma membrane integrity.

1. Introduction

The yeast cell wall is the first level of defense against environ-
mental stress. Embedded in this cell wall are sensors that
detect damage and transduce this signal to the nucleus to
change gene expression. In addition, this stress signal must
then be disseminated throughout the cell to elicit changes in
organelle function and morphology. For example, exposure
to oxidative stress induces the transcription of protein chap-
erones and antioxidant enzymes, alters ribosome assembly
in the nucleolus, and triggers extensive fragmentation of the
mitochondria [1]. All three examples help inform the cell on
deciding whether to arrest cell growth and repair the damage
or execute the programmed cell death pathway.

In yeast, the cell wall integrity pathway (CWI) responds
to a variety of stresses, including oxidative stress [2], heat

shock [3], and any other stress that alters the cell wall
integrity. In brief, the CWI pathway senses the stress via a
family of cell-surface sensors (Wsc1, Mid2, and Mtl1 [4]).
These sensors transmit the stress to a small G protein Rho1,
which in turn activates protein kinase C (Pkc1). The acti-
vated Pkc1 transmits the intracellular signals to the MAPK
Slt2/Mpk1 via the MAPK module (see Figure 1(a)). Finally,
the transcription factors (Rlm1, Swi4/Swi6) regulating the
corresponding gene expression act as the output of the
CWI pathway (Figure 1(a) and reviewed in [5]). In addition,
oxidative stress activation of this pathway triggers the Slt2-
dependent cytoplasmic translocation and consequent degra-
dation of cyclin C [6, 7].

The cell wall sensor proteins are members of either
the Mid2 or Wsc subfamily [4]. The Wsc sensor subfamily
includes Wsc1, the mainWsc senor [8], Wsc2, andWsc3 [9].
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TCT TTC ATC C-- --- -TC ACC CAC - gfa1-1
S   S   I   F           T   H

485

[CNC1-

[CNC1-

URA3]

URA3]

[CNC1-
TRP1]

[GFA1-
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(a)

(b)

(c) (d)

(e)

cnc1Δ cnc1Δgfa1-1 gfa1-1 [CNC1-URA3]5-FOA
5-FOA

Figure 1: Negative synthetic growth defect in a cnc1Δ gfa1-1 mutant. (a) Model of the cell wall signaling pathway that regulates cyclin C
cytoplasmic translocation and consequent degradation. Adapted from [5] and data presented in [6, 7, 25] and this report. (b) An isolate
following EMS mutagenesis harboring either a URA3 (left half) or TRP1 (right half) marked CNC1 expression plasmid was streaked on
medium containing 5-FOA. (c) and (d)The gfa1-1 cnc1Δ double mutant strain was transformed with the indicated plasmids then streaked on
5-FOAmedium. All plates were incubated for 3 days at 30∘ before the image was taken. (e) Sequence analysis of the gfa1-1 allele is shown.The
six nucleotide deletion is indicated by the hash marks. The predicted amino acid sequences for the wild type and gfa1-1 encoded proteins are
indicated in single amino acid code.

The Mid2 subfamily contains Mid2 and Mtl1 that shares 50%
homology with Mid2 [10]. Although these cell wall sensors
share structural similarity, their sequences are not conserved.
The Wsc subfamily contains an N-terminal cysteine-rich
region, termed theCRDdomain,which is not present inMid2
or Mtl1. The CRD domain transiently interacts with the glu-
can chains in the cell wall, while the transmembrane domain
anchors the sensor in the plasma membrane. In response
to cell wall stress, the glucan chains are stretched, exerting
a force on the nanospring-like Ser/Thr-rich domain. This
results in a conformational change within the cytoplasmic
domain, which triggers the interaction with Rom2 and acti-
vates the downstream signaling cascade (reviewed in [11]).
Intermolecular interactions of the CRD domains promote
sensor clustering, with a concomitant increase of the down-
stream signaling.This local accumulation enhances the stress
signal and the cellular response [12].

Posttranslational modification is required for proper
function of these cell wall sensors. The N-glycosylation of
Asn35 is required for Mid2-dependent Slt2 activation [13].
However, this modification is not necessary for deposition of
Mid2 to the plasma membrane suggesting that glycosylation
is important for the protein to initiate the stress signal.
The production of UDP-N-acetyl-D-glucosamine (UDP-
GlcNAc), a building block forN- andO-linked glycosylation,
as well as the formation of GPI-anchors and chitin (reviewed
in [14]) is controlled by both extra- and intracellular cues. For
example, GFA1, which encodes glutamine fructose-6-phos-
phate aminotransferase, an enzyme that catalyzes the first and
rate-limiting step inUDP-GlcNAc production, is regulated in

response to mating pheromones [15], cell cycle progression
[16, 17], and cell wall damage [18]. Defects in this pathway
result in hypersensitivity to cell wall damage induced by
heat shock [19] or spore wall morphogenesis [20]. Defects in
glycosylation also result in cell death [21, 22] via Kex1, a pro-
tease involved in programmed cell death induced by acetic
acid or chronological aging [23].These results suggest an inti-
mate relationship between glycosylation, stress signaling, and
the execution of cell death programs in yeast.

The mechanisms underlying transcription factor activa-
tion by signal transduction pathways have garnered much
of the attention when studying how exogenous cues are con-
verted into changes in the gene expression program [24].The
other side of the coin, that is, removal of repressor proteins,
is not as well understood. In budding yeast, repression of
many stress response genes (SRG) including the HSP70
member SSA1 [25], CIT1, and DDR2 [6] is mediated by the
cyclin C-cyclin-dependent kinase 8 (Cdk8) module [26, 27].
This complex associates with the mediator component of the
RNA polymerase holoenzyme and plays both a positive and
negative roles in transcription depending on the specific locus
[28–30]. Unlike cyclins that regulate the cell cycle, cyclin C
levels do not vary significantly during the cell cycle in yeast
or human cells [25, 31]. To relieve cyclin C-Cdk8-depend-
ent repression in yeast, cyclin C is destroyed by a Not4-
dependent process in cultures subjected to a variety of stres-
sors [6]. Before it is destroyed, cyclin C (but not Cdk8) trans-
locates to the cytoplasm [6] where it is required for stress-
induced mitochondrial hyperfission (unpublished data;
K. F. Cooper, S. Khakhina, S. K. Kim, and R. Strich).
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Table 1: Yeast strains used in this study.

Strain Genotype Source
RSY10a 𝑀𝐴𝑇a ade2 ade6 can1-100 his3-11, 15 leu2-3, 112 trp1-1 ura3-1 [41]
W303-1Bb

𝑀𝐴𝑇𝛼 ade2 can1-100 his3-11, 15 leu2-3, 112 trp1-1 ura3-1 [42]
RSY391a cnc1::LEU2 [25]
RSY397 b cnc1::LEU2 This study
RSY1543 b cnc1::LEU2 gfa1-1 This study
RSY1539a chs3::KANMX4 This study
RSY1538b mid2::HIS3 This study
RSY1547a wsc1::KANMX4 mid2::HIS3 This study
RSY1659a MTL1-3HA::HIS3 This study
RSY1608a cnc1::LEU2 mtl1::TRP1 This study
RSY1660a mtl1::HIS3 This study
RSY1661b cnc1::LEU2 gfa1-1 MTL1-3HA::TRP1 This study
RSY1707b wsc1::KANMX4 mid2::HIS3 mtl1::TRP1 This study
RSY1844b wsc1::KANMX4 mid2::HIS3 pGAL-MTL1 This study
aGenotype:𝑀𝐴𝑇a ade2 ade6 can1-100 his3-11, 15 leu2-3, 112 trp1-1 ura3-1.
bGenotype:𝑀𝐴𝑇𝛼 ade2 can1-100 his3-11, 15 leu2-3, 112 trp1-1 ura3-1.

Mitochondrial hyper-fission is a conserved hallmark of
the stress response in higher eukaryotes [32–34] as well
as yeast [35–37] (see [38] for review). In many examples,
mitochondrial fission is an early event in the PCD pathway
[39, 40]. Thus, the resistance to ROS-induced programmed
cell death (PCD) exhibited by cyclin C null cells [6, 7] is likely
due to a defect in the extensive mitochondrial fragmentation
associated with cellular damage. These results indicate that
the normal cellular response to oxidative stress requires the
proper function of cell wall sensors that transduce the signal
to the nucleus to mediate translocation of cyclin C to the
cytoplasm. This study connects a complex sensor system
requiring proper N-glycosylation through Gfa1 function to
cyclin C relocalization, destruction, and programmed cell
death.

2. Materials and Methods

2.1. Yeast Strains, Plasmids, and Cell Culturing Conditions.
The strains used in this study are listed in Table 1 andmost are
derived from W303-related strains RSY10 (MATa ade2 ade6
can1-100 his3-11, 15 leu2-3, 112 trp1-1 ura3-1) [41] or W303-
1B [42]. In accordance with the Mediator nomenclature
unification effort [43] cyclin C (SSN8/UME3/SRB11) and
Cdk8 (SSN3/UME5/SRB10) we will use CNC1 and CDK8
gene designations, respectively. KANMX4 deletion strains
were constructed by integrating the PCR amplifiedKANMX4
deleted alleles obtained from the Research Genetics deletion
strain collection. Deletion alleles using other auxotrophic
markers or the Mtl1-3HA and pGAL-MTL1 strains were
constructed using gene replacement methodology [44]. The
cnc1Δ strains have been previously described [25]. All primers
used are listed in Table 2. Details about the plasmids used
in this study can be found in Table 3. The CNC1 ORF was
tagged with one copy of the myc epitope placed immediately
downstream of initiator methionine and creates a functional
protein [25]. The functional YFP-cyclin C fusion expression

plasmid construct (pBK37) was made by replacing the GFP
allele in the functional GFP-cyclin C construct, pBK1 [6]
with PCR amplified YFP. pID301 was created in two steps.
First, a 2.5 kbp EcoR1 fragment containing theCNC1minimal
subclone [25] was cloned into EcoR1 digested pRS316 [45]
to form pKC311. Second, ADE2 was inserted into pKC311 by
cloning the BamHI fragment from pAZ11 [46] into BglII cut
pKC311 to form pID301. pJB323 was made by cloning the
CNC1minimal subclone that contains its own promotor and
terminator sequences into ECOR1 cut pRS314 [45]. Further
details are available upon request. The 3HA-tagged MTL1
plasmids (pCJ3 and pCJ4) were made by PCR amplification
using Phusion Taq (Denville Scientific) of the chromosomally
tagged MTL1 ORF, promotor and terminator from RSY1659.
The PCR fragment was cut with SacII and EcoR1 and the
resulting fragment cloned into pRS423 or pRS426 [45],
respectively, digested with the same enzymes. TheMTL1N42A

andMTL1N547A constructs were generated using site-directed
mutagenesis on pCJ3 or pCJ4 according to themanufacturers
direction (Stratagene) with oligonucleotides listed in Table 2.
The remaining plasmids were gifts: pYO964 containing
hyperactive RHO1 allele (G19V) was provided by Y. Ohya.
BCK1-20 containing the constitutively active BCK1 allele and
the SLT2-HA expression plasmids were from D. Levin. Cells
were grown in either rich, nonselective medium (YPDA)
or synthetic minimal medium (SC) to allow for plasmid
selection as previously described [25]. Galactose inducible
gene expression was achieved by adding galactose (2% final
concentration) to cultures grown in SC with raffinose as a
carbon source.

2.2. Synthetic Lethality Screen. The colony color-sectoring
method was used as previously described [47]. Strain
(RSY397, ade2 cnc1::LEU2 ura3) harboring the CNC1 gene
on a plasmid with the ADE2 and URA3 selectable markers
(pID301) was grown to midlog phase (8 × 106), mutag-
enized with ethylmethane sulfonate (EMS) as previously
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Table 2: Primers used in this study.

Name Mutation created Oligonucleotide
MID2 F1 mid2Δ 5 TCGTTGAAGATTGGACATATAAAATACGCAAATCATAGTCGGATCCCCGGGTTAATTAA 3

MID2 R1 mid2Δ 5 AGGAATGAAAAGTAGCCATAAGCACTAAATGATATCAATGAATTCGAGCTCGTTTAAAC 3

WSC1 F wsc1Δ 5 GTA AAC TCG ACC AGG CAC 3

WSC1 R wsc1Δ 5 TATATCGTCTTTCAACGCGG 3

MTL1 F1 mtl1Δ 5 TTAACTTACTCCCAGTTAGTATAATATAAGTAGTTAAGGTCGGATCCCCGGGTTAATTAA 3

MTL1 R1 mtl1Δ 5 TTAAGAAGAAAAGTTATGGCAAAGCTGCTTTCGCTATGATGAATTCGAGCTCGTTTAAAC 3

MTL1 F2 MTL1-3HA 5 TATTACACGAAACCAAACAACGGCTTAAATATCACGAACTATCGGATCCCCGGGTTAATTAA 3

MTL1 F4 PGAL-MTL1 5 TTTAAACACTTCTAGTTCATTTCGGGTTGGTTCGATCTTGGAATTCGAGCTCGTTTAAAC 3

MTL1 R2 PGAL-MTL1 5 TTGAAGCAGAGCTCTTCTTCCTGGTCGGATTGCAGCTTGCCATTTTGAGATCCGGGTTTT 3

N42A-F Mtl1N42A 5 GCAGGAGTTGGTTCCAGCTGCTAGCACAACATCGAGCAC 3

N42A-R Mtl1N42A 5 GTGCTCGATGTTGTGCTAGCAGCTGGAACCAACTCCTGC 3

N547A-F Mtl1N547A 5 GAAACCAAACAACGGCTTAGCTATCACGAACTATTAAATC 3

N547A-R Mtl1N547A 5 GATTTAATAGTTCGTGATAGCTAAGCCGTTGTTTGGTTTC 3

KCO1234 Amplify gfa1-1 5 CGCTTACAAGAAAGCATTC 3

KCO1235 Amplify gfa1-1 5 GTCTAATTTAGGGCTGCAAC 3

Oligonucleotides used in this study with their accompanying mutation identified.

Table 3: Plasmids used in this study.

Plasmid name Gene Epitope tag Marker Promotor 2𝜇 or CEN Reference
pYO964 RHO1G19V No URA3 ADH1 CEN [66]
pKC311 CNC1 No URA3 CNC1 CEN This study
pKC800 GFA1 and LAP4 No TRP1 GFA1 and LAP4 CEN This study
pKC811 LAP4 No TRP1 LAP4 CEN This study
pKC812 GFA1 No TRP1 GFA1 CEN This study
pID301 CNC1 No URA3 and ADE2 CNC1 CEN This study
pBK37 CNC1 YFP TRP1 ADH1 CEN This study
pLR106 BCK1-20 No HIS3 ADH1 CEN [7]
pLR337 CNC1 1 myc TRP1 ADH1 CEN [25]
MPK1-HA SLT2 HA LEU2 MPK1 2𝜇 [67]
pCJ3 MTL1 3HA HIS3 ADH1 CEN This study
pCJ4 MTL1 3HA URA3 ADH1 CEN This study
pCJ11 MTL1N42A 3HA URA3 ADH1 CEN This study
pCJ12 MTL1N42A 3HA HIS3 ADH1 CEN This study
pCJ13 MTL1N547A 3HA HIS3 ADH1 CEN This study

described [41], and then plated on solid medium with lim-
iting adenine (6mg/mL). Colonies that were unable to lose
pID301 (as demonstrated by an unsectored colony) were
selected as candidates for further study. To further screen
these candidates, the colonies were transferred to solid
medium containing 5-fluoroorotic acid (5-FOA), an analog
in the uracil biosynthetic pathway. Colonies able to lose
the CNC1 plasmid with the URA3 gene would continue
to grow. We identified thirteen colonies unable to lose the
CNC1 expression plasmid suggesting that CNC1 was now
required for growth. From this double screen, one individual
(RSY1543) was chosen for further study as described in the
text due to strength of the slow growth phenotype. Verifica-
tion of the requirement for cyclinCwas achieved by swapping
pID301 for pJB323 and plating these cells on limiting adenine
and 5-FOA medium. The mutant allele responsible for this

synthetic phenotype was isolated by transforming RSY1543
harboring pID301 with the pRS200 (TRP1-marked) genomic
library (ATCC77164) and identifying cells that could growon
5-FOA medium. Plasmid DNA (pKC800) was recovered by
E. coli transformation from 5-FOA resistant cells that formed
white colonies and retransformed back into RSY1543 to verify
the complementation phenotype. pKC800 was sequenced
and determined to contain two ORFS, GFA1 and LAP4.
pKC811 (LAP4 ORF, promotor and terminator) and pKC812
(GFA1 ORF promotor and terminator) were created from
pKC800.

2.3. Identification of the gfa1-1 Mutation. The gfa1-1mutation
was identified by sequencing a PCR fragment generated from
the chromosomal copy of themutant allele in strain RSY1543.
In brief, yeast DNA from RSY1543 was made as previously
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described [25] and amplified using KCO1234 and KCO1235
which map 200 bp upstream and 200 bp downstream of
the GFA1 ORF, respectively. This PCR fragment was then
sequenced (Eurofins MWG Operon) and the results were
aligned with wild type GFA1 ORF. Further details of primers
used for sequencing are available upon request.

2.4. Survival and Stress Assays. For all stress assays, cells were
grown to midlog phase (6 × 106 cells/mL) and then treated
with H

2
O
2
or acetic acid at the concentrations described in

the text. Clonogenic viability studies were conducted with
midlog phase (6 × 106 cells/mL) treated with 100mM acetic
acid for 200min and then serially diluted (1 : 10) and plated on
minimal completemediumwith or without plasmid selection
as indicated in the text. Caspase assays were conducted
with three independent cultures as described [48] except
that the cells were incubated with the caspase substrate
(CaspSCREEN BioVision Inc.) at 37∘ for 24 h in the dark. At
least 20,000 cells were counted per sample. Statistical analysis
was performed using the unpaired Student’s t-test with 𝑃
values <0.05 being considered significant.

2.5. Western Blot Analysis. Extracts prepared for analyzing
myc-cyclin C levels were prepared from midlog cultures
(6 × 106 cells/mL) as described previously [25] except that
the lysis buffer used was 150mM NaCl, 50mM Tris-HCl
pH 8.0, 1% NP-40, 0.15% deoxycholic acid sodium salt,
1 𝜇g/mL pepstatin, 1𝜇g/mL leupeptin, and 0.2% protease
inhibitor cocktail (Sigma). In brief, 500𝜇g of soluble extract
was immunoprecipitated using either anti-myc or anti-HA
antibodies (Roche), collected on agarose A beads, and then
analyzed byWestern blot. For monitoringMtl1 glycosylation,
a gradient acrylamide gel was used (5–10%) to allow resolu-
tion of both modified and unmodified signals on the same
gel. Western blot signals were detected using goat 𝛼-mouse
secondary antibodies conjugated to alkaline phosphatase
(Sigma) and the CDP-Star chemiluminescence kit (Tropix).
Signals were quantitated by phosphorimaging (Kodak Inc.).
Half-life determinations were calculated by linear regression
analysis with curves possessing 𝑟 values >0.9. Relative cyclin
C concentrations were standardized internally to Tub1 levels
before comparing to other values. Slt2-HA phosphorylation
was detected using 𝛼-phospho-p44/42 antibodies (Cell Sig-
naling) as previously described [7]. Tub1 was visualized using
𝛼-tubulin antibodies (12G10) were obtained from the Devel-
opmental Studies Hybridoma Bank (University of Iowa).

2.6. N-Glycosylation Assay. Mtl1 N-glycosylation was moni-
tored as described previously [13]. Briefly, crude membrane
extracts were prepared from 250mL midlog cultures har-
boring the Mtl1-3HA plasmid indicated (5 × 106 cells/mL in
minimal medium). An equal volume of glass beads to the cell
pellet was added, and the cells lysed with 500𝜇L lysis buffer
(150mM NaCl, 50mM Tris-HCl pH 8.0, 1% NP-40, 0.15%
deoxycholic acid sodium salt, 1 𝜇g/mL pepstatin, 1𝜇g/mL
leupeptin, and 0.2% protease inhibitor cocktail (Sigma))
by vortexing four times for 1min (with 1min intervals on
ice). Cell debris was removed by centrifugation for 5min at

3500×g at 4∘C. Crude membranes were collected from the
supernatant by centrifugation for 30min at 18,000×g at 4∘C
(Beckman TLA-55 rotor) and resuspended in 100𝜇L lysis
buffer. The crude membranes were digested with 2,500 units
of Endo H (New England Biolabs) for 2 h at 37∘C. Mock
incubationswere carried out without EndoH. Reactionswere
stopped by adding 3X SDS sample buffer and analyzed by
Western blot.

2.7. Immunofluorescence Microscopy. Localization studies of
chimeric fusion proteins were performed on cells fixed in
3.7% paraformaldehyde and stained with 4,6-diamidino-
2-phenylindole (DAPI). For all experiments, the cells were
grown to midlog (5 × 106 cells/mL), treated with the H

2
O
2

concentrations and timepoints indicated in the figures, and
then analyzed by fluorescence microscopy. Images were
obtained using a Nikon microscope (model E800) with a
60X objective (Plan Fluor Oil, NA 1.3) and a CCD camera
(RETIGA Exi). Data were collected using NIS software and
processed using Image Pro software. All images of individual
cells were optically sectioned (0.2𝜇 slices at 0.6𝜇 spacing) and
deconvolved.

3. Results

3.1. Gfa1 and Cyclin C Display a Negative Genetic Interaction.
Cyclin C is a target of the cell wall integrity pathway
and required for programmed cell death [7]. To identify
additional components of this regulatory network, a synthetic
lethality screen was undertaken (see Section 2 for details).
These studies identified a mutant that was unable to grow
in the presence of the counterselection drug 5-FOA when
cyclin C was expressed from a plasmid containing the URA3
selectablemarker (Figure 1(b), left panel). However, introduc-
tion of CNC1 on a plasmid with the TRP1 selectable marker
was able to lose theURA3 based plasmid indicating the cyclin
C expression was required for normal cell growth (Figure
1(b), right panel). Continued incubation of these plates did
permit limited growth of the double mutant strain (data not
shown). This indicates that the phenotype observed was not
due to synthetic lethality but rather a severe growth defect.

To identify the gene corresponding to the mutant allele
responsible for this synthetic phenotype, a genomic library
was introduced into this strain and transformants were
identified that were now able to grow in the absence of cyclin
C. One transformant was identified that contained a genomic
contig with two intact genes, GFA1 and APE1/LAP4 (Figure
1(c), left panel). To determine which of these genes possessed
the complementation activity, plasmids were introduced into
the mutant strain expressing either GFA1 or APE1. This
experiment revealed that GFA1 complemented the synthetic
growth phenotype (Figure 1(d)). Since GFA1 is an essential
gene, our allele (gfa1-1) must be hypomorphic but still
possessing sufficient activity for survival. To determine the
nature of this allele, DNA sequence analysis was performed
on PCR products specific to the GFA1 coding region gen-
erated from the gfa1-1 strain. This analysis revealed a six
nucleotide deletion which changed S486 to a phenylalanine
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Figure 2: Gfa1 is required for cyclin C relocalization and destruction. (a) Diagram ofGfa1 functions in the cell. (b) Gfa1 is required for cyclin C
destruction. Wild type (RSY10), gfa1-1 cnc1Δ (RSY1543), and chs3Δ (RSY1539) midlog phase cultures expressing myc-cyclin C (pLR337) were
treated with 0.4mMH

2
O
2
for the indicated times in hours. Cyclin C levels were determined byWestern blot analysis of immunoprecipitates.

Tub1 levels were used as a loading control. (c) YFP-cyclin C subcellular localization was monitored in a wild type and gfa1-1 cnc1Δ strains
harboring pBK37 before and following H

2
O
2
treatment. DAPI staining was used to identify the nucleus. (d) Gfa1 functions upstream of the

CWI pathway. Cyclin C levels were determined byWestern blot analysis of immunoprecipitates in a midlog phase wild type (RSY10) or gfa1-1
cnc1Δ (RSY1543) cultures expressing myc-cyclin C (pLR337) and either a vector control (v), BCK1-20 or RHO1G19V. Tub1 levels were used as
a loading control.

and deleted R487 and V488 (Figure 1(e)). The remainder of
the protein appears unaltered. This small deletion resides in
one of two sugar isomerase (SIS) domains found in many
sugar binding proteins [49].This result suggests that the small
deletion in Gfa1 reduces, but does not eliminate, Gfa1 activity.

3.2. Gfa1 Is Required for Cyclin C Destruction in Response
to Oxidative Stress. GFA1 encodes an essential glutamine-
fructose-6-phosphate aminotransferase that catalyzes the
first step in GlcNAc biosynthesis [15]. GlcNAc is involved in
several biological processes including GPI anchor formation,
chitin biosynthesis, and the substrate for N- and O-linked
glycosylation (Figure 2(a)). Given the established role of
Gfa1 in cell wall maintenance and our previous findings
that cell wall stressors induce cyclin C destruction, we next
determined if Gfa1 is required for oxidative stress-induced
degradation of cyclin C. A CNC1myc tagged allele under the

control of the ADH1 promoter was placed on a single copy
plasmid and introduced into the gfa1-1 mutant. Myc-cyclin
C levels were monitored by Western blot analysis following
exposure to hydrogen peroxide (0.4mM). Compared to wild
type, myc-cyclin C levels were not reduced in the gfa1-
1 strain (Figure 2(b)). These results indicate that Gfa1 is
required for normal cyclin C destruction. However, chitin
synthase (CHS3) is not required for cyclin C destruction
(Figure 2(b)). Although other chitin synthases are present in
the cell, chs3 mutants display several phenotypes similar to
gfa1mutants including spore wall assembly and temperature
sensitive growth [50]. Taken together, these results suggest
that Gfa1 functions other than stimulating chitin formation
are involved in regulating cyclin C destruction.

Our previous report indicated that cyclin C relocalization
from the nucleus to the cytoplasm was required for
both cyclin C destruction and programmed cell death
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execution [6]. Therefore, we next asked whether Gfa1 was
also required for cyclin C relocalization. A wild type and
gfa1-1 strain was transformed with a plasmid expressing YFP-
cyclin C. We have previously demonstrated that this reporter
proteinwas functional and recapitulated normal cyclin C reg-
ulation [6]. In response to H

2
O
2
treatment, YFP-cyclin C foci

were observed in the cytoplasm in the wild-type strain (Fig-
ure 2(c)). However, YFP-cyclin C remained predominantly
nuclear in the gfa1-1 strain. These results indicate that Gfa1 is
required for ROS-induced nuclear to cytoplasmic transloca-
tion of cyclin C.

The results just described indicate that Gfa1 is required
for the oxidative stress signal to induce cyclin C relocalization
and destruction. We have reported that the cell wall integrity
MAP kinase pathway is necessary for this process (see Figure
1(a) and [7]). To determine if Gfa1 functions upstream or
downstream of this signaling pathway, epistasis experiments
were conducted. Plasmids expressing either constitutively
active alleles of RHO1 (RHO1G19V) or BCK1 (BCK1-20) were
introduced into a wild type strain and the gfa1-1 mutant.
Cyclin C levels were monitored in these cultures in the
absence of stress. As previously reported [7] constitutive
activation of Bck1 or Rho1 (this study) can induce cyclin
C destruction in the absence of stress (Figure 2(d)). A
similar result was obtained in the gfa1-1 strain. The low level
retention of cyclin C in the gfa1-1 culture expressing Rho1G19V
was reproducible suggesting that Gfa1 function is partially
required for Rho1G19V-induced cyclin C destruction. These
results indicate that Gfa1 mediates stress-induced cyclin C
relocalization and destruction.These results suggest that Gfa1
may regulate cyclin C destruction through glycosylation of a
CWI pathway component.

3.3. Mtl1, Mid2, andWsc1 Are Required for Cyclin C Degrada-
tion in Response to Moderate Oxidative Stress. N-Glycosyla-
tion is required for the proper function of Mid2, a cell wall
sensor that is required to transduce the cell wall stress signal
[13]. To determine which cell wall sensor (or sensors) is
required to transmit the stress signal to cyclinC,we examined
cyclin C levels in sensor mutants following exposure to H

2
O
2

(0.4mM). Cyclin C was protected from destruction in the
mtl1Δ strain indicating that Mtl1 is required for this process
(Figure 3(a), quantitated in Figure 3(c)). However, deleting
MID2 did not significantly alter cyclin C degradation kinetics
(Figure 3(b)) suggesting that a functional specialization exists
between these two members of the N-glucosamine modified
family. Previous studies have shown that Mid2 and Wsc1
have redundant functions as oxidative stress sensors [2].
Consistent with this finding, cyclin C was not destroyed
following H

2
O
2
stress in mid2Δ wsc1Δ cells (Figure 2(b))

indicating that these proteins perform overlapping functions
controlling cyclin C destruction. Interestingly, the prestress
cyclin C levels were lower in the double mutant compared
to the wild type. This observation may reflect the activation
of another stress pathway that recognizes instability in the
cell wall due to the loss of these sensors (reviewed in
[11]) resulting in partial cyclin C destruction. A similar
reduction in cyclin C levels was observed in unstressed

slt2Δmutants [7]. Taken together, these data suggest that two
sensor groups, Mid2/Wsc1 and Mtl1, mediate H

2
O
2
-induced

cyclin C destruction.
Previous studies indicated that the CWI MAPK Slt2

is required for H
2
O
2
induced cyclin C destruction [7].

To determine if the Mid2/Wsc1 and Mtl1 sensor groups
signal cyclin C destruction through Slt2, its activation was
monitored by Thr and Tyr T-loop phosphorylation [51]. T-
loop phosphorylation specific antibodies were used to probe
Western blots of Slt2 immunoprecipitated from extracts pre-
pared from wild type, mtl1Δ, or mid2Δ wsc1Δ strains before
and after exposure to 0.4mM H

2
O
2
. As previously reported

[7] a transient elevation in phosphorylated Slt2 was detected
in wild-type cells (Figure 3(d)). A similar result was obtained
in the mtl1Δ strain while the mid2Δ wsc1Δ double mutant
displayed a reduction in total Slt2 activation. To determine if
both sensor groups contributed to Slt2 activation, the exper-
iment was repeated in the mid2Δ wsc1Δ mtl1Δ triple mutant.
This analysis revealed no detectable Slt2 phosphorylation
under these conditions (Figure 3(e)). These results suggest
that both Mid2/Wsc1 and Mtl1 groups are required for
normal Slt2 activation in response to low-level H

2
O
2
expo-

sure.

3.4. Mtl1 Is N-Glycosylated on Asn42 in a Gfa1-Dependent
Manner. Our results indicating that both Mtl1 and Gfa1 are
required for ROS-induced cyclin C destruction prompted
further experiments to determine if these proteins were
functionally related. Given the role of Gfa1 in production
of GlcNAc, we tested whether Mtl1 was N-glycosylated.
The MTL1 gene was tagged in the chromosome with three
HA epitopes (3HA). Mtl1-3HA was immunoprecipitated and
this immunoprecipitate was split and one half was treated
with Endo H to remove glycosylation. Western blot analysis
revealed that most of the Mtl1-3HA signal migrated at an
apparent molecular weight of 56 kDa close to its predicted
size (arrowhead, Figure 4(a)). A significantly slower species
was also observed (open arrow) that shifted to a faster mobil-
ity upon Endo H treatment (solid arrow). The remaining
high molecular weight Mtl1 species was most likely due
to O-mannosylation. These results indicate that, as recently
reported [52], Mtl1 is N-glycosylated. Inspection of the Mtl1
sequence for consensus N-glycosylation recognition sites
(NxS/T, x ̸=P) revealed twomotifs at Asn42 andAsn547. Site-
directedmutagenesis was used to substitute alanines for these
Asn residues and the experiments were repeated. Unlike the
N547A mutant, Mtl1N47A did not display the characteristic
shift in mobility upon EndoH treatment (Figure 4(b)).These
results indicate that Mtl1 is modified on N42.

Finally, Mtl1 modification was examined in the gfa1-1
mutant. In these experiments, two differences were observed
compared to the wild-type control. First, Mtl1 mobility was
enhanced following PAGE in the untreated mutant extract
compared to wild type (Figure 4(c), compare open and dark
grey arrows). Treatment of these samples with Endo H
resulted in furthermobility enhancement (compare solid and
light grey arrows) although to a lesser extent. These results
suggest that Mtl1 is still N-glycosylated to some extent, most
likely due to residual Gfa1-1 activity. The second result was
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Figure 3: Mtl1 andMid2/Wsc1 membrane sensors are required for cyclin C destruction following 0.4mMH
2
O
2
stress. (a)Wild type (RSY10)

and mtl1Δ (RSY1660) expressing myc-cyclin C (pLR337) were grown to midlog phase (0 h) and then treated with 0.4mM H
2
O
2
for the

indicated times in hours. Cyclin C levels were determined byWestern blot analysis of immunoprecipitates. Tub1 levels were used as a loading
control. (b) Cyclin C levels were monitored in mid2Δ (RSY1538), mid2Δ wsc1Δ (RSY1547), and mid2Δ wsc1Δ mtl1Δ (RSY1707) strains as
described in (a). (c) Quantification of the results obtained in (a) and (b). (d) T-loop phosphorylation (top panel) and immunoprecipitations
(bottom panel) of Slt2-HA in wild type, mtl1Δ, mid2Δ wsc1Δ, and (e) mid2Δ wsc1Δ mtl1Δ following 0.4mM H

2
O
2
treatment for the times

indicated (h).

that the total amount of modified Mtl1 was reduced in the
gfa1-1 mutant with a corresponding increase in the unmodi-
fied form compared to wild-type extracts. In this experiment,
twice the amount of the gfa1-1 extract was required to
visualize modified Mtl1. These results indicate that Mtl1 is
N-glycosylated on Asn42 and that this modification requires
Gfa1. In addition, the loss of Gfa1 activity reduces the steady
state levels of modified Mtl1.

3.5.Mtl1 N-Glycosylation Is Required for Normal ROS-Induced
PCD and Cyclin C Degradation. Previous studies have found
that mutants lacking Mtl1 are hypersensitive to H

2
O
2
treat-

ment [53]. To determine whether this loss in viability was due
to PCD or necrosis, an mtl1Δ strain was transformed with
plasmids expressing wild-type MTL1 or the vector control.
Three independent transformants were grown to midlog
phase and subjected to 0.4mMH

2
O
2
for 4 h.These cells were
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Figure 4: Mtl1 is glycosylated on Asn42. Immunoprecipitates from extracts prepared from a wild-type strain expressing Mtl1-3HA from its
normal promoter were either subjected (+) or not (−) to Endo H treatment. Molecular weight standards (kDa) are given on the left. The
arrowhead indicates the migration of the unmodified Mtl1-3HA. Open and closed arrows indicate modified Mtl1-3HA before and after Endo
H treatment, respectively. (b) Site directed mutagenesis was used to substitute alanine for asparagine at position 42 or 547. The experiments
described in (a) were repeated with the modified forms of Mtl1. (c) The experiment described in (a) was repeated with a wild type and gfa1-1
mutant. Open and dark grey arrows indicated fully modified form in wild type and gfa1-1mutant, respectively. Closed and light grey arrows
indicate the Endo H treated samples in wild type and the gfa1-1mutant, respectively.

analyzed for caspase activity using a fluorescent substrate
and flow cytometry (see Section 2 for details). These studies
revealed a significant increase in caspase active cells in the
cells lackingMTL1 expression (Figure 5(a)) indicating that at
least a portion of the enhanced cell death observed in mtl1Δ
mutants is due to PCD. To determine if N-glycosylation was
required for this activity, the experiment was repeated with
the mtl1Δ strain harboring a plasmid expressing mtl1N42A.
This study revealed an intermediate elevation in PCD com-
pared to the wild type and the null strain values.These results
suggest that loss of N-glycosylation reduces, but does not
eliminate, Mtl1 function with respect to H

2
O
2
-induced PCD

execution.
We next determined whether this intermediate pheno-

type was observed under two additional stress conditions
known to induce PCD, namely, higher H

2
O
2
concentrations

or exposure to acetic acid. Surprisingly, exposing these
cultures to higher H

2
O
2
levels did not significantly change

caspase activation between the three cultures. Conversely,
the acetic acid treated mtl1N42A expressing strain exhibited
similar levels of caspase activation compared to the vector
control.This hypersensitivity to acetic acid was also observed
in plating assays (Figure 5(b)) indicating thatN-glycosylation
is important forMtl1 function following acetic acid treatment.
These results indicate that Gfa1-dependent N-glycosylation
of Mtl1 is required for the normal cellular response to low
levels of H

2
O
2
and acetic acid. However, this activity is

dispensable in cells exposed to higher concentrations of
peroxide. These results suggest that the cell can modulate the
signal transduction configuration based on the extent and
type of damage encountered.

3.6. Increasing H
2
O
2
Concentrations Elevates CWI Pathway

Activation. The results just described indicated that Mtl1 is
important for transducing a low-level ROS signal but not that

of a higher concentration. To examine this question further,
we investigated the role of the Mtl1 and Mid2-Wsc1 sensor
groups in transducing high-level H

2
O
2
exposure. Western

blot analysis was used to monitor cyclin C levels before and
following the addition of 0.8mM H

2
O
2
to wild type, mtl1Δ,

mid2Δwsc1Δ, andmtl1Δmid2Δwsc1Δmidlog-phase cultures.
Unlike the results obtained with lower H

2
O
2
concentration,

loss of either the Mtl1 or Mid2/Wsc1 groups did not protect
cyclin C from destruction (Figure 6(a)). Consistent with this
finding, Slt2 activation was readily observed in both mtl1Δ
and mid2Δ wsc1Δ mutants (Figure 6(b)). However, eliminat-
ing both groups (mtl1Δmid2Δ wsc1Δ) stabilized cyclin C and
suppressed Slt2 activation. These results suggest that as ROS
exposure increases, either Mtl1 or Mid2/Wsc1 can initiate
a signal sufficient to trigger cyclin C destruction. However,
cyclin C destruction still occurs in the triple sensor mutant
when the H

2
O
2
concentration is raised to 1.2mM (Figure

6(a)). These findings suggest that an additional pathway(s)
is now enabled that can initiate cyclin C destruction under
severe stress exposure (see Section 4).

The above results suggest a model in which H
2
O
2
-

mediated cyclin C destruction is regulated differently
depending on the ROS dose. Twomodels seemmost likely to
describe these results. First, theremay be a linear relationship
between the amount of ROS applied and the effective rate
for cyclin C destruction. Alternatively, there may be separate
pathways whose activation occurs under specified stress
conditions. To begin testing these possibilities, cyclin C levels
were monitored in a wild-type strain exposed to increasing
concentrations of H

2
O
2
. For these experiments, a single

poststress timepoint of one hour was chosen as it represents
an intermediate time so that changes in destruction kinetics
can be identified. In wild-type cells, the addition of H

2
O
2

up to 0.4mM does not induce an appreciable decline in
cyclin C levels after 1 h (Figure 6(c), quantitated Figure 6(d)).
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Figure 5: Mtl1 N-glycosylation is required for efficient stress-
induced PCD execution. (a) The mtl1Δ strain (RSY1660) trans-
formed with plasmids expressing MTL1 (pCJ4), MTL1N42A (pCJ10),
or the vector control was subjected to H

2
O
2
or acetic acid at

the indicated concentrations for 240, 200, and 200m, respectively.
Caspase assays were performed on three independent cultures and
the mean ± S.E.M. is indicated. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01. (b) Strains
described in (a) were grown to midlog phase and then either treated
or not with 100mM acetic acid for 200min. The cells were serially
diluted (1 : 10) and then spotted onto growth medium. The images
were obtained following 2 days incubation at 30∘C.

However, a significant reduction in cyclin C levels is observed
at 0.6mM H

2
O
2
. A continued reduction in cyclin C levels

is observed at 0.8mM but they remain relatively constant
through 1.2mM. These results are more consistent with
the second model that additional pathways able to trigger
cyclin C destruction are enabled in the 0.8–1.2mM H

2
O
2

concentrations. To further test this model, the experiment
was repeated with the mtl1Δ mutant. Interestingly, following
a delay in cyclin C destruction until 0.6mM, a very similar
profile was observed except that the 0.8 to 1.2mM plateau
occurred around 50% of cyclin C remaining versus approxi-
mately 15% for the wild-type strain.These results suggest that
Mtl1 contributes to the oxidative stress signal regardless of
the level of ROS and that additional pathways are activated to
destroy cyclin C as ROS exposure increases (see Section 4).

3.7. Sensor Concentration Regulates the Cyclin C Destruc-
tion Signal. The results just described suggest a model that
increased oxidative stress is able to induce more rapid
destruction of cyclin C. To determine if this difference in
destruction kinetics could be explained by elevated Slt2 acti-
vation, the extent of T-loop phosphorylation was monitored
in cultures exposed to low (0.4mM) or high (0.8mM) H

2
O
2

concentrations. These concentrations were chosen as they
represent the two steps observed with cyclin C destruction
(see Figure 6(d)). These experiments revealed that Slt2 acti-
vation was elevated in cultures subjected to 0.8mM H

2
O
2

compared to 0.4mM (Figure 7(a)). In addition, cyclin C
destruction kinetics are enhanced in response to high ROS
conditions (compare cyclin C degradation kinetics between
Figures 3(a) and 6(a)). Taken together, these results suggest
that activation ofmultiple stress pathways leads to heightened
Slt2 activation and more rapid cyclin C destruction.

Since elevated H
2
O
2
concentrations are able to increase

Slt2 stimulation, we next asked if the different stress sensors
generated a specific signal or Slt2 was simply responding to
overall signal intensity. To test these possibilities, a plasmid
containingMTL1 under the control of the galactose inducible
promoter (GAL1) was introduced into amid2Δ wsc1Δ double
mutant. In the presence of the repressing carbon source
glucose, cyclin C was not destroyed in response to low H

2
O
2

levels in the double mutant (Figure 7(b)) as we observed
previously (see Figure 3(b)). Growing this culture in galac-
tose medium, which induced Mtl1 overexpression, allowed
normal cyclin C destruction to occur. These results indicate
that overexpression of Mtl1 can compensate for the loss of
theMid2/Wsc1 signal.This finding is consistent with amodel
that overall sensor activity, and not a sensor-specific signal,
mediates cyclin C destruction. Taken together, these results
indicate that elevated sensor signaling, either by increasing
the sensor or H

2
O
2
concentrations, can more efficiently

induce cyclin C destruction.

4. Discussion

ROS generated by oxidative phosphorylation in the mito-
chondria are normally neutralized by the intrinsic anti-
oxidant system.The addition of exogenous prooxidants (per-
oxides, heavy metals) triggers the oxidative stress response.
Low-level oxidative stress induces cell cycle arrest until
the damage has been repaired. Conversely, extensive ROS-
induced damage activates the programmed cell death path-
way. Our previous studies found that oxidative stress induces
the nuclear to cytoplasmic relocalization and destruction of
the stress response gene transcriptional repressor cyclin C.
In addition, cyclin C translocation is required for efficient
PCD execution making the signaling pathway that transmits
the ROS signal critical for the decision to enter PCD. In
this report, we describe the sensor array that transmits the
cyclin C destruction signal following H

2
O
2
treatment. Using

cyclin C relocalization and destruction as readouts, this study
revealed that the cell wall sensors Mtl1 and either Mid2 or
Wsc1 combinations are required for low-level ROS signaling
to cyclin C. However, our data suggest that the cell is sensing
the total signal, not a specific activity derived from each
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Figure 6:Membrane sensors are not required for cyclinC destruction following 0.8mMH
2
O
2
stress. (a)Wild type (RSY10),mtl1Δ (RSY1660),

mids2Δ wsc1Δ (RSY1547), and mid2Δ wsc1Δ mtl1Δ (RSY1707) strains expressing myc-cyclin C (pLR337) were grown to midlog phase (0 hr)
and then treated with 0.8mM or 1.2mM H

2
O
2
for the indicated times. Cyclin C levels were determined by Western blot analysis of

immunoprecipitates. Tub1 levels were used as a loading control. (b) Phosphorylation (top panels) and immunoprecipitation (bottom panels)
of Slt2-HA in wild type, mtl1Δ, mids2Δ wsc1Δ, and mid2Δ wsc1Δ mtl1Δ strains following 0.8mM H

2
O
2
treatment. (c) Kinetics of cyclin C

degradation are dependent upon the H
2
O
2
dose. Wild type (RSY10) and mtl1Δ (RSY1600) strains expressing myc-cyclin C (pLR337) were

grown to midlog phase (0 hr) and then treated with increasing amounts of H
2
O
2
for 1 hour. Cyclin C levels were determined byWestern blot

analysis of immunoprecipitates. Tub1 levels were used as a loading control. (d) Quantification of cyclin C levels in (c).

of these sensors. In addition, Mtl1 signaling requires N-
glycosylated via a Gfa1-dependent process. In response to
higher concentrations of prooxidant, additional pathways are
activated that do not require these sensors. These findings
indicate that the cell is able to respond to differing levels
of oxidative stress through activation of multiple signaling
pathways.

This study was initiated by the finding that a muta-
tion in GFA1 caused cells deleted for cyclin C to grow
very slowly. This synthetic growth defect suggested that
these factors somehow functioned in similar or redundant

pathways. However, our data indicate that Gfa1 is required
for the ROS-induced destruction of cyclin C indicating
opposing functions. Thus, why are cnc1Δ gfa1-1 mutants
synthetically sick? One possibility takes into consideration
that cyclin C is part of the Cdk8 module that represses over
100 genes [55, 56] while Gfa1 controls the modification of
proteins through the production of GlcNAc andGPI anchors.
Therefore, there are multiple opportunities for these two
mutations to interact. For example, cyclin C-Cdk8 represses
the transcription of GIP2 [55], an activator of the protein
phosphatase Glc7 [57]. Hyperactivation of Glc7 displays a



12 Oxidative Medicine and Cellular Longevity

0 1 2 4 0 1 2 4

Slt2-HA

Slt2- P

h + 0.4 mM H2O2 h + 0.8 mM H2O2

(a)

GalactoseGlucose

Cyclin C

Tub1

0 1 0 1

pGAL-MTL1

h + H2O2

mid2Δ wsc1Δ

(b)

CW

PM

Low ROS stress

Cyclin C relocalization slow

High ROS stress Extreme ROS stress

Cyclin C relocalization fast Cyclin C relocalization faster

Mtl1 Wsc1Mid2

?

(c)
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2
O
2
treatment as indicated. (b) A mid2Δ wsc1Δ mutant

(RSY1844) harboring an integrated copy ofMTL1 under the control of the GAL1 promoter and cyclin C-myc (pLR337) was grown to midlog
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2
O
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were monitored byWestern blot analysis of immunoprecipitates. Tub1 levels were used as a loading control. (c) Model of combinatorial signal
transduction pathway control for cyclin C regulation. Sensors associated with the plasma membrane (PM) and cell wall (CW) are indicated.
Sensor activity in response to low, high, and extreme ROS exposure is indicated. Under low stress conditions, the combined signals from
both Mtl1 and Mid2/Wsc1 are required to trigger cyclin C relocalization and destruction. High stress conditions generate more signal from
each group, perhaps through sensor clustering as proposed for Wsc1 [12, 54]. Extreme stress environment proposes the existence of another
pathway, represented here by the question mark, that contributes to the overall stress. The location of this pathway at the plasma membrane
was done for convenience and does not imply another cell wall sensor system per se.

growth defect in combination with mutations in the CWI
pathway [58], which requires glycosylated Mlt1 for normal
activity. Therefore, although the interactions may not be
direct, the proper function of both cyclin C and Gfa1 as
regulators of the stress response is important for normal cell
growth.

An important question is how the cell responds to differ-
ences in stress signal intensities. The Wsc group is proposed
to function as a mechanosensor in which the transmembrane
domain anchors the protein in the plasma membrane while
the head groups provide a dynamic interaction with the cell
wall [24, 54, 59]. Here, we have identified specific sensor
combinations that are required for cyclin C destruction. A
current model in the field suggests that sensor concentration
is an important factor for relaying the intensity of the damage
signal [54, 59]. Our results can also be viewed in this overall
framework. At low ROS levels, the combined activity of the
Mtl1 and Wsc1/Mid2 sensor array is necessary to generate a
signal sufficient to induce cyclin C destruction (Figure 7(c)).
In response to elevated oxidative stress, each sensor group

generates a signal on its own sufficient to induce cyclin C
translocation to the cytoplasm. This ability may be partially
explained by a clustering mechanism just described. At high
stress levels, inactivating either Mtl1 or Mid2/Wsc1 still
permits the generation of a signal sufficient to induce cyclin
C relocalization and destruction. Our finding that simply
increasing the levels of Mtl1 can suppress the requirement for
Mid2 and Wsc1 suggests that overall signal intensity, not a
specific signal generated by each senor type, is being read by
the cell. By sensing the increased overall signal, the cell could
respond by a more intense and sustained Slt2 activation,
which in turn promotes a more rapid translocation of cyclin
C to the cytoplasm. Thus, the rate of cyclin C appearance in
the cytoplasm may represent a measure for the extent of the
cellular damage encountered.

Since cyclin C is still destroyed in the absence of Mtl1 and
Mid2/Wsc1 at extreme stress levels, this model would require
that an additional, yet undefined, pathway (or pathways)
activated is able to contribute cyclin C translocation. One
possible pathway would involve the additional Wsc family
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members Wsc2 and Wsc3. Wsc2 overexpression is able to
suppress the requirement for Mid2 [10] suggesting that a
functional overlap exists between these sensors. An alterna-
tive, but not mutually exclusive, possibility is that as exoge-
nously added H

2
O
2
increases, lipids, protein, and finally

DNA are oxidized [60]. Oxidized proteins are selectively
degraded by the proteasome [61] while DNA damage is
sensed by several well-characterized pathways [62]. Main-
tenance of the redox state in the ER is critical for proper
disulfide bond formation by Ero1 during nascent peptide
folding (see [63] for review). An oxidized ER environment
restricts Ero1 function resulting in misfolded proteins and
ultimately ER stress. In addition, a product of Ero1 function
is H
2
O
2
, which can add to the oxidative stress load especially

under condition of elevated protein synthesis and/or defects
in the protein folding system. For example,N-glycan addition
is important for the folding of secretory proteins. Inactivation
of this N-glycosylation step through the use of tunicamycin
can initiate ER stress which involves an ER to nuclear translo-
cation of a transcription factor [64]. Interestingly, cyclin
C is partially destroyed in cells treated with tunicamycin
[65] although Slt2 was not activated. These observations
suggest that ER stress induced by protein folding deficiencies
can also trigger cyclin C destruction. Therefore, depending
on the level of ROS exposure, the signaling repertoire of
the cell is altered to reflect detected damage at different
cellular compartments. By having these pathways conflating
their respective signals at cyclin C, the cell could detect
and respond to significant damage even if one pathway is
defective.
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We recently showed that activated Ras proteins are localized to the plasmamembrane and in the nucleus in wild-type cells growing
exponentially on glucose, while in the hxk2Δ strain they accumulated mainly in mitochondria. An aberrant accumulation of
activated Ras in these organelles was previously reported and correlated to mitochondrial dysfunction, accumulation of ROS, and
cell death. Here we show that addition of acetic acid to wild-type cells results in a rapid recruitment of Ras-GTP from the nucleus
and the plasma membrane to the mitochondria, providing a further proof that Ras proteins might be involved in programmed cell
death. Moreover, we show that Hxk2 protects against apoptosis in S. cerevisiae. In particular, cells lacking HXK2 and showing a
constitutive accumulation of activated Ras at the mitochondria are more sensitive to acetic-acid-induced programmed cell death
compared to the wild type strain. Indeed, deletion of HXK2 causes an increase of apoptotic cells with several morphological
and biochemical changes that are typical of apoptosis, including DNA fragmentation, externalization of phosphatidylserine, and
ROS production. Finally, our results suggest that apoptosis induced by lack of Hxk2 may not require the activation of Yca1, the
metacaspase homologue identified in yeast.

1. Introduction

In Saccharomyces cerevisiae the highly homologous genes
RAS1 and RAS2 encode small G-proteins that are activated by
the guanine nucleotide exchange factors (GEFs), Cdc25 and
Sdc25 [1, 2] and inactivated by theGTPase-activating proteins
(GAPs), Ira1 and Ira2 [3]. GEFs and GAPs control the switch
of the two small monomeric proteins between the active
GTP-bound and the inactive GDP-bound state. The Ras pro-
teins and theGPCR system [4–6] constitute twobranches that
modulate the activity of adenylate cyclase (Cyr1), according
to the glucose availability in the environment. In turn Cyr1
[7] activates cAMP-dependent protein kinase (PKA) through
cAMP.The amount of this secondmessenger is also regulated
at the level of degradation by the two phosphodiesterases,
Pde1 and Pde2. PKA plays a major role in the modulation of
metabolism, stress resistance, cell growth, proliferation, mor-
phogenesis, and aging [8].

Recently, our group expressed a probe consisting of aGFP
fusion with a trimeric Ras Binding Domain of Raf1 (eGFP-
RBD3), which binds Ras-GTP with a much higher affinity
than Ras-GDP, to investigate the localization of active Ras in
wild-type and in mutant strains in the cAMP/PKA pathway
[9]. Our results showed that in W303-1A wild-type cells the
probe is localized essentially at the plasma membrane and in
the nucleus, while in hxk2Δ cells the fluorescent signal accu-
mulated in internal membranes and mitochondria [9]. This
peculiar localization of activated Ras2 was previously found
in S. cerevisiae cells lackingWhi2p function, a protein known
to influence cell cycle exit under conditions of nutritional
stress [10]. The loss of Whi2p function led to accumulation
of damaging ROS and cell death that displayed the hallmarks
of apoptosis. More recently, it has been shown that also in
mammalian cells, translocation of activated K-RAS pro-
tein to mitochondria caused mitochondrial dysfunction and
increased ROS generation [11].
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Apoptosis plays a crucial role in embryogenesis, develop-
ment, tissue homeostasis, and disease control inmulticellular
organisms. In the last two decades the budding yeast S. cere-
visiae has become a useful model organism for studying this
process [12–15]. The basic molecular machinery executing
programmed cell death is phylogenetically conserved in yeast
as well as animals. Yeast orthologues of mammalian genes
related to apoptosis coding for caspase (Yca1), the apoptosis-
inducing factor (Aif1), the AIF-homologous mitochondrion-
associated inducer of death (Ndi1), the serine protease OMI
(Nma111), the endonuclease G (Nuc1), and the endo-/exo-
nuclease Tat-D (scTat-D) [12, 15–20] have been characterized.
The apoptotic pathway in S. cerevisiae can be activated by sev-
eral mutations, including cdc48-S565G [13], the inactivation
of the UBP10 gene coding for a deubiquitinating enzyme [21]
or by overexpression of the mammalian apoptotic cell death
regulator Bax [22]. Moreover apoptotic cell death is also
induced by exogenous toxic agents such as hydrogen peroxide
[23], formic acid [24], acetic acid [25], and others. In par-
ticular, acetic-acid-induced apoptosis has been investigated
in detail, and it has been shown that ROS accumulation and
release of cytochrome c to the cytosol take place and that
H
2
O
2
is a trigger for acetic-acid-induced apoptosis [26–29].

In addition, at least two death pathways can be activated
in yeast acetic-acid-induced apoptosis, one is dependent
on cyt c release, which requires YCA1 and the other(s) is
independent of it [16, 30]. The yeast caspase Yca1 can protect
yeast cells against multiple distinct forms of lethal insults,
such as exposure to metals (iron, manganese, cadmium), to
lowdoses of valpronic acid and the previousmentioned acetic
acid, to toxins produced by virus killer toxins and others [31].
On the other side, in many instances, Yca1 is not necessary
for cell death. For example, external stimuli such as formic
acid or copper, or apoptosis derived from defective N-glyco-
sylation in cells lackingOst2p, the yeast homolog of themam-
malian defender of apoptosis-1, are independent ofYCA1 [31].

In this work we provide data indicating that a correlation
exists between programmed cell death and localization of
active Ras proteins to mitochondria. First of all, we show
that addition of acetic acid to wild-type cells causes within
five minutes a delocalization of the eGFP-RBD3 probe from
plasma membrane and nucleus to mitochondria. Further-
more, we show that in hxk2Δ cells, showing a constitutive
localization of activeRas at themitochondria, addition of ace-
tic acid causes an increase of ROS accumulation, mitochon-
drial dysfunction, and cell death compared with the wild-
type strain. It is known that hexokinase 2 functions as a glyco-
lytic enzyme in the cytoplasm and as a regulator of gene tran-
scription of several Mig1-regulated genes in the nucleus [32,
33]. In this paper, we provide data showing a new role for hex-
okinases 2 as an antiapoptotic factor in this microorganism.

2. Materials and Methods

2.1. Yeast Strains and Media. Strains used in this study:
W303-1A (MATa ade2-1 can1-100 his3-11,15 leu2-3112 trp1-
1 ura3-1) [34]; YSH310 (MATa W303-1A with hxk2::LEU2)
[34]; yca1Δ (MATa W303-1A with yca1::URA3) (this study);
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Figure 1: Localization of active Ras in the W303-1A wild-type
strain after addition of 40mM acetic acid. Cells transformed with
YEpeGFP-RBD3 were grown in 2% glucose medium at 30∘C until
exponential phase, collected by centrifugation, and resuspended in
medium adjusted to pH 3.0. Cells were then photographed with
a Nikon fluorescence microscope, before and after addition of 40
Mm acetic acid. Colocalization of eGFP fluorescence and the red-
fluorescent Rhodamine B hexyl ester is clearly visible five minutes
after addition of the apoptotic stimulus.

hxk2Δ yca1Δ (YSH310 with yca1::URA3) (this study); W303-
1A [peGFP-RBD3] [9]; YSH310 [YCp𝑅𝐴𝑆2Val19], are obtained
by transforming YSH310 with plasmid YCp𝑅𝐴𝑆2Val19 [35].
The yca1Δ and the hxk2Δ yca1Δ strains were generated by
one-step gene disruption [36] from the wild-type W303-1A
and the YSH310 strains, respectively, using specific primers
previously described [37] and kindly provided by M. Vai,
University of Milano-Bicocca.

Synthetic complete media (SD) contained 2% glucose,
6.7 g/L YNB w/o aminoacids (Becton and Dickinson Italia,
Buccinasco) and the proper selective drop-out CSM (Com-
plete Synthetic Medium, supplied by BIO101, California,
USA). Culture density was measured with a Coulter Counter
(Coulter mod. Z2) on mildly sonicated, diluted samples.
YEPD plates contained 2%w/v glucose, 2%w/v peptone, 1%
yeast extract, and 2% agar.

2.2. Acetic Acid Treatment. Cells were grown at 30∘C to expo-
nential phase (1-2× 107 cells/mL) in SD medium, harvested,
resuspended (107 cells/mL) in fresh SD medium adjusted to
pH 3.0 (set with HCl), and treated with acetic acid (Riedel-
deHaen) at the indicated concentration (between 0 and
120mM). Cells were incubated for up to 200 minutes at 30∘C
with shaking (160 rpm).

2.3. FluorescenceMicroscopy to Detect Active Ras Localization.
W303-1A cells were grown in SDmedium at 30∘C until expo-
nential phase and treatedwith 40mMacetic acid as described
previously. Both treated and untreated cells were incubated
with themitochondrialmarker Rhodamine B hexyl ester per-
chlorate (Molecular Probes, Eugene, OR, USA) 100 nM final
concentration for about 5min before imaging. Subsequently,



Oxidative Medicine and Cellular Longevity 3

SD pH 5.3

W303-1A

hxk2

W303-1A

hxk2

W303-1A

hxk2

W303-1A

hxk2

SD pH 3.0

NT

40 mM

80 mM

120 mM

(a)

0

20

40

60

80

100

120

140

0 50 100 150 200
0

20

40

60

80

100

120

140

0 50 100 150 200
Time (min)

W303-1A

Su
rv

iv
al

 ce
lls

 (%
)

Su
rv

iv
al

 ce
lls

 (%
)

Time (min)

hxk2

(b)

Figure 2: hxk2Δ cells exhibit inhibition of cell growth and hypersensitivity to acetic acid. (a) W303-1A and hxk2Δ cells were harvested and
resuspended (1-2× 107 cells/mL) in SD medium adjusted either at pH 5.3 or at pH 3.0 (set with HCl) in the absence (NT) or in the presence
of 40, 80, or 120mM acetic acid. Cells were incubated for 200min at 30∘C with shaking (160 rpm). After treatment, cells were harvested
and resuspended at the same concentration (108 cells/mL) in milliQ water. 5 microliter from a concentrated suspension and from 10-fold
dilutions of each culture was spotted onto YEPD plates and incubated at 30∘C for 3 days. (b) Cell survival ofW303-1A and hxk2Δ strains. Cell
viability of W303-1A and hxk2Δ untreated cells () or treated with 80mM (◼) and 120mM (e) acetic acid was analyzed at indicated times by
measuring colony-forming units (cfu) after 2 days of growth at 30∘C. Cell survival (100%) corresponds to the cfu at time zero. The means of
4 independent experiments with standard deviations are reported.
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40 𝜇L of cells suspension was seeded on concanavalin A
(Sigma-Aldrich, Milano, Italy) coated cover glass for 10min
(100 𝜇g/mL). The cover glass was washed 4 times using the
proper medium and put on top of a Thoma chamber. Ima-
ges were acquired with a Nikon Eclipse E600 microscope
equipped with a 60X, 1.4 oil Plan-Apochromat objective and
a standard FITC filter set for GFP fluorescence. Images were
recorded digitally using a Leica DC 350F camera and pro-
cessed using Adobe Photoshop (Adobe Systems, Inc.).

2.4. Acetic Acid Sensitivity. This assay was performed essen-
tially as described by Casatta et al. [38]. Exponential-phase
cells were harvested and resuspended (107 cells/mL) in SD
medium adjusted either at pH 5.3 or at pH 3.0 (set with HCl)
and containing 0, 40, 80, or 120mM acetic acid. Cells were
incubated for 200min at 30∘C with shaking (160 rpm). After
treatment, cells (10-fold serial dilutions) were spotted onto
YEPD plates and incubated at 30∘C for 3 days.

2.5. Viability Assay. Cells were grown in SDmedium at 30∘C
until exponential phase and treated with acetic acid as
described previously. At different times (0, 30, 60, and 200
minutes) during acetic acid treatment, cell number was cal-
culated and 400 cells were plated. Viability was determined by
measuring colony-forming units (cfu) after 2 days of growth
on YEPD agar plates at 30∘C. The percentage of viable cells
resulted in dividing the number of surviving colonies of the
treated sample by the number of surviving colonies of the
same culture before acid acetic addition.

2.6. Dihydrorhodamine 123 (DHR123) Staining. ROS (reac-
tive oxygen species) were detected with DHR123 (Sigma
Aldrich) essentially as described by Madeo et al. [23]. Cells
were grown in SD medium at 30∘C until exponential phase
and treated with acetic acid as described previously. DHR123
was added directly to the culture medium at the final con-
centration of 5𝜇g/mL from a 2.5𝜇g/𝜇L stock solution. After
2 hours of incubation, cells were diluted to 106 cells/mL and
analyzed using a FACScan instrument (Becton Dickinson)
at low flow rate with excitation and emission settings of 488
and 525–550 nm (filter FL 1). A total of 20.000 events were
acquired for each sample and data were processed using
WinMDI 2.9 software.

2.7. 4,6-Diamidino-2-phenylindole (DAPI) Staining. Cells
were fixed with 3.7% formaldehyde for 30 minutes, stained
with 2𝜇g/mL of DAPI for 10 minutes, washed with distilled
water, and resuspended in 50% glycerol solution. Images were
acquired with a Nikon Eclipse E600 fluorescence microscope
using a DAPI filter, recorded digitally using a Leica DC 350F
camera, and processed using Adobe Photoshop (Adobe Sys-
tems, Inc.).

2.8. Annexin V and Propidium Iodide (PI) Staining. (FITC)
conjugated recombinant Annexin V (Immuno Tools) was
used for the detection of phosphatidylserine exposed in the
membrane of apoptotic cells. Cells were harvested after 200
minutes of acetic acid treatment, as reported previously,
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Figure 3: ROS accumulation in W303-1A, hxk2Δ, and hxk2Δ cells
expressing the activated Ras2Val19 allele after treatment with acetic
acid. W303-1A (black bars), hxk2Δ (gray bars), and hxk2Δ cells
expressing the activated Ras2Val19 allele (white bars) exponentially
growing cells were treated with different concentrations (40–80–
120mM) of acetic acid for 200 minutes at 30∘C. ROS accumulation
was assayed using the dye dihydrorhodamine 123 (DHR123) by flow
cytometry. The means of 3 independent experiments with standard
deviations are reported. Student’s 𝑡-test ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

washed with sorbitol buffer (1M sorbitol, 0.1M NaH
2
PO
4
,

pH 8.0), and the cell wall was digested with Zymolyase 20T
(Seikagaku Biobusiness Corporation) for about 35 minutes at
37∘C. Cells were then washed two times with binding buffer
(10mM Hepes/NaOH pH 7.4, 140mM NaCl, 2.5mM CaCl

2
,

1.2M sorbitol). Spheroplasts were resuspended in 35 𝜇L of
binding buffer and incubated with 2.5 𝜇L of Annexin V and
2 𝜇L of a PI (Fluka) working solution (50𝜇g/mL) for 15
minutes in the dark at room temperature. After staining, the
samples were resuspended in binding buffer and analyzed
using a FACScan instrument (Becton Dickinson) using FL
1-H filter on 𝑥-axis and FL 2-H filter on 𝑦-axis. A total of
30.000 events were acquired for each sample, and data were
processed using WinMDI 2.9 software.

2.9. 3,3-Dihexyloxacarbocyanine Iodide (DiOC6) Staining.
The mitochondrial morphology and membrane potential
were assessed by staining with DiOC

6
(Molecular Probes,

Invitrogen). Cells were grown in SD medium at 30∘C until
exponential phase and treated with acetic acid as described
previously. DiOC6 was added directly to the culture medium
at the final concentration of 175 nM for 15 minutes in the dark
at room temperature. After staining, the cells were analyzed
using a FACScan instrument (Becton Dickinson) using FL1-
H filter. A total of 20.000 events were acquired for each
sample, and data were processed using WinMDI 2.9 soft-
ware. Images were also acquired with a Nikon Eclipse E600
microscope equipped with a 60X, 1.4 oil Plan-Apochromat
objective, and a standard FITC filter set.

3. Results and Discussion

3.1. Effect of Acetic Acid on the Localization of Active Ras in
Glucose-Growing Cells. In a recent study we showed that
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Figure 4: The occurrence of acetic-acid-induced cell death in hxk2Δ cells is characterized by markers of both apoptosis and necrosis.
Assessment of cell death by FITC-coupled annexinV and PI staining.W303-1A (black bars) and hxk2Δ (gray bars) exponentially growing cells
were treatedwith different concentrations (40–80–120mM) of acetic acid for 200minutes at 30∘C, before being processed for determination of
phosphatidylserine externalization andmembrane integrity by flow cytometry. 30000 events have been evaluated.Themeans of 3 independent
experiments with standard deviations are reported. Student’s 𝑡-test ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

active Ras proteins accumulated mainly in the plasma mem-
brane and in the nucleus in exponentially growing wild-type
cells, while they accumulated inmitochondria in cells deleted
in the HXK2 gene, indicating that this enzyme was involved
in the proper localization of these small GTPases [9]. The
role played by active Ras in mitochondria is not known,
although other reports have found Ras-GTP associated with
these organelles, both inmammals and lower eukaryotes, and
have linked it to cancer and apoptosis. Leadsham et al. [10]
demonstrated that in S. cerevisiae loss of Whi2p function, a
protein known to influence cell cycle exit under conditions of
nutritional depletion determined an aberrant accumulation
of activated Ras at the mitochondria. In this mutant, the
failure to shut down Ras signalling by addressing Ras to the
vacuole would lead tomitochondrial dysfunction, accumula-
tion of damaging ROS, and cell death.More recently, Hu et al.
[11], using a tetracycline inducible model, demonstrated that
in mammalian cells association of K-rasG12V proteins with
mitochondria induced mitochondrial dysfunction, increased
ROS accumulation, and a metabolic switch from oxidative
phosphorylation to glycolysis.

To investigate whether a correlation exists between the
mitochondrial localization of active Ras and programmed

cell death, we evaluated the effect of the addition of acetic
acid, a well-known apoptotic stimulus [25], to wild-type
cells expressing the eGFP-RBD3 probe on the localization
of Ras-GTP proteins. To this aim, exponentially growing
cells were collected by centrifugation, resuspended in low pH
medium (pH 3.0), and pictures were taken at the fluorescence
microscope, before and after addition of 40mM acetic acid.
Our results showed that within 5 minutes this apoptotic
stimulus caused the localization of active Ras proteins exclu-
sively to the mitochondria, reinforcing the hypothesis of
the involvement of these proteins in programmed cell death
(Figure 1). In wild-type cells resuspended in low pHmedium
for 5 minutes without acetic acid added, active Ras proteins
accumulated mainly in the plasma membrane and in the
nucleus, indicating that acidification of the medium did not
influence the localization of these small G proteins (Figure 1).
A mitochondrial localization of Ras-GTP was also observed
when a low concentration of H

2
O
2
was added to the medium

(data not shown), indicating that delocalization of active Ras
to these organelles is a more general response to different
apoptotic stimuli and suggesting that mitochondrial localiza-
tion of Ras2-GTP is actually important for the induction of
apoptosis in yeast.
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Figure 5: Mitochondrial membrane potential and morphology in W303-1A and hxk2Δ strains upon acetic acid treatment. W303-1A and
hxk2Δ exponentially growing cells were treated with different concentrations (40–80–120mM) of acetic acid for 200 minutes at 30∘C. DiOC

6

uptake was assessed using both flow cytometry (a) and fluorescence microscopy (b). Photomicrographs illustrate the alteration of the tubular
mitochondrial network to clustered mitochondrial morphology, particularly exacerbated in hxk2Δ cells after acetic acid treatment.

3.2. Deletion of HXK2 Enhances Cell Death and Increases
Intracellular ROS Levels. The results presented previously
suggest that localization of active Ras proteins to mitochon-
dria might be involved in programmed cell death, since these
proteins are localized to mitochondria following addition
of acetic acid. Since in glucose-growing hxk2Δ cells, active
Ras is constitutively located in mitochondria [9], we next
analyzed the behavior of the hxk2Δmutant under conditions

that caused apoptosis.While the growth of hxk2Δmutant was
almost indistinguishable from the wild-type strain at pH 5.3,
it exhibited an increased sensitivity to acetic acid stress at low
pH (Figure 2(a)), suggesting that Hxk2 is required for normal
tolerance to acetic acid treatment. Cell survival of wild-type
and hxk2Δ cells after induction of apoptosis with acetic acid
was further tested in a plating assay. After treatment with
different concentrations (80 and 120mM) of acetic acid for



Oxidative Medicine and Cellular Longevity 7

up to 200 minutes at 30∘C, hxk2Δ cells showed a significant
dose-dependent reduction in cell survival when compared
with wild-type cells (Figure 2(b)). Taken together these data
suggest that Hxk2 is required for normal tolerance to acetic
acid treatment.

Since an aberrant accumulation of activated Ras in mito-
chondria accompanied to accumulation of ROS has already
been reported both in mammals and yeast [10, 11] and since
ROS play a pivotal role in apoptotic cell death, FACS analyses
were performed to evaluate the accumulation of ROS in wild-
type and hxk2Δ cells treated with different concentrations
of acetic acid for 200min at 30∘C. In particular, DHR123
was used to determine the accumulation of ROS in the cells,
since this compound can easily permeate them and can be
quantitatively oxidized to a green fluorescent product in
the presence of ROS. The percentage of oxidized R123 was
about the double for hxk2Δ cells compared to wild-type cells,
200min after treatment with either 40 or 80mM acetic acid
(Figure 3). To substantiate the hypothesis that an aberrant
accumulation of activated Ras in mitochondria might lead
tomitochondrial dysfunction and accumulation of damaging
ROS, we expressed the dominant active RAS2Val19 allele,
which was reported to show a much higher level of Ras2-
GTP [39], in hxk2Δ cells. Our results showed that indeed the
expression of this allele in the hxk2Δ background caused a
further increase in the level of ROS, both in growing cells and
after treatment with acetic acid (Figure 3).These data suggest
that conditions that presumably cause a highermitochondrial
accumulation of active Ras may contribute to accumulation
of ROS and cell death.

3.3. Loss of Hxk2 Causes an Increase of Both Apoptosis and
Necrosis. The results presented previously suggest that Hxk2
might have an antiapoptotic activity. To better characterize
the nature of cell death triggered by addition of acetic acid to
hxk2Δ cells, we quantified phenotypic changes indicative of
apoptosis. While apoptotic DNA condensation was detected
by DAPI staining, combined Annexin V/propidium iodide
(PI) staining was used to discriminate between early apop-
totic (Annexin V+/PI−), late apoptotic/secondary necrotic
(Annexin V+/PI+), and necrotic (Annexin V−/PI+) deaths.
DAPI staining showed that nuclei of untreated cells were
round, while the nuclear DNA was condensed in both
wild-type and hxk2Δ cells treated with 80mM acetic acid,
being the extent of this phenotype more pronounced for the
mutant strain compared to the wild-type strain (data not
shown). Annexin V/propidium iodide (PI) staining revealed
that hxk2Δ-facilitated cell death was accompanied by an
increase in both apoptotic and necroticmarkers (Figure 4). In
particular, untreated hxk2Δ cells showed a higher percentage
of both early apoptotic and necrotic cells compared with
the wild-type strain, which further increased upon treatment
with acetic acid.

3.4. Deletion of HXK2 Causes Hyperpolarization of Mitochon-
dria. Mitochondrial membrane potential (ΔΨ

𝑚
) is a useful

indicator of mitochondrial function. To measure ΔΨ
𝑚
, we

used the cationic lipophylic dye DiOC
6
, which accumulates
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Figure 6: Effect of YCA1 deletion on ROS accumulation after
treatment with acetic acid. W303-1A (black bars), yca1Δ (black
hatched bars), hxk2Δ (gray bars), and hxk2Δ-yca1Δ (white bars)
exponentially growing cells were treated with different concen-
trations (40–80–120mM) of acetic acid for 200 minutes at 30∘C.
ROS accumulation was assayed by flow cytometry using the dye
dihydrorhodamine 123 (DHR123). Student’s 𝑡-test ∗𝑃 < 0.05.

in mitochondria in accordance with ΔΨ
𝑚
. Wild-type and

hxk2Δ cells were treatedwith different concentration of acetic
acid (40–80–120mM) for 200min at 30∘C, collected, and
stained with this dye. FACS analysis showed that mitochon-
drial membrane potential clearly increased in both wild-type
and hxk2Δ cells after treatment with acetic acid, compared
with untreated control cells, with the hyperpolarization
of mitochondria being much stronger in the mutant cells
comparedwithwild-type cells (Figure 5(a)). In parallel, mito-
chondrial morphology was assessed by using DiOC

6
, both

in wild-type and hxk2Δ cells. At low concentration, this dye
specifically stains the mitochondrial membranes in a manner
that depends on membrane potential and can be observed by
fluorescence microscopy. Before treatment with acetic acid,
bothwild-type and hxk2Δ cells displayed a tubularmitochon-
drial morphology, indicating that these mitochondria were
healthy and possessed a membrane potential (Figure 5(b)).
By contrast, the mitochondrial membranes present in both
wild-type and hxk2Δ cells appeared rounded and highly
fragmented after treatment with acetic acid (Figure 5(b)).
This conversion of mitochondrial morphology from tubu-
lar to punctuate structures is likely to occur by excessive
mitochondrial fission and has already been observed in yeast
apoptosis induced by acetic acid treatment [40]. Importantly,
DiOC

6
staining was greatly increased and more pronounced

in hxk2Δ cells compared to wild-type cells after treatment
with acetic acid, confirming the increase of fluorescence
observed in these mutant cells by FACS analysis. These
data indicate that both in wild-type and hxk2Δ cells, acetic
acid treatment caused hyperpolarization of mitochondrial
membrane with consequent damage of these organelles and
loss of functionality. This effect was more pronounced in
hxk2Δ cells compared to wild-type cells.

3.5. Acetic-Acid-Induced Cell Death in the hxk2Δ Strain Is Yca1
Independent. At least two death pathways can be activated
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Figure 7: Effect of YCA1 deletion on cell death after treatment with acetic acid. W303-1A (black bars), yca1Δ (black hatched bars), hxk2Δ
(gray bars) and hxk2Δ-yca1Δ (white bars) exponentially growing cells were treated with different concentrations (40–80–120mM) of acetic
acid for 200 minutes at 30∘C. Cell death was assessed by flow cytometry using FITC-coupled annexin V and PI co-staining to determinate
the externalization of phosphatidylserine and the membrane integrity.Themeans of 3 independent experiments with standard deviations are
reported. Student’s 𝑡-test ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

in yeast acetic-acid-induced apoptosis, one dependent on
cytochromec release, which requires YCA1, and the other(s)
independent of it [16, 30]. Consequently, we next investigated
whether the yeast caspase Yca1 might be involved in acetic-
acid-induced cell death in hxk2Δ cells. In particular, to
assess whether Yca1 plays a role in acetic-acid-induced ROS
accumulation in hxk2Δ cells, we treated hxk2Δ and hxk2Δ
yca1Δ cells with different concentration of acetic acid (40–
80–120mM) for 200min at 30∘C and measured the ROS
accumulation. Our results showed that deletion of YCA1 in
hxk2Δ cells had no effect on acetic-acid-induced ROS accu-
mulation (Figure 6), suggesting that the generation of ROS
in hxk2Δ cells upon acetic acid stress is Yca1 independent.
However, the level of intracellular ROS was consistently
higher in the hxk2Δ yca1Δ doublemutant growing on glucose
medium compared with the hxk2Δ mutant. Similarly, Du et
al. [24] showed that formic acid induced Yca1-independent
apoptosis-like cell death and that the burst of ROS during
cell death occurred earlier and at a higher level in the yca1Δ
strain than in the wild-type strain. Moreover, Khan et al. [41]
determined the level of oxidized proteins in yeast cells under
H
2
O
2
stress and showed that lack of Yca1 abrogated apoptosis

but elevated intracellular oxidized proteins compared with

wild-type cells. Consequently, both our results and data in the
literature [24, 41] clearly suggest a linkage between ROS pro-
duction and Yca1 activation during apoptosis in yeast. Finally,
cytofluorometric quantification of phosphatidylserine exter-
nalization and/ormembrane permeabilization (annexinV/PI
costaining) further confirmed that Yca1p did not influence
the acetic-acid-induced cell death in hxk2Δ cells (Figure 7).
These results strongly suggest that apoptosis induced by acetic
acid in hxk2Δ cells is largely Yca1 independent.

4. Conclusion

Several studies indicate that the Ras proteinmay be physically
associated with mitochondria, both in yeast and mammals
[10, 11, 42–44]. This study provides results indicating that
association of active Ras to these organelles might be linked
to apoptosis. First of all, we show that addition of acetic acid,
a well-known apoptotic stimulus in S. cerevisiae, to growing
wild-type cells determined a delocalization of active Ras pro-
teins from nuclei and plasma membrane to mitochondria.
Furthermore, we show that addition of acetic acid to hxk2Δ
cells, showing a constitutive localization of active Ras inmito-
chondria [9], enhanced ROS production and cell death
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compared with wild-type cells. Moreover, expression of the
dominant active RAS2Val19 allele in the hxk2Δ background
caused an even higher increase in the level of ROS, both in
growing cells and after treatment with acetic acid, providing
a further proof to the hypothesis that conditions that presum-
ably cause a higher mitochondrial accumulation of active
Ras may contribute to accumulation of ROS and cell death.
We also show that, in hxk2Δ cells, addition of acetic acid
increased cell death compared with the wild-type strain with
the typical markers of apoptosis, highlighting a new role
for Hexokinase 2, as an antiapoptotic factor in S. cerevisiae
cells. However at this stage we cannot exclude a correlation
between the well-known functions of Hxk2 in glucose repres-
sion and signalling and the role of Ras in inducing apoptosis.

Finally, in this study we show that lack of Hxk2 induces
apoptosis via a mitochondria-mediated pathway without
metacaspase Yca1 involvement, since deletion of YCA1 in the
hxk2Δ background did not abrogate the acetic-acid-induced
accumulation of ROS and did not decrease the percentage of
both apoptotic and necrotic cells.
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Ceramide is a building block for complex sphingolipids in the plasma membrane, but it also plays a significant role in secondary
signalling pathways regulating cell proliferation and apoptosis in response to stress. Ceramide activated protein phosphatase activity
has been previously observed in association with the Sit4 protein phosphatase. Here we find that sit4Δ mutants have decreased
ceramide levels and display resistance to exogenous ceramides and phytosphingosine. Mutants lacking SIT4 orKTI12 display a shift
towards nonhydroxylated forms of long chain bases and sphingolipids, suggesting regulation of hydroxylase (SUR2) or ceramide
synthase by Sit4p.We have identified novel subunits of the Sit4 complex and have also shown that known Sit4 regulatory subunits—
SAP proteins—are not involved in the ceramide response. This is the first observation of separation of function between Sit4 and
SAP proteins.We also find that the Sit4p target Elongator is not involved in the ceramide response but that cells deficient in Kti12p—
an accessory protein with an undefined regulatory role—have similar ceramide phenotypes to sit4Δmutants.Therefore, Kti12pmay
play a similar secondary role in the ceramide response. This evidence points to a novel Sit4-dependent regulatory mechanism in
response to ceramide stress.

1. Introduction

Ceramide is a building block for complex sphingolipids
which comprise an important structural component of the
plasma membrane. It is also a secondary signalling molecule
that accumulates in response to stresses such as heat shock
[1]. It is therefore important for sphingolipid metabolism
to be tightly regulated, and the damaging effects of dys-
regulation are apparent in patients with Tay-Sachs disease,
Fabry disease, and other inherited sphingolipidosis disorders
[2]. Ceramide mediates controlled cell death by triggering
several signalling cascades to initiate caspase-dependent and
independent apoptosis [3]. In contrast, the phosphorylated
ceramide precursors dihydrosphingosine (DHSP) and phy-
tosphingosine (PHSP) are signals for pathways that promote
cell proliferation [4].

Although it is known that the cellular response to
ceramide is important for the regulation of cell proliferation
and cell death pathways, the precise molecular mechanisms
for this regulation still remain elusive. It is vital to further
understand the way cells respond to stress in order to develop
strategies tomodify them, either to accelerate cell death using
targeted anticancer drugs or to prevent accumulation of toxic
products in sphingolipidoses [5–7].

Saccharomyces cerevisiae has been used effectively as a
model to study sphingolipid metabolism, and Figure 1 shows
a detailed summary of the sphingolipid biosynthetic pathway
in yeast [8]. Many of the genes involved are conserved from
yeast to higher eukaryotes, with diversion in the synthesis of
complex sphingolipids occurring only after the production of
ceramides, resulting in the production of different end prod-
ucts in the pathway. The addition of inositol to ceramide in
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Figure 1: Biosynthesis of sphingolipids in Saccharomyces cerevisiae. Key enzymes discussed in the text are highlighted and genes encoding
all relevant parts of the pathway are included. The directions of arrows indicate the end products of enzymatic reactions.

yeast forms inositol phosphoceramide, and glucose, galactose
or phosphorylcholine is added to ceramide in mammalian
cells to generate glycosphingolipids and sphingomyelin
[9].

Early work by Nickels and Broach showed that a cera-
mide-activated phosphatase activity was present in Saccha-
romyces cerevisiae, which is separate from the activity of
the major PP2A phosphatases Pph21p and Pph22p [10]. The
ceramide resistance of a sit4Δmutant strain suggested that the
PP2A-like phosphatase Sit4p is responsible for this activity.
SIT4 is an essential gene in the absence of the suppressor
allele SSD1-v and has important roles in the progression of
the cell cycle, cell integrity, nutrient responses via TORC1,
drug resistance via efflux pumps, and tRNA modification
[11–16]. Diverse regulatory subunits of Sit4p are partially
responsible for the different specificities of Sit4p; for exam-
ple, Tap42p is phosphorylated by Tor and binds Sit4p [17]
and Sap185p and Sap190p subunits are essential for correct
phosphoregulation of Elongator and tRNAmodification [18].
Mutation of the SAPs (Sit4 associated proteins) can confer
different specificities on Sit4p but a deletion of all four SAPs
always results in the same phenotypes as deletion of SIT4, for
example resistance to the tRNAse toxin zymocin, cell cycle
arrest, and sensitivity to rapamycin [19, 20]. The accessory
protein Kti12p is also essential for the phosphoregulation of
the Elongator subunit Elp1p by the Sit4p/Sap185p/Sap190p
complex. Kti12p interacts with the casein kinase Hrr25p

in an Elongator-dependent manner but the mechanism by
which Kti12p regulates phosphorylation remains unclear
[21].

The aim of this study was to further investigate the
role of Sit4 as the ceramide-activated protein phosphatase
(CAPP) in yeast. We identify KTI12 as an important gene
mediating ceramide toxicity and show that ceramide toxicity
is independent of Elongator function. Mutants lacking SIT4
orKTI12 have decreased levels of ceramide and the balance of
hydroxylated and nonhydroxylated sphingolipids is altered.
The confirmation that Tpd3p and Cdc55p can interact with
Sit4p and a separation of function between SIT4 and the reg-
ulatory SAP subunits indicates that the CAPP is likely to be
an alternative Sit4 complex operating via a novel mechanism.

2. Methods

2.1. Yeast Strains and Media. Yeast were routinely grown
in yeast extract peptone dextrose medium (YPD; 1% yeast
extract, 1% peptone, 2% glucose) at 30∘C with shaking.
Glucose was replaced with 2% galactose to induce expression
of SIT4 and PPH21 from the GAL1 promoter. Synthetic
defined medium without inositol (0.67% yeast nitrogen base,
2% glucose, supplemented with essential amino acids) was
used for labelling with [ 3H]myo-inositol. Yeast strains used
in this study are listed in Table 1.



Oxidative Medicine and Cellular Longevity 3

Table 1: Yeast strains used in this study.

Strain Genotype Reference
CY4029 Mat a ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100 SSD1-v1 gal+ [20]
CY3938 CY4029, sit4Δ::HIS3 [20]
CY5236 CY4029, sap4Δ::LEU2 sap155Δ::HIS3 sap185Δ::ADE2 sap190Δ::TRP1 [20]
CY5220 CY4029, sap4Δ::LEU2 sap155Δ::HIS3 [20]
CY5224 CY4029, sap185Δ::ADE2 sap190Δ::TRP1 [20]
CY4917 CY4029, sap185Δ::ADE2 [20]
CY4380 CY4029, sap190Δ::TRP1 [20]
DJY101 CY4029, sit4Δ::HIS3 kti12ΔKlLEU2 [18]
LFY3 Mat a ade2-1 his3-11,15 leu2-3,112, ura3-1 can1-100, elp1Δ::TRP1 [18]
LFY4 Mat a ade2-1 his3-11,15 leu2-3,112, ura3-1 can1-100, elp2Δ::TRP1 [18]
LFY5 Mat a ade2-1 his3-11,15 leu2-3,112, ura3-1 can1-100, elp3Δ::TRP1 [22]
LFY6 Mat a ade2-1 his3-11,15 leu2-3,112, ura3-1 can1-100, kti12Δ::TRP1 [22]
AWY1 CY4029 TRP1::GAL1::(HA)3-SIT4 CDC55-(c-myc)3::HIS3MX6 This study
AWY2 CY4029, kanMX6::PGAL1::(HA)3-PPH21, CDC55-(c-myc)3::HIS3MX6 This study
AWY3 CY4029, CDC55-(c-myc)3::HIS3MX6 This study

2.2. Growth Tests Using Ceramide and Long Chain Bases. C2-
ceramide, C2-phytoceramide, dihydrosphingosine (DHS),
and phytosphingosine (PHS) powders were purchased from
Enzo Life Sciences and resuspended in 100% ethanol. Stock
solutions (5mg/mL) were stored at −20∘C for a maximum
of 1 week. Yeast cultures were diluted from a starter culture
to 5 × 103 cells/mL in YPD containing ceramides/long
chain bases or an equal volume of ethanol as an untreated
control. Cultures were grown until the untreated control
reached exponential phase (from 15–36 hours depending
on the strain) and the OD

600
measured for both treated

and untreated cultures. After 24 hours, an additional dose
of ceramide/long chain base was added to counteract the
effects of compound degradation. The amount of growth
in each concentration of ceramide/long chain base was
then expressed as a percentage of the growth in untreated
media. This method of standardising growth enables the
comparison of slow-growingmutants such as sit4Δ to a faster-
growing wild-type strain. Raw OD

600
data is provided in

Supplementary Tables 1 and 2 (see Supplementary Material
available online at http://dx.doi.org/10.1155/2013/129645). A
minimum of three biological replicates were performed for
each strain and a one-way ANOVAwith Bonferroni post-test
was used to determine if growth was significantly different
from the wild type (CY4029).

2.3. Immunoprecipitation. Dynabeads (Invitrogen) were cou-
pledwith 5 𝜇g of anti-HA antibody permg of beads, following
the manufacturer’s instructions. Total protein extracts were
prepared from 50mL cultures grown for 8 hours in YPD
supplemented with galactose. Cell pellets were resuspended
in 400𝜇L B60 buffer (50mMHEPES pH 7.3, 60mM sodium
acetate, 5mM magnesium acetate, 0.1% Triton X-100, 10%
glycerol, 1mM sodium fluoride, 20mM glycerophosphate,
1mM DTT, 1X Complete Mini Protease Inhibitor Cocktail
(Roche)). An equal volume of glass beads was added and
cells disrupted using a bead beater for 1 minute, followed by

centrifugation at 15700 g, 4∘C for 5 minutes. The supernatant
was transferred to a new tube and centrifuged at 15700 g, 4∘C
for 20 minutes. The cleared protein extract was quantified
using spectrophotometry and 3.5mg of total protein extract
was incubated with 1.5mg of antibody-coated beads for 30
minutes at 4∘C. Unbound proteins were removed by three
washes with 1mL B60 buffer, and antibody-bound proteins
were eluted with 50 𝜇L of 10% (v/v) SDS for 10 minutes at
room temperature. The beads were then removed with a
magnet and the supernatant used for Western blot analysis.
SDS-PAGE of 100𝜇g of total protein from each strain and
immunoprecipitation supernatants (equal volumes) was car-
ried out using 12% acrylamide gels and then Western blotted
at 100V for 1 hour. Blots were probed with anti-HA (F7
Santa Cruz), anti-c-myc (A14 Santa Cruz), or anti-Tpd3 (Y.
Jiang, University of Pittsburg School of Medicine, USA) and
secondary antibodies conjugated to horseradish peroxidase
(Roche Diagnostics) were detected by chemiluminescence
and exposed to X-ray film.

2.4. Sphingolipid Analysis by ESI-MS. Overnight cultures
grown at 24∘C in YPD media were diluted to OD

600
0.2

and grown until they reached OD
600

of 2. A total of 10OD
units of cells were collected and washed once with sterile
water. Lipid extraction was performed by a two-step lipid
extraction method [23]. Cells were resuspended in 1mL of
150mM ammonium bicarbonate (NH

4
HCO
3
) and 600𝜇L

of glass beads were added. After cell lysis using a Precellys
24 homogenizer ((Bertin technologies) 5000 rpm, 3x 30 sec
on 30 sec off), lysates were diluted in 5mL of 150mM
NH
4
HCO
3
solution and internal standards were added.

Long chain bases and ceramides were quantified relative to
respective lipid standards, and inositol phosphoceramides
were measured relative to a phosphoinositol standard. Lipid
standards were purchased from Avanti Polar Lipids. ESI-MS
analysis was performed using a Bruker Esquire HCT ion trap
mass spectrometer in positive or negative ion mode. Peaks
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Figure 2: Deletion of SIT4 orKTI12 confers resistance to excess dihydroceramide. (a) Ceramide growth tests in Sit4 associated protein (SAP)
mutants. (b) Ceramide growth tests in Elongator-associated mutants. Yeast cultures were diluted to 5 × 103 cells/mL in YPDwith the addition
of either 15𝜇MC-2 dihydroceramide or an equal volume of ethanol. Cells were grown until the untreated culture reached exponential phase
and the OD

600
of all cultures was determined. Growth in 15𝜇Mdihydroceramide is expressed as a percentage of untreated growth. RawOD

600

values are given in Supplementary Table 1. A minimum of three replicates are shown and error bars represent the standard deviation above
and below the mean. A one-way ANOVA with a Bonferroni post-test was used to determine if mutants showed a significant difference in
growth compared to the wild type (CY4029) ( ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001, and ∗∗∗∗𝑃 < 0.0001).

were identified based on their fragmentation pattern and
by comparison to commercially available standards. Three
biological replicates were included in each analysis.

2.5. Incorporation of [3H]-Labelled Inositol. Overnight cul-
tures grown at 24∘C in YPD were diluted to OD

600
1.0 in syn-

thetic defined media containing 40 𝜇Ci [ 3H] myo-inositol
(American Radiolabelled Chemicals, MO, USA) and grown
at 24∘C for 4 h until they reachedOD

600
of approximately 2. A

total of 10OD units were harvested, and lipids were extracted
using chloroform/methanol/water (10 : 10 : 3) and analysed
as previously described [24] by thin layer chromatography
with or without mild-base treatment. Mild-base treatment
to remove inositol phosphate and leave only N-acetylated
sphingolipids was performed by incubating lipids in 0.1M
NaOH at 30∘C for 1 hour. Radioactivity was detected using
a phosphorimager (Typhoon FLA9500, GE Healthcare) and
a representative image of two biological replicates is shown.

3. Results

3.1. Deletion of Sit4-Associated Proteins (SAPs) Does Not
Confer Resistance to Exogenous Dihydroceramide. As previ-
ously described [10], deletion of SIT4 leads to significant
resistance to 15𝜇M dihydroceramide (Figure 2, 𝑃 < 0.0001).
However,mutation of the four SAP regulatory proteins, either
individually or in combination, does not confer resistance
to dihydroceramide (Figure 2(a)). In previous studies, the
phenotype of the quadruple sap mutant has been indistin-
guishable from that of sit4Δ [19, 20]. Thus, the ceramide

sensitivity of the sap mutant is the first observed separation
of function between sit4Δ and sapΔΔΔΔ.

3.2. Kti12p Appears to Be the Only Elongator-Associated
Protein Involved in the Ceramide Response. As Sit4p plays a
major role in the phosphoregulation of the Elongator com-
plex [18, 21] and previous studies suggested that Elongator
mutants were resistant to ceramide, Elongator components
were investigated as potential targets of Sit4p in the response
to excess dihydroceramide. Although deletion of Elongator
subunits did not confer statistically significant resistance to
15 𝜇M dihydroceramide, deletion of the Elongator acces-
sory protein Kti12p did confer resistance (Figure 2(b)) to
some extent, though the obtained data were rather variable
(Supplementary Table 1). Interestingly, deletion of SIT4 and
KTI12 in tandem restored sensitivity to dihydroceramide,
whereas in a previous study mutants lacking one or both
of these genes had the same phenotype that resulted in
hyperphosphorylation of Elp1p and zymocin resistance [18].
In addition, phosphorylation of Elp1p was unchanged in the
presence of dihydroceramide, and this was not affected by
deletion of SIT4 and/or KTI12 (data not shown). Therefore,
our data suggest that Kti12p might play a regulatory role in
the ceramide response that is independent of Elongator.

3.3. PHS Resistance of sit4Δ Indicates Separation of Func-
tion from kti12Δ. Growth in phytoceramide decreases in
a concentration-dependent manner in both wild-type and
mutant strains; however, sit4Δ and kti12Δ mutants show
significantly more growth (𝑃 < 0.005) than the parental
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Figure 3: Response of sit4Δ and kti12Δ mutants to phytoceramide and long chain bases. Yeast cultures were diluted to 5 × 103 cells/mL in
YPD with the addition of the indicated concentrations of (a) phytoceramide, (b) dihydrosphingosine (DHS), (c) phytosphingosine (PHS),
or an equal volume of ethanol. Cells were grown until the untreated culture reached exponential phase and then the OD

600
of both treated

and untreated cells was measured and plotted as a percentage of untreated growth. Raw OD
600

values are given in Supplementary Table 2. A
minimum of three replicates are shown and error bars represent the standard error above and below the mean. A Student’s t-test was used to
determine if the mutants showed a significant difference in growth compared to the wild type (CY4029) at each concentration shown.

CY4029 strain at concentrations of 10–15𝜇M (Figure 3(a)).
In contrast, growth of sit4Δ and kti12Δ mutants in excess
dihydrosphingosine (DHS) is indistinguishable fromCY4029
(Figure 3(b)). The most striking result is that while kti12Δ
is also sensitive to phytosphingosine (PHS), sit4Δ shows
significant (𝑃 < 0.05) resistance to 3–6 𝜇MPHS (Figure 3(c)),
suggesting divergence of function between Kti12p and Sit4p
in the response to long chain bases.

3.4. Ceramide and Long Chain Base Levels Are Reduced
in sit4Δ and kti12Δ Mutants. To investigate the possibility
that Sit4p and Kti12p regulate the sphingolipid biosynthesis

pathway, we measured steady state levels of ceramides, long
chain bases, and inositol phosphate in sit4Δ and kti12Δ
strains relative to wild-type yeast cells. Deletion of SIT4 or
KTI12 reduces the intracellular levels of phytoceramide by
approximately 50% (Figure 4(a)). Levels of dihydroceramide
are also reduced in both mutants, but the decrease is only
statistically significant in sit4Δ (Figure 4(a)). This suggests
that the mutants may be able to tolerate otherwise toxic
levels of exogenous ceramides due to the constitutively
lower levels present within the cell. The reduction of PHS
levels by approximately two-thirds in the sit4Δmutant could
permit the strain to survive excess concentrations of PHS
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Figure 4: Mass spectrometric analysis of sphingolipid species. Yeast cultures were diluted to an OD
600

of 0.2 in YPD and grown for 8 hours
at 24∘C. A total of 10OD

600
units of cells were removed and lipids extracted for mass spectrometry analysis. (a) Ceramides, (b) long chain

bases phytosphingosine (PHS) and dihydrosphingosine (DHS), and (c) Inositol phosphoceramide-C (IPC-C) were quantified using relevant
internal standards. Average values for a minimum of three biological replicates are shown and error bars represent the standard error above
and below the mean. A Student’s t-test was used to determine if the mutants showed a significant difference from the wild type CY4029.
(∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.005).

(Figure 4(b)). However, a similar decrease in PHS levels
in the kti12Δ mutant does not correlate with resistance to
exogenous PHS (Figures 4(b) and 3(c)), suggesting that a
more complex mechanism underlies PHS resistance. There
is a small increase in the levels of DHS in sit4Δ and kti12Δ
mutants (Figure 4(b)) which is unlikely to affect the toxicity
of DHS seen in Figure 3(b).

3.5. Sit4 Mutants Show an Increase in the Proportion of
Dihydro Sphingolipids and a Corresponding Decrease in the
Proportion of Hydroxylated Sphingolipids. Tritium labelled
inositol incorporation was used to analyse the matura-
tion of complex sphingolipid species formed from both
dihydroceramide and phytoceramide. Dihydroceramide B
(18:0;2/26:0;0) and phytoceramide C (18:0;3/26:0;0) form

inositol phosphoceramide B (IPC-B) and inositol phosphoce-
ramide C (IPC-C) respectively. IPC-C and the corresponding
MIPC-C generated from it form the relativelymore abundant
species of their sphingolipid class in the wild type (Figure 5).
Interestingly, the sit4Δ mutant contains increased levels of
IPC-B and MIPC-B compared to the wild type, with a
decrease in the levels of IPC-C and MIPC-C (Figure 5). The
kti12Δmutant also shows a similar trend in the relative levels
of sphingolipid species, but the differences from the wild
type are less pronounced than those for sit4Δ. This indicates
a shift towards more sphingolipids being synthesised from
dihydroceramide/DHS precursors than from the hydroxy-
lated phytoceramide/PHS precursors. Figure 4(c) provides
additional evidence for this shift and quantification of IPC-
C levels shows a significant decrease in both sit4Δ and kti12Δ
mutants. This also correlates with the increase in DHS and
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Figure 5: Tritium labelled inositol incorporation into yeast cells.
CY4029 (WT), sit4Δ, and kti12Δ were incubated with [3H]-inositol
for 4 hours, and lipids were extracted and analysed by thin layer
chromatography, before and after mild-base treatment to remove
inositol phosphate (PI). Equal CPMswere loaded for all the samples.
A representative image of two biological replicates is shown.

decrease in PHS levels observed in sit4Δ and kti12Δmutants
(Figure 4(b)).

3.6. Novel Interactions of Sit4p with Tpd3p and Cdc55p
Suggest a Role for an Alternative Phosphatase Complex in
the Response to Ceramide. Previous studies suggested that
Tpd3p and Cdc55p could be part of the CAPP complex as
deletion of these genes conferred resistance to ceramide [10].
Indeed, we found via immunoprecipitation experiments with
HA-labelled Sit4p that Tpd3p and Cdc55p-c-myc interact
with Sit4p, forming a minor complex compared to the
Pph21p/Tpd3p/Cdc55p complex (Figure 6). As this novel
Sit4p/Tpd3p/Cdc55p trimer is formed constitutively and is
not induced by the presence of ceramide (data not shown),
the mechanism by which the phosphatase is activated in
response to an increase in ceramide levels remains unclear.

4. Discussion

The aim of this study was to further investigate the role of the
Sit4 phosphatase in response to ceramide and to determine if
this signalling pathway is directly related to the biosynthesis
of ceramides and sphingolipids. The phosphorylation status
of Orm1p regulates the activity of serine palmitoyltransferase
and therefore the production of all downstream products
of the sphingolipid pathway. Orm1p is phosphorylated by
Ypk1p and evidence suggests that dephosphorylation may
involve Sit4p and/or its TOR-dependent subunit Tap42p
[25, 26]. However, Orm1p is unlikely to be the direct sub-
strate for the Sit4p or Tap42p phosphatases as mutation of
these genes leads to decreased phosphorylation of Orm1p
[25].

The Sit4 phosphatase is a well-characterised regulator of
tRNAmodification via the Elongator complex [18, 21, 27–29].

However, here we show that the role of Sit4p in the ceramide
response is independent of Elongator yet still involves
the multifunctional and Elongator-related accessory protein
Kti12p. Although previous work suggested that Elongator
may be involved in ceramide resistance [18], more detailed
analysis in this current study indicates that Elongatormutants
are sensitive to ceramide. Although Kti12p is essential for
the phosphoregulation of Elongator, its precise role remains
unclear [18, 21]. Kti12p also has diverse roles in other cellular
processes including the cell cycle [30] and transcription [31],
and regulation of the ceramide response can now be added to
this list.

The Sit4 phosphatase has multiple regulatory subunits
including the Sit4 associated proteins (SAPs) Sap4p, Sap155p,
Sap185p, and Sap190p. A quadruple deletion of all SAPs is
sensitive to excess ceramide, in contrast to the resistant sit4Δ
mutant. Importantly, this is the first separation of function
observed between the sit4Δ and sapΔΔΔΔ mutants. This
suggests that an alternative Sit4 phosphatase complex is
involved in the regulation of the ceramide response, support-
ing the idea that this process is independent of Elongator
functions that require Sit4/Sap complexes. The identification
of a Sit4p/Tpd3p/Cdc55p trimer also supports the theory that
the ceramide activated protein phosphatase could be acting
via a previously unknown mechanism.

The alteration of the sphingolipid makeup in sit4Δ and
kti12Δ mutants and the decreased levels of ceramide and
long chain bases indicate that there is regulation of the
biosynthetic pathway at some level by Sit4p and/or Kti12p.
The decreased level of endogenous ceramide and PHS in the
mutants presumably enables them to survive an otherwise
toxic concentration of these compounds. This suggests that
deletion of SIT4 and KTI12 mediates a downregulation or
partial inactivation of ceramide synthesis rather than a
complete block, as there are clearly sufficient precursors
available for effective biosynthesis of sphingolipids.The pres-
ence of multiple genes encoding enzymes for synthesis and
degradation of ceramides is a key way in which sphingolipid
metabolism can be maintained when the pathway is partially
blocked. Phosphoregulation of ceramide synthases has not
been previously observed, but three phosphorylated serine
residues are conserved in both Lag1p and Lac1p ceramide
synthases and could be potential targets for dephosphory-
lation by Sit4p [32, 33]. In common with sit4Δ and kti12Δ
mutants, lac1Δlag1Δmutants are resistant to the tRNase toxin
zymocin, but the mechanism of action is due to a defect in
plasma membrane integrity caused by decreased levels of the
sphingolipid M(IP)

2
C and not via Elongator [34].

In sit4Δ and kti12Δ mutants, the relative proportion of
lipids synthesised from dihydroceramides/DHS is higher
than those synthesised from phytoceramides/PHS, suggest-
ing that there could be a defect in the Sur2 hydroxylase which
hydroxylates both long chain bases and ceramides [35]. This
is also reflected in the increased levels of DHS seen in the
mutants and is therefore unlikely to simply be a defect in the
synthesis of ceramide or downregulation at an earlier stage
in the pathway, as not all components of the pathway are
downregulated. The ceramidases Ypc1p and Ydc1p also have
a minor ceramide synthase activity and show specificity for
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Figure 6: Immunoprecipitation of HA-Sit4p reveals novel interactors. Equal amounts of protein extracts were immunoprecipitated with
magnetic beads coated with anti-HA antibodies, and the precipitates were then subjected to Western blotting and probed with anti-HA and
anti-Tpd3 (a) or anti-c-myc (b) antibodies. Equal amounts of total protein extracts (without immunoprecipitation) were also probed with
anti-Tpd3 or anti-c-myc antibodies.

hydroxylated andnonhydroxylated forms of long chain bases,
respectively. [36] Dysregulation in sit4Δ could cause a shift
towards the synthesis of nonhydroxylated sphingolipids by
these enzymes. However, these enzymes contribute a minor
level of ceramide synthase activity compared to Lag1p, Lac1p,
and Lip1p [37], so a change in their regulation is unlikely
to have any detrimental effects on the overall sphingolipid
composition of the plasma membrane, even if the balance of
individual components is altered.

These new insights into the novel ceramide-associated
functions of Sit4p and Kti12p are helpful in understanding
the diverse roles these proteins play in the cell and expand
our knowledge of their importance beyond their association
with the Elongator complex. Relatively little is known about
the human orthologues of Sit4p and Kti12p, and thus yeast
studies are vital in unravelling the essential role they play in
regulating cell proliferation and cell death in both healthy and
malignant cells.

5. Conclusions

This study indicates that the roles of Sit4p and Kti12p in the
ceramide response are distinct from their roles in the regula-
tion of the Elongator complex and are therefore likely to be
mediated via a novel mechanism. The separation of function
between sit4Δ and sapΔΔΔΔ mutants and the interaction of
Sit4p with the alternative regulatory subunits Cdc55p and
Tpd3p also support this theory. Alterations in the levels of
ceramides, long chain bases, and complex sphingolipids in
sit4Δ and kti12Δ mutants indicate that these proteins are
also likely to regulate the sphingolipid biosynthesis pathway.
Future work will be targeted at delineating the underlying
mechanism(s) underlying these observations.
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This study demonstrates a role for superoxide dismutases (Sods) in governing tolerance of Candida albicans biofilms to
amphotericin B (AmB). Coincubation ofC. albicans biofilmswithAmBand the Sod inhibitorsN,N-diethyldithiocarbamate (DDC)
or ammonium tetrathiomolybdate (ATM) resulted in reduced viable biofilm cells and increased intracellular reactive oxygen species
levels as compared to incubation of biofilm cells with AmB, DDC, or ATM alone. Hence, Sod inhibitors can be used to potentiate
the activity of AmB against C. albicans biofilms.

1. Introduction

Candida albicans biofilms are responsible for device-related
infections in most nosocomial diseases [1]. Such infections
are particularly serious because biofilm-associated Candida
cells are relatively resistant to a wide spectrum of antifungal
drugs, including amphotericin B (AmB) [2].The cause of this
increased resistance is not yet fully elucidated but could be
due to a combined action of different mechanisms including
(i) expression of resistance genes, (ii) drug binding to the
extracellular matrix, (iii) the change in membrane composi-
tion, or (iv) the presence of persister cells, which are cells that
can survive high doses of an antimicrobial agent [3]. Due to
this increased resistance, biofilm eradication and treatment
of associated infections are challenging. The recalcitrance
to antifungal therapy remains the biggest threat to patients
with fungal biofilms and is an increasingly significant clinical
problem [4].Understanding the role of fungal biofilms during
infection should help the clinical management of these
recalcitrant infections. Until now, no vaccines are available
to combat fungal infections, despite the considerable growth
in the research field [5]. Therefore, the use of antimycotics
is currently the only clinical solution for these infections.
Among the current antimycotics in clinical use, only the

liposomal formula of AmB and echinocandins has shown
consistent in vitro and in vivo activity against C. albicans
biofilms [6–8]. AmB is a fungicidal polyene and, apart
from its interaction with ergosterol and subsequent pore
formation, induces accumulation of reactive oxygen species
(ROS) and apoptosis in planktonic and biofilm C. albicans
cells [9, 10]. Despite its high efficacy as an antimycotic, the
effective concentrations of AmB required for elimination of
Candida biofilms are often hepatoxic and/or nephrotoxic
[11, 12]. Therefore, in order to improve the potential of AmB
for treatment of such biofilms, it is recommended to search
for new approaches in which the effective concentration of
AmB against C. albicans biofilms and consequently also its
negative side effects are reduced.

In this study, we aimed at identifying compounds that
lead to increased antibiofilm activity of AmB. Recently, we
reported that superoxide dismutases (Sods) are involved inC.
albicans biofilm persistence to the ROS-inducing antifungal
miconazole. C. albicans contains 6 different Sods, which are
involved in the detoxification of ROS by converting O

2

−

into molecular oxygen and hydrogen peroxide [13, 14]. Sod1,
Sod4, Sod5, and Sod6 of C. albicans are Cu,Zn-containing
superoxide dismutases [14] that can be inhibited using the
Cu,Zn-Sod inhibitor N,N-diethyldithiocarbamate (DDC),
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which chelates copper [15]. We previously demonstrated that
this inhibitor potentiates the activity of miconazole against
C. albicans persister cells within biofilms, thereby allowing
ROS build-up and intensive killing of the persister cells
[16]. Ammonium tetramolybdate (ATM) is another copper
chelator which is used in clinical applications. For example,
ATM is used therapeutically in the treatment of copper
metabolism disorders (e.g.,Wilson’s disease) where it reduces
copper adsorption or removes excess copper from the body
[17–19]. ATM inhibits activities of a variety of Cu-utilizing
enzymes, includingCu,Zn-Sod1 [20–22]. In the present study,
we investigated a putative effect of DDC or ATM on the
activity of AmB against C. albicans biofilms and planktonic
cells.

2. Materials and Methods

2.1. Materials, Yeast Strains, Plasmids, and Growth Media.
C. albicans CA-IF100 [13], C. albicans clinical isolates F17,
G6 [23], and 2CA [16] were used in this study. Growth
medium was YPD (1% yeast extract, 2% peptone, and
2% glucose) and SC (1% CSM, complete amino acid sup-
plement mixture, 1% YNB, yeast nitrogen base; 2% glu-
cose). N-N-diethyldithiocarbamate (DDC) (stock = 1M
in water), ammonium tetrathiomolybdate (ATM) (stock =
1M in DMSO) and AmB (stock = 5mM in DMSO), were
purchased from Sigma (St. Louis, MO, USA). DHE was
purchased from Life technologies (Paisley, UK). Phosphate-
buffered saline (PBS) was prepared by combining 8 gl−1
NaCl, 0.2 gl−1 KCl, 1.44 gl−1Na

2
HPO
4
, and 0.24 gl−1 KH

2
PO
4

(pH 7.4).

2.2. Drug Susceptibility Testing against Planktonic C. albicans
Cells. Overnight cultures of C. albicans were washed in PBS
and diluted in SC medium to 1 × 106 cells/mL. Cultures
were treated with 0.156𝜇M AmB, 10mM DDC or 0.156𝜇M
AmB, and 10mM DDC and incubated for 24 hours at 37∘C.
DMSO (2%) was used as a control treatment. Next, cells were
diluted in PBS and plated on YPD agar plates. Afterwards,
the number of colony-forming units was determined and
the percentage of surviving C. albicans cells was calculated
relative to the DMSO control treatment.

2.3. Drug Susceptibility Testing on C. albicans Biofilms. The
activity of AmB (final DMSO concentration = 2%) in the
absence or presence of 10mM DDC or 10mM ATM against
16 h old C. albicans biofilms was assessed in PBS as described
previously [16]. DMSO (2%) was used as a control treatment.
Briefly, after incubation for 24 h, biofilms were washed,
resuspended in PBS by vigorous vortexing, and plated on
YPD agar plates. The fraction of viable biofilm cells was
determined by counting the colonies and calculating the
percentage of surviving Candida cells, relative to the control
treatment.

2.4. ROS Accumulation Assay in C. albicans Biofilm Cells.
Quantification of ROS using 2,7-dichlorodihydrofluores-
cein diacetate (DCFHDA) was performed as previously

described [16]. Quantification of ROS was additionally deter-
mined using dihydroethidium (DHE). To this end,C. albicans
biofilms were treated with 1 𝜇MAmB in presence or absence
of 10mMDDC or 10mMATM (final DMSO concentration =
2%). As a control treatment, 2% DMSO was used. After 24 h
incubation at 37∘C, biofilms were washed and resuspended
in PBS by vigorous vortexing. A sample was taken for colony
counting, after which the biofilm cells were incubated for 20
minutes at 37∘C with 20𝜇M DHE. After washing, fluores-
cence was measured (510 nm/595 nm) using a fluorescence
spectrometer and values were normalized to the number of
CFUs.

2.5. Statistical Analysis. Statistical analysis was performed
using unpaired 𝑡-test. Differences were considered significant
if ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001. Data of all
experiments are represented by the mean ± SEM.

3. Results and Discussion

3.1. DDC Increases the Antibiofilm Activity of AmB against
C. albicans. First we investigated the effect of N-N-
diethyldithiocarbamate (DDC) on the activity of Ampho-
tericin B (AmB) against C. albicans CA IF-100 biofilms. To
this end, a concentration of AmB that had no significant
effect on the viability of C. albicans biofilm cells was used.
Treatment of C. albicans biofilms with 1 𝜇M AmB did not
result in a statistically significant reduction of viable biofilm
cells compared to control treatment (Figure 1).We used these
concentrations of AmB to further investigate the potential
of DDC on potentiating the antibiofilm activity of AmB
against C. albicans biofilms. Since Lushchak and colleagues
previously demonstrated that treatment of Saccharomyces
cerevisiae with DDC caused a dose-dependent inhibition
of Sod activity in vivo, with 75% inhibition occurring at
10mM DDC [15], we used a similar concentration in our
experiments. Coincubation of C. albicans biofilms with 1𝜇M
AmB and 10mM DDC resulted in an approximately 10,000-
fold reduction of viable biofilm cells as compared to AmB
or DDC treatment alone. More specifically, treatment of C.
albicans biofilmswith 1 𝜇MAmBand 10mMDDC resulted in
only 0.008 ± 0.002% viable biofilm cells (𝑃 < 0.001), whereas
treatment of biofilms with 1 𝜇MAmB alone resulted in 84.80
± 9.66% viable biofilm cells. Treatment ofC. albicans biofilms
with 10mM DDC alone resulted only in a 2-fold reduction
of the viable biofilm cells (𝑃 < 0.05) (Figure 1), pointing to a
clearly enhanced antibiofilm activity of AmBwhen combined
with DDC.

3.2. The Antibiofilm Activity of AmB against C. albicans
Clinical Isolates is Enhanced by DDC. To evaluate the above
findings further, we assessed the antibiofilm activity of AmB
and DDC using 3 C. albicans clinical isolates. Clinical isolates
F17 and G6 are characterized by increased levels of AmB-
tolerant persisters [23] whereas strain 2CA was isolated from
the voice prosthesis of different laryngectomized patients
[16]. The percentage of viable biofilm cells upon treatment
of C. albicans F17, G6, or 2CA biofilms is represented in
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Figure 1: Effect of N-N-diethyldithiocarbamate (DDC) on AmB-
tolerant cells in C. albicansCA-IF100 biofilms. Biofilms were treated
with or without (/) 1𝜇M AmB in presence or absence (−) of
10mM DDC. After 24 hours, biofilms were washed with PBS and
the percentage survival of C. albicans cells, relative to the control
treatment (2% DMSO), was determined by plating the biofilm
cells on YPD plates. Data represent the mean and SEM for one
representative experiment out of two, each consisting of triplicate
measurements. ∗∗∗𝑃 < 0.001.

Figure 2. Coincubation of F17 or G6 biofilms with 1 𝜇M
AmB and 10mM DDC resulted in an approximately 10,000-
fold reduction of viable biofilm cells as compared to AmB
treatment alone. More specifically, treatment of biofilms of
F17 or G6 with 1 𝜇M AmB and 10mM DDC resulted in
only 0.009 ± 0.002% (𝑃 < 0.001) or 0.01 ± 0.004% (𝑃 <
0.01) of viable biofilm cells, respectively, whereas treatment
of biofilms of F17 or G6 with 1 𝜇M AmB alone had no effect
on the viability of these biofilm cells. Treatment of these
biofilmswith 10mMDDCalone resulted in a 3-fold reduction
of viable biofilm cells (𝑃 < 0.05) (Figure 2). Treatment of
2CA biofilms with 1𝜇M AmB and 10mM DDC resulted in
an approximately 3-fold reduction of viable cells compared
to AmB treatment alone. More specifically, coincubated 2CA
biofilms resulted in 20.6 ± 2.6% (𝑃 < 0.01) of viable cells,
whereas treatment of these biofilms with 1𝜇M AmB alone
resulted in 66.8 ± 5.7% of viable cells. Treatment of 2CA
biofilms with 10mM DDC alone resulted in 82.7 ± 11.5%
viable cells (Figure 2). These results confirm that inhibition
of Sod activity by DDC can potentiate the antibiofilm activity
of AmB against variousC. albicans clinical isolates.The extent
of potentiation of the AmB antibiofilm activity seems strain
dependent.

3.3. Potentation of Antifungal Activity of AmB by DDC is
Not Biofilm Specific. The activity of AmB in the presence
of DDC against planktonic C. albicans CA IF-100 cells was
determined. Also here, concentrations of AmB (0.156 𝜇M)
and DDC (1.25mM) were used that had no or limited effect
on the viability of planktonicC. albicans cells.The percentage
of viable C. albicans planktonic cells after treatment with or
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Figure 2: Effect of DDC on AmB-tolerant cells in biofilms of C.
albicans clinical isolates F17, G6, and 2CA. C. albicans biofilms of
F17, G6, or 2CA were treated with or without (/) 1 𝜇M AmB in
presence or absence (−) of 10mM DDC. Afterwards, biofilms were
washed with PBS and survival of Candida cells was determined by
plating the biofilm cells on YPD plates. The AmB-tolerant fraction
in presence or absence of 10mM DDC was determined relative
to DMSO treatment. Data represent the mean and SEM for one
representative experiment out of two, each consisting of triplicate
measurements. F16 (white bars), G6 (black bars), 2CA (grey bars).
∗∗
𝑃 < 0.01; ∗∗∗𝑃 < 0.001.
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Figure 3: Effect of combined treatment of DDC and AmB on
planktonic C. albicans cell cultures. Planktonic C. albicans cultures
were treated with or without (/) 0.156 𝜇M AmB in presence of
absence (−) of 1.25mM DDC for 24 hours and afterwards plated on
YPD plates.The percentage survival relative to the control treatment
(2% DMSO) is shown. Data represent the mean of 2 independent
biological experiments, each consisting of two measurements. ∗𝑃 <
0.05.

without AmB in presence or absence of DDC is shown in
Figure 3. Combined treatment of AmB and DDC resulted in
an 8-fold reduction of the percentage of viable C. albicans
cells compared to planktonic cells treated with AmB only.
The percentage of viable planktonic cells after combined
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Figure 4: Effect of ATM on AmB-tolerant cells in biofilms of C. albicans CA-IF100 (a) and clinical isolates F17 and G6 (b). C. albicans
biofilms were treated without (/) or with 1 𝜇M AmB in the absence (−) or presence of 10mM ATM. Afterwards, biofilms were washed with
PBS and survival of Candida cells was determined by plating the biofilm cells on YPD plates. The AmB-tolerant fraction in presence or
absence of 10mM DDC was determined relative to DMSO treatment. Data represent the mean and SEM for one representative experiment
out of two, each consisting of triplicate measurements. (a) CA-IF100 and (b) clinical isolates F17 (white bars) and G6 (black bars). ∗∗𝑃 < 0.01;
∗∗∗
𝑃 < 0.001.

treatment of AmB and DDC (9 ± 1%) was significantly
reduced (𝑃 < 0.05) compared to treatment with AmB (77
± 20%) or DDC (47 ± 11%) alone (Figure 3). This result
shows that DDC-dependent potentiation of the activity of
AmB is not biofilm specific, as DDC also potentiates the
activity of AmB against planktonic cells, albeit to a lesser
extent.

3.4. ATM, a Clinical Used Copper Chelator, Increases the Activ-
ity of AmB against C. albicans Biofilm Cells. As DDC is asso-
ciated with neurotoxicity [24], which might limit its clinical
potential, we also determined the effect of ATM, a therapeuti-
cally used copper chelator [17, 18], on the antibiofilm activity
of AmB. Coincubation ofC. albicansCA IF-100 biofilmswith
1 𝜇M AmB and 10mM ATM led to an approximately 300-
fold reduction of viable biofilm cells, resulting in only 0.32
± 0.04% (𝑃 < 0.001) of viable biofilm cells, compared to
AmB treatment alone. Treatment of C. albicans biofilms with
10mM ATM alone did not result in a significant reduction
of the viable biofilm cells (Figure 4(a)). In addition, the
percentage of viable C. albicans cells of two clinical isolates,
F17 and G6, was also determined after treatment without
or with 1 𝜇M AmB in the presence or absence of 10mM
ATM (Figure 4(b)). Co-incubation of F17 or G6 biofilms
with 1𝜇M AmB and 10mM ATM resulted in a 7- or 80-fold
significant reduction of viable biofilm cells, respectively, as
compared to AmB treatment alone (Figure 4(b)). Treatment
of biofilms of F17 or G6 with 1 𝜇M AmB and 10mM ATM
resulted in 15.47 ± 2.40% (𝑃 < 0.001) or 1.68 ± 0.22% (𝑃 <
0.01) viable biofilm cells, respectively, whereas treatment of
biofilms of F17 or G6 with 1𝜇M AmB alone had no effect on
the viability of these biofilm cells. Treatment of these biofilms
with 10mM ATM alone resulted in no significant reduction
of the viable biofilm cells (Figure 4(b)).These results indicate

that ATM also increases the activity of AmB against clinical
isolates, albeit to a lesser extent compared to the wild-type
CA-IF100, in contrast to DDC. This might indicate that
DDC is more effective in inhibiting Sods compared to ATM.
However, additional studies are necessary to investigate this
further.

3.5. Treatment with DDC and ATM Increases Endogenous
Reactive Oxygen Species Levels in AmB-Treated Biofilms. To
determine if treatment with the Sod inhibitors DDC or
ATM enhances endogenous reactive oxygen species (ROS)
levels in AmB-treated biofilms, the accumulation of ROS was
quantified using 2,7-dichlorodihydrofluorescein diacetate
(DCFHDA)or dihydroethidium (DHE).DCF, the conversion
product of DCFHDA, indicates the presence of several types
of ROS, including hydrogen peroxide and peroxyl radicals,
whereas DHE is a specific superoxide detection reagent
[25]. In a first series of experiments, we used DCFHDA
as detection reagent. Coincubation of CA-IF100 biofilms
with AmB and DDC resulted in significantly increased
endogenous ROS levels in C. albicans biofilm cells as com-
pared to AmB or DDC treatment alone. CA-IF100 biofilms,
treated with a combination of 1𝜇M AmB and 10mM DDC
and incubated with H2DCFA, resulted in an approximately
10,000-fold increase of endogenous ROS levels (𝑃 < 0.05),
compared to biofilms treated with AmB or DDC alone
(Figure 5(a)). Also coincubation of C. albicans biofilms with
1 𝜇M AmB and 10mM ATM resulted in an approximately
50-fold increase of endogenous ROS levels in C. albicans
biofilm cells (Figure 5(a)) (𝑃 < 0.001), indicating again that
DDC seems more effective in inhibiting Sods compared to
ATM. As Sods convert superoxide to hydrogen peroxide, we
have set up additional experiments in which we specifically



Oxidative Medicine and Cellular Longevity 5

1

10

100

1000

10000

100000

1000000

Fl
uo

re
sc

en
ce

 p
er

 1
00

0 
ce

lls

Treatment

∗∗∗

∗

1 𝜇M AmB1 𝜇M AmB1 𝜇M AmB //
— 10 mM DDC 10 mM DDC 10 mM ATM10 mM ATM

(a)

20

0

40

60

80

100

120

140

160

Fl
uo

re
sc

en
ce

 p
er

 1
00

0 
ce

lls

Treatment

∗

1 𝜇M AmB/1 𝜇M AmB
— 10 mM ATM10 mM ATM

(b)

Fl
uo

re
sc

en
ce

 p
er

 1
00

0 
ce

lls

35

30

25

20

15

10

5

0
Treatment

∗

∗

1 𝜇M AmB/1 𝜇M AmB
— 10 mM DDC 10 mM DDC

(c)

Figure 5: Effect of DDC and ATM on ROS levels in C. albicans biofilms. (a) C. albicans CA-IF100 biofilms were treated with or without
(/) 1𝜇M AmB in presence or absence (−) of 10mM DDC or 10mM ATM. Biofilms were washed with PBS and a sample was taken for CFU
determination. Afterwards, 10 𝜇MDCFDAwas added. Fluorescencewas normalized to the number of CFUs after treatment. (b) and (c). Effect
of DDC on peroxide levels on C. albicans biofilm cells. C. albicans biofilms were treated with or without (/) 1𝜇MAmB in presence or absence
(−) of 10mM DDC. Biofilms were washed with PBS and a sample was taken for CFU determination. Afterwards, 20𝜇M DHE was added.
Fluorescence was normalized to the number of CFUs after treatment. (b) CA-IF100, (c) F17 (white bars), and G6 (black bars). Data represent
the mean and SEM for one representative experiment out of two, each consisting of triplicate measurements. ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001.

monitored superoxide accumulation, using DHE staining,
in C. albicans CA-IF100, G6, and F17 biofilms cells upon
various treatments. Co-incubation of CA-IF100 biofilm cells
with AmB and DDC resulted in an approximately 15-fold
increased superoxide accumulation (𝑃 < 0.05), compared
to biofilms treated with AmB or DDC alone (Figure 5(b)).
Moreover, also biofilms of clinical isolates F17 and G6,
treated with AmB and DDC, accumulated, respectively, 40-
or 8-fold more superoxide compared to F17 or G6 biofilms
treated with AmB alone (𝑃 < 0.05) (Figure 5(c)). These
results show that inhibition of Sod activity by DDC in the
presence of AmB results in a significantly increased super-
oxide accumulation. Hence, it seems that AmB specifically
induces superoxide as a means to kill fungal cells, including
biofilm cells.

4. Conclusions

All above data indicate that, in C. albicans biofilm cells, Sods
are not only involved in protection of C. albicans biofilms to
miconazole [16] but also to AmB, probably via detoxification
of AmB-induced superoxide.

These results are in line with results of Seneviratne and
coworkers [26]. They demonstrated that C. albicans biofilm
formation is associated with increased antioxidative capac-
ities. Several proteins involved in oxidative stress defenses,
including thioredoxin peroxidase and alkyl hydroperoxide
reductase, are upregulated in biofilms, which may contribute
to the higher resistance to ROS-inducing antifungals like
AmB and miconazole [25]. In addition, several reports
document the possibility of enhancing the fungicidal activity
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of ROS-inducing antifungals by targeting the oxidative stress
response system of fungi. For example, Kim and cowork-
ers demonstrated that different redox-potent chemosensi-
tizing agents like natural dihydroxybenzaldehydes, thymol,
or salicylaldehyde could enhance the antifungal activity of
different ROS-inducing antifungals [27–29]. One of their
studies specifically demonstrates that chemically targeting
the oxidative stress response system of fungi effectively
augments antimycotic potency of AmB [28]. Based on our
data, it seems that Sod inhibitors can reduce the antioxidative
capacities of C. albicans biofilm cells, resulting in increased
efficacy of ROS-inducing antifungals. In a report of Walker
and coworkers, it was demonstrated that the combination
of DDC and AmB is effective in treating systemic Candida
infections [30]. We now demonstrated that the combination
of DDC and AmB displayed potent in vitro activity against
biofilms of various C. albicans strains, including AmB-
tolerant clinical isolates. However, as DDC is associated
with neurotoxicity, ATM or other nontoxic and specific Sod
inhibitors might lead to a novel antibiofilm combination
therapy, consisting of a ROS-inducing antifungal with such
inhibitor.
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Flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD) are two redox cofactors of pivotal importance
for mitochondrial functionality and cellular redox balance. Despite their relevance, the mechanism by which intramitochondrial
NAD(H) and FAD levels are maintained remains quite unclear in Saccharomyces cerevisiae. We investigated here the ability of
isolated mitochondria to degrade externally added FAD and NAD (in both its reduced and oxidized forms). A set of kinetic
experiments demonstrated that mitochondrial FAD and NAD(H) destroying enzymes are different from each other and from the
already characterized NUDIX hydrolases. We studied here, in some detail, FAD pyrophosphatase (EC 3.6.1.18), which is inhibited
byNAD+ andNADHaccording to a noncompetitive inhibition, with𝐾𝑖 values that differ from each other by an order ofmagnitude.
These findings, together with the ability of mitochondrial FAD pyrophosphatase to metabolize endogenous FAD, presumably
deriving frommitochondrial holoflavoproteins destined to degradation, allow for proposing a novel possible role of mitochondrial
NAD redox status in regulating FAD homeostasis and/or flavoprotein degradation in S. cerevisiae.

1. Introduction

Flavin adenine dinucleotide (FAD) and nicotinamide ade-
nine dinucleotide (NAD) are two molecules of pivotal
importance for mitochondrial functionality, given their role
as redox cofactors of a large number of dehydrogenases,
reductases, and oxidases mainly involved in energy pro-
duction and redox homeostasis [1–4]. Additional emerg-
ing regulatory roles are linked to a number of additional
cofactor-dependent events, such as protein folding, apopto-
sis, gene silencing, transcriptional regulation, DNA repairs
and calcium-dependent signaling pathways. In many of these
processes NAD and FAD are also involved in nonredox
reactions (for recent reviews see [2, 5, 6]). In particular, NAD
homeostasis and NAD-dependent modification of target
proteins play a crucial role in calorie-restriction-induced life-
span extension and in age-related metabolic diseases [7–9].

Consistently, NAD- and FAD-dependent enzymes deficiency
and/or impairment in flavin and NAD homeostasis in
humans and experimental animals have been linked to sev-
eral diseases, such as cancer, cardiovascular diseases, anemia,
abnormal fetal development, and different neuromuscular
and neurological disorders [10–14].

The relevance of such processes merits further research
aimed to better describe NAD and FAD homeostasis and
flavoenzyme biogenesis, especially in those organisms that
can be simple and suitable model for human diseases. The
conserved biological processes with all eukaryotic cells,
together with the possibility of simple and quick geneticman-
ipulation, allowed for proposing the budding yeast, Saccha-
romyces cerevisiae, as the premier model to understand the
biochemistry and molecular biology of mammalian cells and
to decipher molecular mechanisms underlying human dis-
eases [15–17].
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In yeast and most other organisms, besides de novo syn-
thesis of NAD, the regeneration of NAD from its nicoti-
namide degradation products has been described in some
detail [8, 18, 19]. This salvage pathway accompanies NAD+-
dependent signaling processes which, differently from those
in which NAD works as redox cofactor, require constant
replenishment of cellular NAD pools. NAD+ salvage pathway
takes place in the nucleus [20].Differently frommammals [21,
22], NAD+ is not synthesized in yeast mitochondria; consis-
tently, two mitochondrial carriers (NDT1/2) seem to be
responsible for replenishing mitochondrial NAD+ level in
yeasts [23, 24].

As regards NAD+ into nicotinamide degradation prod-
ucts conversion, which occurs in many NAD+-dependent
signaling processes, the NAD+ glycoside bound is potentially
cleaved via reactions catalyzed by transferases (EC 2.4.2.-),
like poly(ADP-ribose)polymerase; deacetylases (EC 3.5.1.-),
like sirtuins; or hydrolases (EC 3.2.2.5) to produce nicoti-
namide and a variety of ADP-ribosyl products [5, 25]. From
this wide spectrum of NAD+ consuming enzymes, only sir-
tuins (SIRTs) have been identified in yeasts [26]. Nomember,
out of the five S. cerevisiae sirtuins, seems to be localized into
mitochondria.

Another way to cleave the pyridine nucleotidemolecule is
at the level of pyrophosphate bond via hydrolytic enzymes. A
diphosphatase (pyrophosphatase), performing an enzymatic
activity towards NADH, as preferred substrate, and giving
NMNH and AMP as products, has been characterized in
yeast as belonging to theNUDIXhydrolase family (EC 3.6.1.-)
[27]. This enzyme, namely, Npy1p encoded by YGL067W, is
able to catalyze NAD+ hydrolysis and also very weakly FAD
hydrolysis; it was reported to be located in peroxisomes,
active at alkaline pH, and strongly inhibited by F−. The exis-
tence of a mitochondrial isoenzyme has not been reported so
far [28].

Turning to FAD, it is synthesized starting from riboflavin
(Rf, vitamin B

2
) via the sequential action of riboflavin kinase

or ATP: riboflavin 5-phosphotransferase (RFK, EC 2.7.1.26)
and FAD synthase or FMN: ATP adenylyltransferase (FADS,
EC 2.7.7.2). The first eukaryotic genes encoding for RFK
[29] and FADS [30] have been identified and cloned in S.
cerevisiae. Besides in the cytosol, FAD synthesis occurs also
in yeast mitochondria [31, 32], thus necessitating Rf uptake
into the organelle.The samemitochondrial pathway operates
also in mammals and plants [33–35].

The knowledge of FAD cleavage events in yeast is rather
poor, as opposed to its biosynthesis.The first investigation on
FAD hydrolysis was carried out on cellular extracts obtained
by the flavinogenic yeast Pichia guilliermondii [36, 37]. Fol-
lowing the demonstration of the existence of a mitochondrial
FAD pyrophosphatase (FADppase, EC 3.6.1.18) and FMN
phosphohydrolase (EC 3.1.3.2) in rat liver mitochondria [38],
further functional evidence of FAD cleaving enzymes has
been obtained in S. cerevisiae mitochondria (SCM) [39, 40].
The molecular identification of FADppase is still lacking,
while a gene encoding for a specific FADppase so far
has been cloned and identified in Arabidopsis and named
AtNUDX23. It belongs to the NUDIX hydrolase family and
is distributed in plastids [41, 42]. The possibility that some

members of S. cerevisiae NUDIX hydrolase family were able
to hydrolyze FAD remains to be investigated, in the frame of
characterization of a putative mitochondrial FADppase [40].

Here we studied the ability of SCM to catalyze NAD and
FAD hydrolysis via enzymatic activities which are different
from the already characterized NUDIX hydrolases. The dif-
ferential inhibition by the oxidized and reduced formofNAD,
together with the ability of mitochondrial FADppase to
metabolize endogenous FAD, presumably deriving from
mitochondrial holoflavoproteins destined to degradation,
allows for proposing a novel possible role of mitochondrial
NAD redox status in regulating FAD homeostasis and,
possibly, flavoprotein degradation in S. cerevisiae.

2. Materials and Methods

2.1. Materials. All reagents and enzymes were from Sigma-
Aldrich (St. Luis, MO, USA), Zymolyase was from ICN
(Abingdon, UK), and Bacto Yeast Extract was from Difco
(Franklin Lakes, NJ, USA). Mitochondrial substrates were
used as Tris salts at pH 7.0. Solvents and salts used for HPLC
were from J.T.Baker (Center Valley, PA, USA).

2.2. Yeast Strain, Media, and Growth Conditions. The wild-
type S. cerevisiae strain (EBY157A, genotypeMAT𝛼 ura 3–52
MAL2-8c SUC2 p426MET25) used in this work was derived
from theCEN.PK series of yeast strain andwas obtained from
P. Kotter (Instituet fuer Mikrobiologie, Goethe-Universitaet
Frankfurt, Frankfurt, Germany), as already described in [31].
Cells were grown aerobically at 28∘C with constant shaking
in a semisynthetic liquid medium (3 g/L yeast extract, 1 g/L
KH
2
PO
4
, 1 g/L NH

4
Cl, 0.5 g/L NaCl, 0.5 g/L CaCl

2
⋅2H
2
O,

MgCl
2
⋅6H
2
O, 20mg/L uracil, 0.05% glucose) supplemented

with 2% ethanol as carbon source.The pH of themediumwas
adjusted to 5.5 with HCl.

2.3. Mitochondria Isolation and Purification. Crude S. cere-
visiae mitochondria (SCM) were isolated according to [31].
For pure SCMpreparation, the final mitochondrial pellet was
resuspended in the isolation medium, consisting of 0.6M
Mannitol and 20mM HEPES pH 7.4, to obtain 5mg mito-
chondrial protein/mL and subsequently purified from extra-
mitochondrial contaminations using a sucrose gradient basi-
cally as described in [43]. The intactness of mitochondrial
inner membrane was checked measuring the latency of
release of themitochondrial matrix enzyme fumarase (FUM)
as in [34, 44] by treating SCM with the nonionic deter-
gent Triton X-100 (TX100, 0.1%) at 0∘C for 1min. The
mitochondrial functionality was assessed by oxygen uptake
measurements carried out using a Gilson oxygraph as in
[31]. The SCM purity was checked by measuring in SCM
and spheroplasts (sphero) the activities of different marker
enzymes such as cytosolic pyruvate decarboxylase (PDC),
vacuolar alkaline phosphatase (AP), peroxisomal D-amino-
acid oxidase (D-AAOX), and mitochondrial citrate synthase
(CS) via spectrophotometric assays, essentially as described
in [31, 45]. Mitochondrial protein concentration was deter-
mined according to [46].
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2.4. FAD Hydrolysis. FAD externally added or endogenous
FAD metabolism in S. cerevisiae was monitored by means
of fluorimetric and HPLC measurements, essentially as in
[38, 47]. In the case of fluorimetric measurements, flavin
derivative emission spectra (excitationwavelength at 450 nm)
and time drivemeasurements (excitation and emission wave-
lengths at 450 nm and 520 nm, resp.) were carried out at 25∘C
in 2mL of a standard medium consisting of 0.6M Mannitol,
50mM TRIS-HCl, pH 7.5, and 5mM MgCl

2
by means of a

LS50B Perkin Elmer spectrofluorimeter. Flavin fluorescence
emission spectra were corrected as in [48] by adding a few
crystals of sodium dithionite to the mitochondrial suspen-
sion. When externally added FAD hydrolysis was measured,
the endogenous flavin fluorescence was not considered since
it was found to be negligible compared to that measured in
subcellular suspension.

In each experiment, FAD, FMN, and Rf fluorescence was
calibrated individually using standard solutions whose con-
centrations were calculated by using 𝜀

450
of 12.2mM−1 ⋅ cm−1

for FMN and Rf, and 11.3mM−1 ⋅ cm−1 for FAD. Under the
experimental conditions used here, FAD fluorescence con-
stant (𝐾FAD) proved to be about ten times lower than those
of FMN and Rf (𝐾FMN/Rf) which did not differ significantly
from each other [33, 49]. Thus, the rate of FAD hydrolysis,
that is, the rate of FMN + Rf formation, expressed as nmol
FAD hydrolyzed ⋅ min−1 ⋅ mg−1 protein, was calculated from
the rate of fluorescence increase, measured as tangent to the
initial part of the experimental curve by applying the follow-
ing equation:

V
𝑜
=

(Δ𝐹/Δ𝐾 × 𝑉
𝑓
)

Δ𝑡 × 𝑚
, (1)

where Δ𝐹 is expressed in fluorescence arbitrary units, 𝑉
𝑓
is

expressed inmL,Δ𝐾 = 𝐾FMN/RF−𝐾FAD is expressed as 𝜇M−1,
Δ𝑡 is expressed in min, and𝑚 is the mass of protein in mg.

In the case of HPLC measurements, from aliquots of
the subcellular suspension (100 𝜇L), taken at various times,
perchloric extracts were obtained and neutralized with KOH
[33]. FAD, FMN, and Rf were analyzed by means of HPLC, as
in [31, 47]. FAD, FMN, and Rf were measured in each exper-
iment, with a quantitative determination carried out by mea-
suring peak areas by means of a calibration curve. It should
be noted that, in externally added FAD experiments, the con-
tribution of endogenous flavins to the measured chromato-
graphic peak area was proved to be negligible with respect
to that due to flavin derivatives found in the subcellular
suspension. Since the rate of FMN/Rf appearance measured
fluorimetrically 𝑜 via HPLC showed no significant differ-
ence, these experimental approaches were used in this work
indifferently.

2.5. NADHOxidation and Hydrolysis. NADHmetabolism in
S. cerevisiae was monitored by means of fluorimetric mea-
surements, using a LS50B Perkin Elmer spectrofluorimeter.
NADH excitation spectra (emission wavelength at 456 nm)
and time drivemeasurements (excitation and emission wave-
length pairs at 260/456 and 340/456 nm, resp.) were carried
out at 25∘C in 2mL of a standard medium.

NADH oxidation to give the nonfluorescence NAD+ can
be revealed (when it is the sole process responsible for NADH
disappearance) as a fluorescence decrease at 260/456 nm and
340/456 nm as tangent to the linear part of the experimental
curve as

Vox = [
(Δ𝐹
260/456
/Δ𝑡)

𝐾NADH260
] × 𝑉
𝑓
= [
(Δ𝐹
340/456
/Δ𝑡)

𝐾NADH340
] × 𝑉
𝑓
,

(2)

whereΔ𝐹ecc/em is expressed in fluorescence arbitrary units,𝑉
𝑓

is expressed in mL, 𝐾NADH260 and 𝐾NADH340 are expressed as
𝜇M−1, and Δ𝑡 is expressed in min.

Differently from oxidation, NADH hydrolysis results
in products which are not fluorescent at 260/456 nm but
still fluorescent at 340/456 nm (with a constant value 1.25-
fold lower). Therefore, when hydrolysis is the sole process
responsible for NADH disappearance, it can be revealed as a
fluorescence decrease at 260/456 nm and 340/456 nm as tan-
gent to the linear part of the experimental curve as

Vidr = [
(Δ𝐹
260/456
/Δ𝑡)

𝐾NADH260
] × 𝑉
𝑓
= [
(Δ𝐹
340/456
/Δ𝑡)

Δ𝐾
340

] × 𝑉
𝑓

(3)

with Δ𝐹
260/456
/Δ𝑡 higher than Δ𝐹

340/456
/Δ𝑡.

Rearranging (2) and (3), it is possible to calculate the
two components of the NADH disappearance in a complex
system, where oxidation is significantly reduced with respect
to hydrolysis (i.e., in the presence of KCN 1mM).

The rate of NADH hydrolysis in the presence of residual
NADH oxidation, expressed as nmol NADH hydrolyzed ⋅
min−1 ⋅ mg−1 protein, can be calculated by applying the fol-
lowing equation:

Vidr

=
[(Δ𝐹
260/456
/Δ𝑡) /𝐾NADH340 − (Δ𝐹340/456/Δ𝑡) /𝐾NADH260]

𝐾NADH260 ⋅ (𝐾NADH340 − Δ𝐾340)
⋅ 𝑉
𝑓

(4)

with Δ𝐹
260/456
/Δ𝑡 higher or equal to Δ𝐹

340/456
/Δ𝑡.

The rate of NADH oxidation in the mixed system can be
calculated as

Vox

=
[(Δ𝐹
340/456
/Δ𝑡) /𝐾NADH260 − (Δ𝐹260/456/Δ𝑡) /Δ𝐾340]

𝐾NADH260 ⋅ (𝐾NADH340 − Δ𝐾340)
⋅ 𝑉
𝑓
.

(5)

In each experiment, the 𝐾NADH260 and 𝐾NADH340 values
were determined by calibrating NADH fluorescence with
standard solutions, whose concentrations were spectropho-
tometrically defined (𝜀

340
was 6.2mM−1 ⋅ cm−1). NMNH

fluorescence was calibrated using a standard curve produced
by incubating NADH (at concentrations ranging from 1 to
10 𝜇M) with excess amounts of commercial nucleotide pyro-
phosphatase (EC 3.6.1.9) to determine the Δ𝐾

340
value.
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2.6. NAD+ Hydrolysis. NAD+ hydrolysis was measured by
fluorimetrically monitoring the hydrolysis of nicotinamide
1,N6-ethenoadenine dinucleotide (𝜀-NAD+), essentially as
described in [50, 51]. Fluorescence measurements were per-
formed using a Perkin Elmer LS5 spectrofluorimeter (excita-
tion and emission wavelengths set at 310 nm and 410 nm) at
25∘C in 2mLof a standardmedium.Thefluorescence changes
produced by subcellular suspensions were calibrated by
using a standard curve produced by incubating 𝜀-NAD+ (at
concentrations ranging from 1 to 6𝜇M) with excess amounts
of commercial NADase [50]. The concentration of 𝜀-NAD+
was determined by the conversion of 𝜀-NAD+ to 𝜀-NADH
using the commercial alcohol dehydrogenase reaction and
assuming a molar extinction coefficient for 𝜀-NADH of
6.2mM−1 ⋅ cm−1 at 340 nm.

2.7. Kinetic Data Analysis. Data fitting was performed
according to the Michaelis-Menten equation:

V = 𝑉max ⋅
[𝑆]

𝐾
𝑚

+ [𝑆] . (6)

To fit the experimental data and to obtain estimates of the
kinetic parameters use was made of the GraFit software (v.
3.00, 1992, by R. J. Leatherbarrow, Erithacus Software).

2.8. Statistical Analysis. All experiments were repeated at
least 3 times with different mitochondrial preparations.
Results are presented asmean± standard deviation. Statistical
significance was evaluated by Student’s 𝑡-test. Values of 𝑃 <
0.05 were considered statistically significant.

3. Results and Discussion

In order to study NAD(H) mitochondrial metabolism we
isolated functionally active SCM, as described before [31, 32],
and further purified them, basically as in [43]. To control
that SCM were significantly depleted by extramitochondrial
contaminations; in Figure 1(a) we measured the distribution
of the cytosolic marker enzyme (pyruvate decarboxylase,
PDC), the vacuolar marker enzyme (alkaline phosphatase,
AP), and the peroxisomal marker enzyme (D-aminoacid
oxidase, DAAOX), with their specific activities being about
tenfold (for the cytosolic and vacuolar markers) and fivefold
(for the peroxisomal marker) lower in the mitochondrial
fraction than those in spheroplasts (sphero). The purity of
mitochondrial preparations was also assessed, by following
the enrichment of the mitochondrial matrix marker enzymes
citrate synthase (CS) in Figure 1(a) and fumarase (FUM)
in Figure 1(b) whose specific activities were about sixfold
enriched in the mitochondrial fraction. The intactness of
mitochondrial suspension was also checked by following
the latency of release of the mitochondrial matrix enzyme
FUM, following the rupture of the inner mitochondrial
membrane by Triton X-100 (TX100). An integrity of 81 ± 3%
was measured in three different mitochondrial preparations
(Figure 1(b)), as described in Section 2. Then, in the frame
of assessing mitochondrial functionality, NADH (1mM) was
externally added to purified SCM, to induce respiration,

via the two external NADH dehydrogenases (namely, Nde1p
and Nde2p), as schematized in Figure 1(c). In the typical
experiment reported, SCM respired NADH (1mM) with
a rate equal to 700 ngatoms O ⋅ min−1 ⋅ mg−1 protein.
When ADP (0.1mM) was added, the oxygen uptake rate
increased up to 1240 ngatoms O ⋅min−1 ⋅mg−1 protein, with
a respiratory control index (RCI) value equal to 1.8. Under
this ADP limiting concentration a P/O value equal to 1.4 was
measured. Addition of ADP at higher concentration (1mM)
increased the oxygen consumption rate up to 1730 ngatoms
O ⋅ min−1 ⋅ mg−1 protein, with a RCI value equal to 2.5. In
three experiments, performed with different mitochondrial
preparations, SCM showed RCI values ranging from 2.0 to
3.0. As expected, NADH-induced respiration was almost
totally inhibited by KCN (1mM), thus excluding a significant
contribution by alternative oxidase pathway [52].

To better investigate the fate of externally added NADH,
SCM were ruptured by freezing-thawing cycles and added
to NADH (5 𝜇M) in the absence and in the presence of
KCN (1mM) (Figure 2(a)). Fluorescence excitation spectra of
the suspension were registered for 10min, with the emission
wavelength set at 456 nm. As expected, two major emission
fluorescence peaks are found (at 260 and 340 nm, resp.) due
to the reduced form of the coenzyme, with the correspond-
ing fluorescence intensities decreasing concomitantly in the
course of NADH oxidation at both 260 nm and 340 nm.
From the values of fluorescence decrease, a NADH oxidation
rate of 520 nmol ⋅ min−1 ⋅ mg−1 protein was calculated as
reported in Section 2 (data not shown). KCN (1mM) addition
to ruptured SCM reduced the rate of NADH disappearance
to less than 8% of that measured in its absence (Figure 2(a)).
Under this experimental conditions, the rate of fluorescence
decrease at wavelength pairs 340/456 nm (essentially due to
the KCN-insensitive NADH oxidation rate) became lower
than that measured at 260/456 nm.

A possible explanation for this asymmetry derived from
the hypothesis that oxidation is not the sole process respon-
sible for NADH disappearance in the suspension, with a
possible contribution due to putative hydrolytic processes. In
this case a NADH hydrolysis rate equal to 14 nmol NADH
hydrolyzed ⋅min−1 ⋅mg−1 protein was calculated by applying
(4) reported in Section 2, while NADH oxidation rate was
reduced at 48 nmol ⋅min−1 ⋅mg−1 protein. In three indepen-
dent experiments using differentmitochondrial preparations,
a mean rate of 14.6 ± 1.1 nmol NADH hydrolyzed ⋅ min−1 ⋅
mg−1 protein was calculated (with NADH oxidation rate
of 34 ± 12 nmol ⋅ min−1 ⋅ mg−1 protein). Similar results
were obtained when the fluorescence decrease was contin-
uously measured at both the wavelength pairs 260/456 nm
and 340/456 nm, respectively. Typical traces are reported in
Figure 2(b) (straight lines).

The specific NADH hydrolytic activity measured in the
mitochondrial fraction resulted almost equal to that found
in whole sphero (14.1 ± 1.6 nmol ⋅ min−1 ⋅ mg−1 protein);
this allows us to propose a mitochondrial localization for
NADH destroying enzyme, even if not exclusive. The already
characterized hydrolase which is known to cleave NADH,
namely,Npy1p (see Section 1), seemed to be peroxisomal [28].
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Figure 1: Purity, integrity, and functionality of SCM. (a) The amount of PDC, AP, D-AAOX, and CS activities in sphero and SCM (0.05–
0.1mg protein) were measured, as reported in Section 2. The values of the enzymatic activities are the mean (±SD) of three experiments
performed with different cellular preparations. (b) FUM activity was measured in sphero, intact SCM (SCM − TX100), and solubilized SCM
(SCM+TX100) (0.05mg protein each) as reported in Section 2.The values are themean (±SD) of three experiments performedwith different
cellular preparations. (c) A schematic representation of the electron transport along the respiratory chain starting from the external NADH
dehydrogenases (Nde1p and Nde2p) is reported. Polarographic measurements of the NADH-dependent oxygen uptake rate in SCM (0.1mg
protein) were carried out as described in Section 2. The arrows indicate when the additions were made. The numbers along the trace refer to
the oxygen uptake rate expressed as ngatoms O ⋅min−1 ⋅mg−1 mitochondrial protein.

With the aim of identifing the NADH destroying enzyme,
we queried a number of protein sorting signal prediction
programs (i.e., iPSORT, TargetP, and MITOPROT), thus
finding a possible mitochondrial localization for this protein.

To understand whether the mitochondrial NADH
hydrolytic activity was due to the NUDIX hydrolase Npy1p,

the effects of both NaF (1mM) and CaCl
2
(1mM), power-

ful inhibitors of the peroxisomal enzyme, were tested
(Figure 2(b)). Since they clearly did not inhibit the NADH
hydrolysis rate (dotted lines), we exclude that the activity
we revealed was due to a putative mitochondrial isoform
of this enzyme. Independently from an auspicial protein
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Figure 2: Fluorimetric evidence of NADH cleavage catalyzed by solubilized SCM. (a) SCM (0.025mg protein) were added to NADH (5𝜇M)
in the standard medium supplemented with KCN (1mM) and the reaction followed at 25∘C, essentially as described in Section 2. NADH
fluorescence excitation spectra (emission wavelength set at 456 nm) were recorded at different incubation times. (b) NADH fluorescence
decrease, induced by freezing-thawing rupture of SCM, was continuously measured at both the wavelength pairs 260/456 and 340/456 nm,
under the experimental condition described in (a). Where indicated NaF or CaCl

2
(1mM each) were added (dotted lines).

identification, these experiments represent the first evidence
in favor of the existence of a novel mitochondrial NAD(H)
destroying activity. Nevertheless, the rapid fluorimetric
method used prevents a detailed kinetic characterization.

A simpler investigation of NAD-destroying activities
makes use of a NAD+ fluorescent analog, namely, nicoti-
namide 1,N6-ethenoadenine dinucleotide (𝜀-NAD+) [50, 51].
This assay was specifically useful to investigate whether puri-
fied SCMcan hydrolyze also the oxidized formof the pyridine
coenzyme. In Figure 3(a) a typical 𝜀-NAD+ (50 𝜇M) emission
spectrum is reported, as revealed at pH7.5, in the 340–500 nm
range, with excitation wavelength set a 310 nm. As expected,
it reveals a characteristic peak at 410 nm, whose intensity
linearly depends on 𝜀-NAD+ concentration. Addition of SCM
(previously solubilized with TX100) induced an increase in
fluorescence emission at 410 nm, as a linear function of time
up to 20min. Since the 𝜀-adenine ring specific fluorescence
constant is about ten-fold higher than that of the 𝜀-NAD+,
the observed fluorescence increase strongly suggests that 𝜀-
NAD+ was cleaved with a rate equal to 0.23 nmol 𝜀-NAD+
cleaved ⋅min−1 ⋅mg−1 protein. In Figure 3(b) the fluorescence
changes of 𝜀-NAD+ (50 𝜇M) suspensions, following the addi-
tion of solubilized SCM, were continuously measured, at the
fixed excitation and emission wavelengths (set at 310 nm and
410 nm, resp.), corresponding to an initial rate of hydrolysis
equal to 0.25 nmol ⋅ min−1 ⋅ mg−1 protein (+TX100). No
increase was observed when freshly isolated intact SCM
were used (−TX100), thus suggesting an intramitochondrial
localization for NAD+-cleaving activity.

The dependence of the rate of cleavage of 𝜀-NAD+
catalyzed by solubilized SCMwas determined in the pH range

4.5–10, using 100mMacetate/acetic acid and 50mMTris/HCl
buffering mixtures (Figure 4(a)). 𝜀-NAD+cleavage was found
to occur with a bell-shaped profile with the maximum rate
measured at pH 5.5.

To gain some insights into the substrate affinity, the
dependence of the rate of 𝜀-NAD+ was studied at pH 6 as a
function of the substrate concentration (Figure 4(b)). Hyper-
bolic characteristic was found, with saturation kinetics ana-
lyzed by the Michaelis-Menten equation, using the GraFit
software (see Section 2). Thus, 𝐾

𝑚
and 𝑉max values equal

to 56 ± 8.9 𝜇M and 1.7 ± 0.1 nmol ⋅ min−1 ⋅ mg−1 of
mitochondrial protein, respectively, were calculated from the
data in Figure 4(b). In three independent experiments using
different mitochondrial preparations, a mean rate of 1.6 ±
0.2 nmol 𝜀-NAD+ hydrolyzed ⋅ min−1 ⋅ mg−1 protein was
found, using 𝜀-NAD+ (200𝜇M).

The specific 𝜀-NAD+ hydrolytic activity was also mea-
sured in solubilized sphero, under the same experimental
conditions. As reported in Figure 4(c), the specific 𝜀-NAD+
hydrolytic activity in sphero is similar to that measured
in SCM. This finding, as previously observed for NADH
hydrolytic activity, suggests a preferential, but not exclusive,
mitochondrial localization for this enzyme.

As previously observed for NADH hydrolyzing activity,
the mitochondrial 𝜀-NAD+ hydrolytic activity was not inhib-
ited by both NaF (1mM) and CaCl

2
(1mM) (Figure 4(d)),

thus again excluding that a NUDIX hydrolase was respon-
sible for this activity. Conversely, the mitochondrial NAD+-
cleavage activity was totally inhibited by AMP (1mM) but
also significantly inhibited by nicotinamide, with an IC

50
of

about 5mM (Figure 4(d)).
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Figure 3: Fluorimetric evidence of 𝜀-NAD+ cleavage catalyzed by solubilized SCM. (a) SCM (0.3mg protein), solubilized with TX100, were
added to 𝜀-NAD+ (50 𝜇M) in the standard medium and the reaction followed at 25∘C, essentially as described in Section 2. 𝜀-NAD+ emission
spectra (at excitation wavelength 310) were monitored at different incubation times. (b) 𝜀-NAD+ fluorescence decrease was continuously
monitored at 310/410 nm under the same experimental condition described in (a) using intact (−TX100) or solubilized SCM (+TX100).

This last experiment strongly supports the proposal
that a nicotinamide-sensitive pyridine nucleotide-destroying
enzyme is enriched in SCM, even if, unfortunately, it did
not allow to precisely identify the product of mitochondrial
NAD(H) hydrolysis. Nevertheless, the strong inhibition by
AMP allows us to postulate that the dinucleotide was broken
at the level of pyrophosphate bond, as already demonstrated
for certain animal and plants FAD pyrophosphatases (FADp-
pase, EC 3.6.1.18) [54, 55].

Particular attention merits the finding that NAD+ degra-
dation, as well as FAD degradation (see below), strictly
depends on pH, which in yeast is highly dynamic [56]; thus,
we expect that local changes in intramitochondrial pH may
have profound influence on the availability of intramito-
chondrial pyridine and flavin cofactors. Under respiratory
conditions, an intramitochondrial pH value ranging from 7.7
to 7.3 during the different growth phases was experimentally
evaluated [57], presumably accompanied by a very low cofac-
tor degradation, as shown by measurements performed here.
Thus, under physiological conditions, respiratory-chain-
driven proton pumping prevents cofactor hydrolysis by gen-
erating a transmembrane pH gradient, negative inside.

Mild uncoupling [58] or various stress conditions [57]
induce a severe decrease in intramitochondrial pH value,
which plays a central role, together with vacuoles, in con-
trolling cytosolic pH [56, 59, 60]. Under these conditions we
expected an increase in the rate of NAD+, as well as FAD
degradation (see below), which in turn may regulate redox
homeostasis, cell growth, and defense responses [61, 62].

Since the contribution ofmitochondrialNAD(H)degrad-
ing enzyme activity on the economy of NAD(H) homeostasis

and, in turn, on cell longevity and stress resistance is still
unexplored, our future goal will be to identify acidic mito-
chondrial NAD pyrophosphatase in yeast.

As far as FADdegradation is concerned, the occurrence of
AMP-inhibited FAD hydrolysis in isolated intact mitochon-
dria was for the first time demonstrated in rat liver [38] and,
more recently, in S. cerevisiae [40]. In order to understand
whether FADppase, described in [40], could also be respon-
sible for the mitochondrial NAD(H) hydrolyzing activity
observed in our mitochondrial preparation, FADppase was
characterized in some detail. Thus, FAD (3𝜇M) was added
to solubilized SCM and flavin fluorescence emission spectra
(with excitation wavelength set at 450 nm) registered at pH
7.5, as a function of time. As expected, an increase in the 500–
600 nmwavelength rangewith a peak at 520 nmwas observed
in Figure 5(a), due to the conversion of FAD into FMN/Rf,
with a rate of fluorescence increase, measured as described
in Section 2, corresponding to 0.28 nmol FAD hydrolyzed ⋅
min−1 ⋅mg−1 protein.

In Figure 5(b), FAD (3 𝜇M) fluorescence was continu-
ously measured at the fixed excitation and emission wave-
lengths (set at 450 nm and 520 nm, resp.). No fluorescence
increase was observed after addition of intact and coupled
SCM (−TX100). When FAD was added to solubilized SCM
an increase was observed with a rate equal to 0.30 nmol
FAD hydrolyzed ⋅ min−1 ⋅ mg−1 protein (+TX100). In seven
experiments performed with different mitochondrial prepa-
rations, a mean rate of 0.32 ± 0.05 nmol FAD hydrolyzed ⋅
min−1 ⋅mg−1 protein was measured. FAD hydrolysis could be
revealed only when SCM were solubilized by TX100 and in
this aspect SCM are different from rat liver mitochondria.
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Figure 4: Some features of 𝜀-NAD+ cleavage. (a)ThepHprofile of the rate of 𝜀-NAD+ (100𝜇M) cleavage, catalyzed by solubilized SCM(0.3mg
protein), was fluorimetrically measured as described in Section 2. Use wasmade of 100mM acetate/acetic acid and 50mMTris/HCl buffering
mixtures (supplemented with 5mMMgCl

2
), whose pHwas adjusted to the desired value. A specific calibration curve was obtained at each pH

value as described in Section 2.The values are reported as percentage of the maximum rate (i.e., 1.6 nmol ⋅min−1 ⋅mg−1), arbitrarily set equal
to 100%. (b)The dependence of the rate of 𝜀-NAD+ cleavage on substrate concentration wasmeasured using solubilized SCM (0.3mg protein)
at pH 6. (c) The rate of 𝜀-NAD+ (200𝜇M) cleavage catalyzed by TX100-solubilized sphero and SCM (0.3mg protein each) was measured at
pH 6. (d)The sensitivity of 𝜀-NAD+ (50𝜇M) cleavage (catalyzed by solubilized SCM, 0.3mg protein) towards NaF, CaCl

2
, AMP (1mM each),

and nicotinamide (at the indicated concentrations) was measured at pH 6.

In order to characterize the products of FAD hydroly-
sis catalyzed by solubilized mitochondria, under the same
experimental conditions described in Figure 5(a), extracts
of the suspension were taken at different incubation times
and analyzed via HPLC, as described in Section 2, with

measurements made of FAD, FMN, and Rf amount in the
suspension.

Solubilized SCM added with FAD (3 𝜇M) were incubated
either in the absence (panel (A)) or in the presence of AMP
(panel (B)). In a parallel assay the effect of NaPPi (panel (C)),
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Figure 5: FAD pyrophosphatase in solubilized SCM. (a) SCM (0.05mg protein), solubilized with TX100, were incubated under the
experimental conditions described in Section 2. The reaction was started by FAD (3𝜇M) addition to the mitochondrial suspension and
followed at 25∘C. FAD emission spectra (at excitation wavelength 450 nm)weremonitored at different incubation times. (b) FADfluorescence
decrease was continuously monitored at 450/520 nm under the same experimental condition described in (a) using intact (−TX100) or
solubilized SCM (+TX100). (c) Extracts of the FAD hydrolysis reaction mixture were taken at different incubation times and analyzed via
HPLC, as described in Section 2 with measurements of FAD, FMN, and Rf concentrations. The value obtained were plotted against the
incubation time after FAD addition. FAD hydrolysis reaction was carried in the absence (panel (A)) or in the presence of AMP (1mM) (panel
(B)) or NaPPi (1mM) (panel (C)). The inset in (panel (A)) is an enlargement of the first 60min of the plot reported in the same panel.
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which was proved to prevent FMN hydrolysis in SCM [31],
was also tested.

As shown in Figure 5(c) (panel (A)), FAD amount was
found to decrease with a constant initial rate of 0.29 nmol
FAD hydrolyzed ⋅ min−1 ⋅ mg−1 protein, in agreement
with the fluorimetric measurements, and then it reached a
plateau. Concomitantly with FAD disappearance, a signifi-
cant increase in FMN amount was initially observed with a
constant rate of 0.30 nmol ⋅ min−1 ⋅ mg−1 protein in the first
10min, in a fairly good agreement with a stoichiometric ratio
of 1 : 1 with the FAD amount decrease (see inset). At longer
incubation time, Rf, thatwas not initially detectable, appeared
in the suspension (see inset) and it increased linearly up to
60min (with a rate of 0.10 ⋅ min−1 ⋅ mg−1 protein), thus
prevailing over FMN (panel (A)) which remained relatively
constant (at about 0.06𝜇M). Since FAD hydrolysis rate does
not depend on the rate of FMN into Rf conversion in the first
10min (that is, the step catalyzed by FADppase is the limiting
step of mitochondrial FAD degradation pathway), kinetics
measurements of FADppase reaction were performed consis-
tently by fluorimetric method.

As expected, the rate of FAD hydrolysis was totally
inhibited by AMP (1mM); neither FMN nor Rf was found to
appear during the incubation time (panel (B)). Conversely,
in the presence of NaPPi (1mM), the rate of FAD hydrolysis
resulted unchanged, with a notable increase in FMN (with an
initial rate of 0.30 nmol ⋅ min−1 ⋅ mg−1 proteins), which was
slowly accompanied by Rf appearance with an 85% reduced
rate, in comparison to the rate measured in the absence of
NaPPi (panel (C)).

When the mitochondrial FAD (3 𝜇M) hydrolysis was
studied at pH 6 (i.e., the optimum of 𝜀-NAD+ hydrolytic
activity), FAD disappearance was found to occur with a 2.5-
fold higher rate and to be still in a good agreement with a
stoichiometric ratio of 1 : 1 with the appearance of FMN, that
is the preeminent species at this pH value, whereas the rate
of Rf appearance is extremely low (0.02 nmol ⋅ min−1 ⋅ mg−1
mitochondrial proteins).

Consistently, the rate of FAD cleavage catalyzed by sol-
ubilized SCM, fluorimetrically determined in the pH range
4.0–10 in Figure 6(a), was found to occur with a bell-shaped
profile with the maximum rate measured at pH 6 (being
equal to 1.05 nmol ⋅ min−1 ⋅ mg−1 protein, when FAD 10 𝜇M
was used as substrate). This pH profile is quite different
from that described in [40], whose optimum activity was at
alkaline pH.Thus, the dependence of FAD hydrolysis rate on
substrate concentration was studied at pH 6 (Figure 6(b)).
Hyperbolic characteristic was found with saturation kinetic,
analyzed by theMichaelis-Menten equation, using theGraFit
software (see Section 2). Thus, 𝐾

𝑚
and 𝑉max values equal

to 5.9 ± 0.5 𝜇M and 1.6 ± 0.1 nmol ⋅ min−1 ⋅ mg−1 of
mitochondrial protein, respectively, were calculated from the
data in Figure 6(b). A 𝐾

𝑚
value equal to 10 ± 2 𝜇M was

determined at pH 7.5 (data not shown).
These results confirm that in SCM, a FADppase exists

and it is able to catalyze the cleavage of the diphosphate
bound in dinucleotides.This enzyme is inhibited byAMPand

stimulated by acidic pH value. A putative mitochondrial
FMN phosphohydrolase activity is involved in FMN dephos-
phorylation; it is specifically inhibited by NaPPi and its
activity is significantly reduced at acidic pH value.

As regards inhibition of FAD hydrolysis, the inorganic
compounds NaF (1mM) and CaCl

2
(1mM), differently from

AMP (1mM), did not reduce FAD hydrolytic activity in SCM
(Figure 6(c)), as already observed for 𝜀-NAD+ hydrolysis,
thus excluding that FMN is produced by a putativemitochon-
drial NUDIX hydrolase.

Quite interestingly, differently from 𝜀-NAD+ hydroly-
sis, nicotinamide (as well as NMN) did not affect FAD
hydrolysis rate. Therefore, we may conclude that mitochon-
drial NAD(H) and FAD destroying activities are different.
Another difference between mitochondrial NAD(H) and
FAD destroying activities resides in the observation that
specific FAD hydrolytic activity catalyzed by solubilized SCM
corresponded to about only 27% of that measured in the
sphero (Figure 6(d)). Taking into account the extramitochon-
drial contaminations present in our mitochondrial prepara-
tions (see Figure 1(a)), it represents about 10% of the total
activity detectable in the sphero. A similar distribution ratio
was also found for othermitochondrial enzymes, that is, RFK
and FADS [29, 31]. Presumably, other quite active FADppases
are localized in the extramitochondrial compartments.

In a first attempt to determine the physiological role for
the intramitochondrial FADppase, the possibility that this
enzyme can play a major role in the intramitochondrial FAD
degradation was studied by both fluorescence and HPLC
experiments. A typical fluorimetric experiment is reported
in Figure 7(a). At initial time, intact mitochondria showed
a typical endogenous flavin emission spectrum with a peak
at 520 nm (excitation wavelength set at 450 nm) (−TX100,
dotted line). No increase in flavin fluorescence was observed
when coupled and intact SCM were used. When SCM were
solubilized with TX100 an increase in the 500–600 nm wave-
length range was observed (−NAD+). This strongly suggests
that endogenous FAD has been hydrolyzed to FMN/Rf.
Endogenous flavin fluorescence was found to increase as a
linear function of time up to 30min with a rate equal to
7 pmol endogenous FAD hydrolyzed ⋅ min−1 ⋅ mg−1 protein
(see inset). It should be noted that under our experimental
conditions less that 20% of total mitochondrial FAD amount
was hydrolyzed, presumably due to an inhibition by FAD
hydrolysis product(s) or because the remaining FAD was
bound to holoflavoprotein and thus protected by hydrolytic
activity.

Since FADppase is located inside mitochondria the stim-
ulatory effect of the detergent could not be easy explained,
unless some internal metabolite, whose concentration is high
in the matrix of intact organelles and diluted following
membrane rupture, is able to inhibit FADppase. In this hypo-
thesis we tested a possible inhibitory effect by NAD+ (1mM),
which was found to completely inhibit endogenous FAD to
FMN conversion (+NAD+).

In the same experiment, the hydrolysis of endogenous
FAD was confirmed by HPLC measurements of FAD,
FMN, and Rf amounts before and after TX100 addition
(Figure 7(b)). In the absence of TX100 the mitochondrial
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Figure 6: Some features of FADpyrophosphatase. (a)The pHprofile of the rate of FADppase, catalyzed by solubilized SCM (0.1mg protein) in
the presence of FAD (10 𝜇M),was fluorimetricallymeasured as described in Section 2. Usewasmade of 100mMacetate/acetic acid and 50mM
Tris/HCl buffering mixtures (with 5mM MgCl

2
), whose pH was adjusted to the desired value. A specific calibration curve was obtained at

each pH value in Section 2. The values are reported as percentage of the maximum rate (i.e., 1.05 nmol ⋅min−1 ⋅mg−1 protein), arbitrarily set
equal to 100%. (b)The dependence of the rate of FADppase on substrate concentration was measured at pH 6 using solubilized SCM (0.1mg
protein). (c) The sensitivity of FADppase, catalyzed by solubilized SCM (0.1mg) in the presence of FAD (10 𝜇M), towards NaF, CaCl

2
, AMP,

NMN (1mM each), and nicotinamide (5mM) was measured at pH 6. (d) The rate of FAD (10𝜇M) cleavage, catalyzed by solubilized sphero
and SCM (0.1mg protein each), was measured at pH 6.

amounts of FAD and FMN were about 172 and 26 pmol ⋅
mg−1 protein, respectively, and no Rf was detected (panel
(A)). As a result of TX100 addition, FAD and FMN were
found to decrease, with significant appearance of Rf (panel
(B)). Rf content was found to increase up to 20min in a fairly
good stoichiometric ratio (1 : 1) with FAD decrease (data not

shown). The rate of FAD hydrolysis (i.e., Rf appearance) was
equal to 7.2 pmol ⋅ min−1 ⋅ mg−1 protein, in good agreement
with fluorescence measurements. Rf appearance was strongly
prevented by NAD+ (panel (C)).

The effect of NAD+ was confirmed on exogenous FAD
hydrolysis by HPLC (data not shown) and the nature of
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Figure 7: Endogenous FAD hydrolysis by isolated SCM induced by TX100; inhibition by NAD+. (a) SCM (0.1mg protein) were incubated
under the experimental conditions described in Section 2. Fluorescence emission spectra (excitation wavelength at 450 nm) of the suspension
were recorded after 150min in the absence (−TX100, dotted line) or in the presence of TX100 (0.1%).Where indicated, NAD+ (1mM)was also
added. In the inset, the fluorescence intensity, measured at 520 nm, as obtained after TX100 addition, either in the absence or in the presence
of NAD+, was plotted against the incubation time. (b) FAD, FMN, and Rf in TX100 treated mitochondrial suspension extracts were revealed
by means of HPLC measurements, performed as described in Section 2, following 0 (panel (A)) or 150min incubation time in the absence
(panel (B)) or presence (panel (C)) of NAD+ (1mM).

the inhibition studied fluorimetrically (Figure 8(a)). FAD
hydrolysis sensitivity to NAD+ was consistent with a non-
competitive inhibition, as shown in the Dixon plot with a 𝐾𝑖
value equal to 10 𝜇M, calculated from the data in Figure 8(a).

Adenosine and derived compounds (i.e., ADP-ribose,
Ap
5
A, and CoA) and guanosine nucleotides, but not nicoti-

namide and NMN, are able to reduce FAD hydrolysis rate
(data not shown); therefore we feel that the purine moiety is
relevant for inhibitor recognition by FADppase. Consistently,
NADH is also able to inhibit in a noncompetitive way the
rate of FAD hydrolysis, but, interestingly, the 𝐾𝑖 differed for
an order magnitude, being equal to 100𝜇M for NADH, as
calculated from the data reported in Figure 8(b).

These results demonstrate that FAD hydrolyzing enzyme
could discriminate between the redox status of pyridine
nucleotides, as depicted in Figure 9. It is well known that a
high electron pressure, namely, an increase in NADH/NAD+
ratio, is a condition favoring ROS generation which can be

contrasted by an efficient respiratory chain (which is flavin
dependent) and by defense systems (some of which are
flavoenzymes) [6]. According to the measurements perfor-
med here, reduction of NAD+ to NADH is expected to favor
hydrolysis of free FAD, since the oxidized formof the pyridine
cofactor is more powerful as inhibitor (lower 𝐾𝑖) than the
reduced form (higher𝐾𝑖), at least in ruptured SCM.Thus, we
can speculate that reducing conditions are accompanied by
a more rapid local “recycling” of FAD, presumably deriving
from holoflavoprotein turnover. This situation could allow a
more rapid intramitochondrial assembly of novel flavopro-
teins (mainly components of the respiratory chain, like SDH
[32, 63]) and saving of cytosolic Rf level which is necessary
for enzymatic ROS defense.

Whether or not flavin-coenzymes homeostasis is modu-
lated in vivo by pyridine nucleotide redox status inside SCM
as postulated and summarized in the scheme in Figure 9, is
an interesting interrogative that we would like to address in
the next future.
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Figure 8:NAD+ andNADH inhibition of FADpyrophosphatase.The rate of FADhydrolysis (V) was fluorimetricallymeasured in the standard
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4. Conclusions

Here we proved the ability of SCM to catalyze NAD(H) and
FAD hydrolysis, via enzymatic activities which are different
from the already characterized NUDIX hydrolases.

The differential inhibition by the oxidized and reduced
form of NAD toward the mitochondrial FADppase, together
with the ability of mitochondrial FADppase to metabolize
endogenous FAD, presumably deriving from mitochondrial
holoflavoproteins destined to degradation, allows for propos-
ing a novel possible role of mitochondrial NAD redox status
in regulating FAD homeostasis and, possibly, flavoprotein
degradation in S. cerevisiae.
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Aconitase, the second enzyme of the tricarboxylic acid cycle encoded by ACO1 in the budding yeast Saccharomyces cerevisiae,
catalyzes the conversion of citrate to isocitrate. aco1Δ results in mitochondrial DNA (mtDNA) instability. It has been proposed that
Aco1 binds to mtDNA and mediates its maintenance. Here we propose an alternative mechanism to account for mtDNA loss in
aco1Δ mutant cells. We found that aco1Δ activated the RTG pathway, resulting in increased expression of genes encoding citrate
synthase. By deleting RTG1, RTG3, or genes encoding citrate synthase, mtDNA instability was prevented in aco1Δ mutant cells.
Increased activity of citrate synthase leads to iron accumulation in the mitochondria. Mutations in MRS3 and MRS4, encoding
two mitochondrial iron transporters, also prevented mtDNA loss due to aco1Δ. Mitochondria are the main source of superoxide
radicals, which are converted toH

2
O
2
through two superoxide dismutases, Sod1 and Sod2.H

2
O
2
in turn reacts with Fe2+ to generate

very active hydroxyl radicals. We found that loss of Sod1, but not Sod2, prevents mtDNA loss in aco1Δ mutant cells. We propose
that mtDNA loss in aco1Δ mutant cells is caused by the activation of the RTG pathway and subsequent iron citrate accumulation
and toxicity.

1. Introduction

Respiratory metabolism in eukaryotes requires proteins
encoded in both the nuclear genome and the mitochondrial
genome (mtDNA).Mitochondrial genomes generally encode
a small number of proteins, many of which are involved
in respiratory metabolism [1, 2]. Maintenance of mtDNA is
important for cell growth and survival. Oxidative damage to
mtDNA causes respiratory deficiency and human diseases
[3–5]. In higher eukaryotes, how the mitochondrial genome
is maintained and transmitted is not well understood. How-
ever, studies using the budding yeast Saccharomyces cerevisiae
have generated an abundance of data on how its mitochon-
drial genome is maintained [6, 7]. Many nuclear-encoded
proteins of diverse functions are required for mtDNA main-
tenance. When mtDNA is mutated, yeast cells form the so-
called “petite” mutants. Yeast can be categorized as those with
wild type (rho+ cells), extensively deleted (rho− petites), or

with complete loss of (rho0 petites) mtDNA. How mutations
in nuclear genes cause defects in mtDNA maintenance is
complex and often indirect. For example, mutations in the
yeast homolog of frataxin, Yfh1, lead to iron overload in
mitochondria, defects in maturation of proteins containing
iron-sulfur clusters such as the TCA cycle enzyme aconitase,
mtDNA instability and respiratory deficiency, and so forth
[8–10]. Yeast studies have suggested that iron citrate toxicity
may be responsible for yfh1 mutant phenotypes [11, 12]. Respi-
ratory metabolism generates reactive oxygen species such as
superoxide radicals. Superoxide dismutases, Sod1 and Sod2,
localized in the cytoplasm andmitochondria, respectively, are
responsible for converting superoxide radicals to relatively
harmless hydrogen peroxide [13], which can react with fer-
rous iron (Fe2+) to generate highly reactive hydroxyl radicals
through the Fenton reaction.Hydrogen peroxide is detoxified
by enzymes such as catalases, converting hydrogen peroxide
to oxygen and water [14]. Mutations in yeast catalases and
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superoxide dismutase lead to oxidative damage and reduced
resistance to oxidants [14–16].

Besides resulting in respiratory deficiency, mutations in
TCA cycle enzyme encoding genes also lead to variable
defects inmtDNAmaintenance [17, 18].Themost severe phe-
notype is caused by mutations in the ACO1 gene encoding
aconitase, followed by the IDH1 gene encoding a subunit
of mitochondrial isocitrate dehydrogenase [19]. It has been
proposed that Aco1 has a novel function in mediating
mtDNA maintenance by directly binding mtDNA [20, 21].
Mutations in ACO1 and IDH1 share several growth defect
phenotypes, which can be partially rescued by mutations in
CIT1, encoding the mitochondrial isoform of citrate synthase
[17]. Expression ofCIT1,ACO1, IDH1, and IDH2 is under dual
control of two transcriptional regulatory complexes, Rtg1/3
and Hap2/3/4/5 [22]. In cells with reduced or defective respi-
ratory functions, expression of these genes is under increased
control of Rtg1/3. Rtg1 and Rtg3 are two basic helix-loop-
helix transcription factors in the retrograde response pathway
that mediates signaling from mitochondria to the nucleus
[23]. Activation of Rtg1/3 requires a cytoplasmic protein,
Rtg2, which has an N-terminal ATP binding domain in the
Hsp70/actin/sugar kinase ATP binding domain superfamily
[24]. The retrograde response pathway, also known as the
RTGpathway, is activated in response to defects inmitochon-
drial respiratory function. Cit1, Aco1, and Idh1/2 promote
synthesis of 𝛼-ketoglutarate, a precursor of glutamate, which
is a potent repressor of the RTG pathway [23]. Mutations in
ACO1, which lead to both a block in mitochondrial respira-
tory function and glutamate auxotrophy [25–27], therefore,
likely activate the RTG pathway. However, it is not clear
whether the RTG pathway contributes to the phenotypes of
aco1 mutants.

Mutations in RTG2 and CIT2 have been reported to
suppress mtDNA instability due to mutations in YFH1 [12].
In this study, we provide an alternative model to account for
mtDNA loss due to an aco1Δmutation. We found that muta-
tions in either RTG genes, genes encoding citrate synthases,
genes encoding mitochondrial iron transporters, or SOD1
suppress aco1Δ-induced mtDNA loss. Therefore, we propose
that iron citrate toxicity contributes to aco1Δ mutant pheno-
types.

2. Materials and Methods

2.1. Strains, Plasmids, Growth Media, and Growth Conditions.
Yeast strains and plasmids used in this study are listed
in Tables 1 and 2, respectively. Yeast mutant strains were
created by either direct transformation with gene knock-
out cassettes or through meiotic segregation analysis of
heterozygous diploids. Mutations were confirmed by PCR-
genotyping, standard genotyping based on selectionmarkers,
phenotypic analysis, and/or immunoblotting using antibody
against Aco1. The BY4741 rho0 strain was generated by one
passage of rho+ cells grown in YPD medium supplemented
with 15 𝜇g/mL ethidium bromide. Yeast cells were grown in
SD (0.67% yeast nitrogen base plus 2% dextrose), YNBCasD
(SDmedium plus 1% casamino acids), YNBcasR (0.67% yeast

nitrogen base, 1% casamino acids, and 2% raffinose), YPD
(1% yeast extract, 2% peptone, 2% dextrose), or YPEthanol
(1% yeast extract, 2% peptone, 2% ethanol) medium at 30∘C.
When necessary, amino acids, adenine, and/or uracil were
added to the growth medium at standard concentrations to
cover auxotrophic requirements [28].

2.2. Yeast Transformation and𝛽-GalactosidaseActivityAssays.
Plasmids were transformed into yeast strains using the high-
efficiency lithium acetate-PEG method and 𝛽-galactosidase
assays were carried out as described [28]. For each plasmid
and strain combination, assays were conducted in duplicates,
and independent experiments were carried out two times.
Specific activity of 𝛽-galactosidase is expressed as nmols of
𝑜-nitrophenol generated from substrate 𝑜-nitrophenyl-𝛽-D-
galactoside per min per mg protein.

2.3. DAPI Staining of Nuclear and Mitochondrial DNA and
FLuorescence Microscopy. DAPI (46,-diamidino-2-phenyl-
indole) staining of nuclear and mitochondrial DNA was
carried out as described [28]. Briefly, yeast strains were grown
in liquid YPD or YNBcasD medium at 30∘C overnight to
𝐴
600
∼ 0.8. Cells were collected by centrifugation and treated

with 1𝜇g/mL DAPI in 95% ethanol for 30min and cell pellets
were washed with sterile water three times. DAPI-stained
DNA molecules in fixed cells were observed by fluorescence
microscopy using aNikonEclipse E800microscope equipped
with an HBO 100W/2 mercury arc lamp, a Nikon Plan Fluor
100X objective lens, and epifluorescence with a Nikon UV-
2E/C filter set (excitation 340–380 nm and emission 435–
485 nm). Digital images were acquired with Photometrics
Coolsnap fx CCD camera andMetamorph Imaging Software
(Molecular Devices, Sunnyvale, CA) and processed using
ImageJ (National Institutes of Health) and Adobe Photoshop
(Mountain View, CA).

2.4. Citrate Analysis. Cells were grown in 10mL YPD
medium overnight to ∼OD

600
1.0. Cultures were chilled in

ice-cold water for 22min and cells were collected by centrifu-
gation at 4∘C. Cell pellets were then washed twice in chilled
water. Citrate levels were determined using a citrate assay kit
(BioVision, CA, USA). Cells were disrupted in 500𝜇L Assay
Buffer in the kit using glass beads method. Cell extract was
clarified by centrifugation at 21,000 g at 4∘C for 15min. 20 uL
cell extract was analyzed for protein concentration using
Bradford assay and the rest of cell extract (∼350) was depro-
teinized in Amicon Ultra 4 column (10 kDa cutoff). Depro-
teinized extract was analyzed for citrate levels according to
the protocol provided by the manufacturer. Citrate levels in
different strains were normalized by protein concentration
of cellular extract prior to deproteinization. Citrate concen-
tration in the wild-type strain was 7.97 nmols/mg proteins,
which was arbitrarily set as 1 unit. Citrate concentration in
the wild-type strain determined in this study is similar to
∼1.1 nmols/107 cells reported previously [12].
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Table 1: Strains used in this study.

Strain Genotype Source
BY4741 MATa ura3 leu2 his3 met15 Research genetics
BY4731 MATa ura3 leu2 met15 Research genetics
BY4742 MATa ura3 leu2 his3 lys2 Research genetics
BY4741 (rho0) BY4741 rho0 derivative This study
ZLY2630 BY4741 aco1::kanMX4 This study
ZLY1264 BY4741 rtg1::kanMX4 Research genetics
ZLY1267 BY4741 rtg2::kanMX4 Research genetics
ZLY1273 BY4741 rtg3::kanMX4 Research genetics
ZLY2568 BY4742 rtg1::LEU2 This study
ZLY143 BY4731 rtg2::LEU2 This study
ZLY2570 BY4742 rtg3::URA3 This study
ZLY2648 BY4741 rtg1::LEU2 aco1::kanMX4 This study
ZLY2631 BY4741 rtg2::LEU2 aco1::kanMX4 This study
ZLY2652 BY4741 rtg3::URA3 aco1::kanMX4 This study
ZLY3206 MAT𝛼met? [rho0] This study
CS725-3A MATa ura3 leu2 his3 met15 cit1/2/3::kanMX4 [21]
ZLY2545 CS725-3A aco1::HIS3 [21]
RBY353 BY4741 cit1::kanMX4 Research genetics
RBY355 BY4741 cit2::kanMX4 Research genetics
RBY356 BY4741 cit3::kanMX4 Research genetics
ZLY2603 MATa ura3 leu2 met15 aco1::kanMX4 This study
RBY469 BY4741 cit1::kanMX4 aco1::kanMX4 This study
RBY277 BY4741 cit2::kanMX4 aco1::kanMX4 This study
RBY363 BY4741 cit3::kanMX4 aco1::kanMX4 This study
ZLY854 BY4741 cit1/2::kanMX4 aco1::kanMX4 This study
BY4741 (mrs3 mrs4) BY4741mrs3::kanMX4 mrs4::kanMX4 [29]
ZLY3505 BY4741mrs3::kanMX4 mrs4::kanMX4 aco1::HIS3 This study
ZLY4603 BY4741 sod1::kanMX4 This study
BY4741 (sod2) BY4741 sod2::kanMX4 Research genetics
TPY1507 BY4741 sod1::kanMX4 aco1::kanMX4 This study
ZLY3973 BY4741 sod2::kanMX4 aco1::kanMX4 This study

Table 2: Plasmids used in this study.

Plasmid Description Source
pRS416 A yeast centromeric plasmid carrying URA3 selection marker [30]
pUC-rtg1::LEU2 An rtg1::LEU2 disruption cassette in pUC19 [31]
pUC-rtg2::LEU2 An rtg2::LEU2 disruption cassette in pUC19 [31]
pUC-rtg3::URA3 An rtg3::URA3 disruption cassette in pUC19 [32]
pBS-aco1::HIS3 An aco1::HIS3disruption cassette in pBluescript This study
pCIT2-lacZ A CIT2-lacZ reporter gene on the plasmid pWCJ (CEN URA3) This study
pRS303-SOD1 The SOD1 gene was cloned into the integrative plasmid pRS303 This study

3. Results and Discussion

3.1. aco1Δ Activates the RTG Pathway. Mutations in ACO1
lead to both respiratory deficiency and glutamate starvation,
which are expected to activate the RTG pathway. To test this
possibility, we determined the effect of an aco1Δmutation on
the expression of a CIT2-lacZ reporter gene, which has been
used extensively as a readout of the activity of the RTG path-
way [22, 24, 33–35]. Expression of CIT2-lacZ was assessed in

wild-type rho+ and aco1Δmutant cells using 𝛽-galactosidase
assays. Since aco1Δ cells are rho0 petites, we also determined
CIT2-lacZ expression in otherwise wild-type rho0 cells. Cells
were grown in rich media with either raffinose or dextrose
(D-glucose) as the sole carbon source, which have been used
in studies on the RTG pathway and mitochondrial genome
maintenance, respectively [12, 20, 21, 36]. In cells grown in
raffinose medium, CIT2-lacZ expression was 4-fold higher in
rho0 cells compared to rho+ cells, consistent with previous
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Figure 1:The RTG pathway is activated in aco1Δmutant cells grown
in dextrose medium.Wild-type rho+ (WT, BY4741), its rho0 deriva-
tive, and aco1Δ (ZLY2603) mutant strains were transformed with a
centromeric plasmid encoding a CIT2-lacZ reporter gene (pCIT2-
lacZ) and transformants were grown in YNBcasR (Raffinose) and
YNBcasD (Dextrose) medium tomid-logarithmic phase. Cells were
collected and 𝛽-galactosidase assays were conducted as described in
Section 2.

reports that the RTG pathway is activated in rho0 cells
[33, 36]. An aco1Δ mutation induced CIT2-lacZ expression
slightly higher than in wild-type rho0 cells (Figure 1). In cells
grown in dextrose medium, CIT2-lacZ expression in rho0
cells is only marginally higher than in rho+ cells, whereas
an aco1Δ mutation almost doubled CIT2-lacZ expression.
Activation of the RTG pathway is strain dependent [37]. The
lack of induction of the RTG pathway due to loss of mtDNA
in dextrose-grown BY4741 background strains used in this
study can be partly attributed to a doubling of CIT2-lacZ
expression in rho+ cells grown in this medium compared to
raffinose medium, which is consistent with activation of the
RTGpathway due to compromisedmitochondrial respiratory
function since dextrose suppresses respiratory metabolism in
yeast. Altogether, these data indicate that an aco1Δ mutation
leads to activation of the RTG pathway.

3.2. Mutations in RTG Genes Prevent mtDNA Loss due to
aco1Δ. To determine whether activation of the RTG pathway
in aco1Δ mutant cells contributes to mtDNA loss, rtg1Δ
aco1Δ, rtg2Δ aco1Δ, and rtg3Δ aco1Δ double mutants were
constructed and examined for the presence or absence of
mtDNA. These double mutant strains were created by cross-
ing respective haploid mutant strains to form heterozygous
diploid mutants, which were then sporulated to generate
desired haploid segregants. Seven rtg1Δ aco1Δ, seven rtg2Δ
aco1Δ, and six rtg3Δ aco1Δ double mutant segregants were
obtained. Eight aco1Δ single mutant segregants were also
isolated similarly. DAPI, a DNA-specific probe that forms a
fluorescent complex [38], was then used to visualize mtDNA
using fluorescence microscopy in these mutants along with

wild-type rho+ and rho0 strains. In addition to nuclear DNA,
DAPI staining revealed punctate cytoplasmic structures of
mtDNA in wild-type rho+ cells grown in YPD medium
(Figure 2(a)) [38]. In contrast, mtDNA was absent in both
wild-type rho0 and aco1Δ mutant cells, consistent with pre-
vious reports that Aco1 is required for mtDNA maintenance
[17, 18, 21]. Interestingly, mtDNA was maintained in rtg1Δ
aco1Δ, rtg2Δ aco1Δ, and rtg3Δ aco1Δ double mutant strains,
indicating that Rtg proteins mediate mtDNA instability in
aco1Δ mutant cells. The percentage of rho0 cells was quan-
tified from DAPI-stained images and a large majority of rtgΔ
aco1Δ double mutant cells were found to contain mtDNA
(Figure 2(b)). Among seven rtg2Δ aco1Δ double mutant seg-
regants from heterozygous rtg2Δ/RTG2 aco1Δ/ACO1 diploid
mutant cells, all were found to maintain mtDNA. Similarly,
all of the seven rtg1Δ aco1 and six rtg3Δ aco1Δ double mutant
segregants were also found to be rho+ cells. In contrast, all of
the eight aco1Δ single mutant segregants from a heterozygous
aco1Δ/ACO1 diploid mutant have lost mtDNA. Together, our
data suggest that mtDNA instability in aco1Δ mutant cells
may result from activation of the RTG pathway.

Damages to mtDNA can lead to extensive deletions
(rho−) or point mutations (mit−) [6, 7]. Yeast strains that
carry these two types of mutant mitochondrial genomes
are respiratory deficient. To determine whether the mtDNA
in the rtgΔ aco1Δ double mutant strains is functional, we
conducted a complementation assay by crossing wild-type
rho+, wild-type rho0, rtg1Δ, rtg2Δ, rtg3Δ, rtg1Δ aco1Δ, rtg2Δ
aco1Δ, and rtg3Δ aco1Δ mutant strains to a rho0 tester strain
of opposite mating type with wild-type nuclear ACO1 gene
and analyzing the respiratory capacity of the resultant diploid
strains. rtg1Δ aco1Δ, rtg2Δ aco1Δ, and rtg3Δ aco1Δ mutant
strains were unable to utilize carbon sources that require
respiratory metabolism such as ethanol because they are
defective in the TCA cycle (data not shown), and Figure 2(c)
shows that diploids generated from crossing wild-type rho+,
rtg1Δ, rtg2Δ, and rtg3Δ strains with the rho0 tester strain were
able to grow on ethanol medium. In contrast, diploids from
crosses involving wild-type rho0 or the aco1Δ single mutant
were unable to grow on ethanol medium, consistent with the
absence of mtDNA in these diploids. Remarkably, diploids
generated from the rho0 tester strain and rtgΔ aco1Δ double
mutants were able to grow on ethanol medium, indicating
that mtDNA in rtgΔ aco1Δ cells are functional.

3.3. Mutations in Genes Encoding Citrate Synthase, Primarily
CIT1, Prevent mtDNA Loss due to aco1Δ. What is the mech-
anism of aco1Δ suppression by mutations in RTG genes? The
RTG pathway is required for glutamate biosynthesis in cells
with reduced respiratory function by regulating expression of
CIT1, CIT2, ACO1, IDH1, and IDH2 [23]. It has been shown
previously that a cit1Δmutation partially suppresses mtDNA
loss in aco1Δ mutant cells and that mutations in CIT2 and
RTG2 rescue respiratory deficiency in yfh1Δ mutant cells
[12, 17]. Three genes, CIT1, CIT2, and CIT3, encode citrate
synthase in yeast, with CIT1 and CIT3 encoding the two
mitochondrial isoforms and CIT2 encoding the peroxisomal
isoform [39–41]. Therefore, suppression of mtDNA loss in
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Figure 2: mtDNA is maintained in rtg1Δ aco1, rtg2Δ aco1Δ, and rtg3Δ aco1Δ mutant cells. (a) Cells grown exponentially in YPD medium
were stained with DAPI and then examined using fluorescence microscopy. WT (rho+), BY4741; WT (rho0), BY4741 rho0; aco1Δ, ZLY2630;
rtg1Δ aco1Δ, ZLY2648; rtg2Δ aco1Δ, ZLY2631; rtg3Δ aco1Δ, ZLY2652. (b) Quantitative analysis of the percentage of rho0 cells in yeast strains
based on DAPI-staining images. (c) mtDNA in rtgΔ aco1Δ double mutant cells is functional. Strains as described in (a) as well as rtg1Δ, rtg2Δ,
and rtg3Δ single mutants were crossed to a rho0 tester strain (X rho0) of opposite mating type. Diploids were selected and grown on YPD
(Dextrose) and YPEthanol (Ethanol) medium. Pictures of cells were taken after 3 days’ growth at 30∘C.

rtg1Δ aco1Δ, rtg2Δ aco1Δ, and rtg3Δ aco1Δ double mutant
cells may be due to reduced expression of genes encoding
citrate synthase. To confirm this possibility, we introduced
an aco1Δ mutation into a cit1Δ cit2Δ cit3Δ triple mutant in
the BY4741 strain background generated by Chen et al. [21].
Thepresence or absence ofmtDNA in the resultant quadruple
mutant cells was examined by DAPI staining and fluores-
cencemicroscopy. Figure 3(a) shows that the cit1Δ cit2Δ cit3Δ
aco1Δ quadruple mutant maintained mtDNA. To determine
which citrate synthase-encoding gene(s) is responsible for
mtDNA loss in aco1Δmutant cells, we generated cit1Δ aco1Δ,

cit2Δ aco1Δ, and cit3Δ aco1Δ double mutants, as well as an
aco1Δ cit1Δ cit2Δ triple mutant by crossing respective haploid
mutant strains followed by meiotic segregation analysis.
Using DAPI staining and fluorescence microscopy, we found
that six out of eight cit1Δ aco1Δ double mutants, zero out of
six cit2Δ aco1Δ double mutants, zero out of six cit3Δ aco1Δ
double mutants, and six out of six cit1Δ cit2Δ aco1Δ triple
mutant strains maintained mtDNA (Figure 3 and data not
shown). We also calculated the percentage of rho0 cells in
a cit1Δ aco1Δ double, a cit1Δ cit2Δ aco1Δ triple, and a cit1Δ
cit2Δ cit3Δ aco1Δ quadruple mutant and found that over 90%
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aco1ΔWT (rho+) cit1Δ aco1Δ

cit2Δ aco1Δ cit1Δ cit2Δ aco1Δ cit1Δ cit2Δ cit3Δ aco1Δ

(a)

6.5% 432

9.9% 444

8.2% 454

aco1Δ

cit1Δ aco1Δ

100.0% 440

Strains Number of 
cells analyzed

cit1Δ cit2Δ aco1Δ

cit1Δ cit2Δ cit3Δ aco1Δ

rho0 cells (%)

(b)

Figure 3:Mutations in genes encoding citrate synthase preventmtDNA loss due to aco1Δ. (a) Cells grown inYPDmedium tomid-logarithmic
phase were stainedwithDAPI and examined using fluorescencemicroscopy.WT (rho+), BY4741; aco1Δ, ZLY2630; cit1Δ aco1Δ, RBY469; cit2Δ
aco1Δ, RBY277; cit1Δ cit2Δ aco1Δ, ZLY854; cit1Δ cit2Δ cit3Δ aco1Δ, ZLY854; rtg2Δ aco1Δ, ZLY2545. (b) Quantitative analysis of the percentage
of rho0 cells in yeast strains based on DAPI-staining images.

WT (rho+) aco1Δ mrs3Δ mrs4Δ aco1Δ

Figure 4: Mutations in MRS3 and MRS4, encoding mitochondrial
iron transporters, prevent mtDNA loss due to aco1Δ. Cells grown
in YPD medium to mid-logarithmic phase were stained with DAPI
and examined using fluorescence microscopy. WT (rho+), BY4741;
aco1Δ, ZLY2630;mrs3Δmrs4Δ aco1Δ, ZLY3505.

cells from these mutants maintained mtDNA (Figure 3(b)).
Taken together, these data suggest that citrate synthase is the
target of the RTG pathway that mediates mtDNA instability
in aco1Δ mutant cells and that Cit1 is primarily responsible
for this phenotype in the BY4741 strain background.

3.4. Mutations in Genes Encoding Mitochondrial Iron Trans-
porters Mrs3 and Mrs4 Prevent mtDNA Loss due to aco1Δ.
It has been proposed that iron citrate toxicity contributes
to oxidative damage and mtDNA loss in yfh1Δ mutant cells,
which have higher levels of cellular and mitochondrial iron
[8, 12]. Mutations in RTG2 and CIT2 reduce petite formation

in yfh1Δ mutants by lowering cellular citrate and iron lev-
els. Suppression of mtDNA loss in aco1Δ mutant cells by
mutations in RTG genes and genes encoding citrate synthase
prompted us to test whether mitochondrial iron overload is
responsible for mtDNA instability in aco1Δ mutants. Mito-
chondrial iron transport is mediated by iron transporters
Mrs3 and Mrs4 [11, 29, 42, 43], mutations of which rescue
mtDNA loss in yfh1Δ mutants. To this end, we generated an
mrs3Δ mrs4Δ aco1Δ triple mutant by introducing an aco1Δ
mutation into anmrs3Δmrs4Δ doublemutant. DAPI staining
of the triple mutant showed that mtDNA was maintained
(Figure 4). Furthermore, quantitative analysis showed that
the percentage of rho0 cells in the triple mutant was 0.4%,
slightly lower than 2.5% in wild-type rho+ cells. The mrs3Δ
mrs4Δ aco1Δ triple mutant was also mated to a rho0 tester
strain and the resulting diploids were streaked onto plates
with ethanol as the sole carbon source. We found that the
diploids could grow on ethanol medium, indicating that
mtDNA in themrs3Δmrs4Δ aco1Δ triplemutant is functional
(data not shown). Together, this data supports the notion
that mtDNA loss in aco1Δ mutant cells is due to iron citrate
toxicity.

It has been reported that the supplementation of exoge-
nous iron (1mMFeSO

4
) or raising pH of the growthmedium

reduces petite frequency in aco1Δ mutant cells grown in
YPGalactose medium [17]. Thus, Lin et al. proposed that
some of the effects of elevated citrate levels in aco1Δ are
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Figure 5: Citrate levels in wild-type (WT) and indicated mutant
strains. Citrate concentration was determined as described in
Section 2. The results are the average of two independent experi-
ments.

aco1Δ sod1Δ aco1Δ sod2Δ aco1Δ

Figure 6: A mutation in SOD1, but not SOD2, suppresses mtDNA
loss due to aco1Δ. Cells grown in YPD medium to mid-logarithmic
phase were stained with DAPI and examined using fluorescence
microscopy. aco1Δ, ZLY2630; sod1Δ aco1Δ, TPY1507; sod2Δ aco1Δ,
ZLY3973.

due to the ionized form of this metabolite rather than to
the formation of a citrate/iron chelate that could produce
oxidative damage to mtDNA. These observations seem to
contradict our conclusion. However, iron homeostasis is
a highly complicated process [44]. It was not established
that exogenous iron actually increased iron levels in the
mitochondria in Lin et al.’s study. It is also possible that
growth conditions (YPD in this study versus YPGalactose in
Lin et al.’s study) and/or strain backgrounds (BY4741 versus
W303-1B) may affect mtDNA loss associated with aco1Δ
mutations.

3.5. Iron Citrate Toxicity Correlates with mtDNA Loss in
aco1ΔMutant Cells. To affirmour hypothesis that iron citrate
toxicity contributes to mtDNA loss in aco1Δ mutant cells,
we determined citrate levels in wild-type and various mutant
strains and found that aco1Δ increased the citrate level by

10.5-fold (Figure 5), which is consistent with an 11.9-fold
increase reported by Lin et al. [17]. This increase is not due
to that aco1Δ mutants are rho0 cells since the citrate level
in wild-type rho0 cells was only 16% higher than that of
wild-type rho+ cells. Mutations in RTG1, RTG2, and RTG3
reduced citrate levels in aco1Δ background cells by 59–85%.
Similarly, cit1Δ reduced citrate concentration by 62% in aco1Δ
background cells, which is comparable to an 89% decrease
reported by Lin et al. A double mutation in CIT1 and CIT2
reduced citrate concentration by 98% in aco1Δ background
cells, and an additionalmutation inCIT3 did not significantly
further reduce citrate levels. Clearly, there is strong corre-
lation between the suppression of mtDNA loss phenotype
and lower citrate levels in aco1Δ background strains. We also
determined the effect of an mrs3Δ mrs4Δ double mutation
on citrate levels. In comparison to a wild-type rho+ strain,
citrate concentration in an mrs3Δ mrs4Δ double mutant was
53% lower. In contrast, citrate concentration in an mrs3Δ
mrs4Δ aco1Δ triplemutant is 24%higher than that of an aco1Δ
mutant. Since mrs3Δ mrs4Δ aco1Δ mutant cells maintained
mtDNA, we propose that high levels of citrate per se are
not sufficient to lead to mtDNA loss and that citrate toxicity
requires certain levels of iron in the mitochondria. Together
with our genetic data, these biochemical results suggest that
iron citrate toxicity accounts formtDNA loss in aco1Δmutant
cells.

3.6. A Mutation in SOD1, but Not SOD2, Prevents mtDNA
Loss due to aco1Δ. Our data suggest that high levels of citrate
cause mtDNA instability in aco1Δ mutant cells likely due
to iron citrate toxicity. Iron reacts with hydrogen peroxide
in the Fenton reaction to produce highly active, potent
hydroxyl radicals, which cause oxidative damage to mito-
chondria. Hydrogen peroxide is partly produced by the
superoxide dismutases, Sod1 in the cytoplasm and Sod2 in the
mitochondrial matrix [12]. We hypothesized that a reduced
production of hydrogen peroxide due to mutations in SOD1
or SOD2 might suppress mtDNA loss in aco1Δ mutant cells
by lowering the amount of hydroxyl radicals produced via
the Fenton reaction.Therefore, we generated sod1Δ aco1Δ and
sod2Δ aco1Δ double mutants by crossing respective haploid
mutant strains followed by meiotic segregation analysis. The
resultant double mutant strains were analyzed for mtDNA
presence by DAPI staining and fluorescence microscopy.
33 out of 34 sod1Δ aco1Δ double mutant strains generated
maintained mtDNA while 6 out of 6 sod2Δ aco1Δ double
mutants lost mtDNA (Figure 6 and data not shown). These
data suggest that hydrogen peroxide generated from reactions
catalyzed by Sod1 contributes tomtDNA loss in aco1Δmutant
cells. Mutations in SOD1 also cause oxidative damage due
to accumulation of superoxide radicals [15, 16]. However,
since an sod1Δ mutation suppressed mtDNA loss in aco1Δ
mutant cells, we propose that hydroxyl radicals are more
damaging to mtDNA than superoxide radicals. How would
mutations in the cytosolic isoform of superoxide dismutase
rescue a mitochondrial defect? It has been shown that a small
fraction of Sod1 is localized in the intermembrane space
of mitochondria, which protects cells from mitochondrial
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oxidative damage [45–47]. Why does not sod2Δ suppress
mtDNA loss associated with aco1Δ? It is possible that loss of
Sod2 leads to increased levels of superoxide radicals in the
mitochondria, which in the presence of ferrous ions would
cause any hydrogen peroxide produced in the mitochondria
to be converted to the hydroxyl radicals via the Fenton/Haber
Weiss reactions that damage mtDNA.

3.7. Loss of mtDNA in aco1ΔMutant Cells Is Growth Medium
Dependent. It has been proposed that mtDNA loss in aco1Δ
mutant cells is due to lack of physical protection of mtDNA
by Aco1 [20]. One key piece of evidence that supports this
hypothesis is the observation that the expression of two
catalytically inactive Aco1 mutants, Aco1𝐶382𝑆 and Aco1𝐶445𝑆,
under the control of the ADH1 promoter from the pRS416
centromeric plasmid, preventedmtDNA loss in aco1Δmutant
cells. To maintain the plasmids, transformants were grown
in YNBcasD medium. In light of discovery that iron citrate
toxicity contributes to mtDNA loss, one alternative expla-
nation for mtDNA retention in cells expressing ACO1𝐶382𝑆

and ACO1𝐶445𝑆 mutant alleles is due to differences in growth
medium, YNBcasD versus YPD. Accordingly, we trans-
formed aco1Δ/ACO1 heterozygous diploid mutant cells with
empty pRS416 vector and transformants were sporulated
and dissected on YPD or YNBcasD medium. Eleven aco1Δ
haploid mutants from a YPD dissection plate were obtained
and grown in YPD liquid medium andmtDNAwas observed
byDAPI staining.We found that all of the eleven aco1Δ segre-
gants lostmitochondrial DNA (Figure 7 and data not shown).
In contrast, amongnine aco1Δmutant segregants carrying the
empty pRS416 vector from a YNBcasD dissection plate that
were grown in YNBcasD liquid medium, seven maintained
mtDNA (Figure 7 and data not shown). When these seven
aco1Δ mutants containing mtDNA were passed onto YPD
plate medium twice and then grown in YPD liquid medium,
all lostmtDNA (data not shown). Together, these data suggest
that mtDNA loss in aco1Δ mutant cells is growth medium
dependent.

4. Conclusions

It has been proposed that yeast aconitase (Aco1) physically
binds to mtDNA and promotes its maintenance [20, 21]. Our
results in this study suggest a different, but not necessar-
ily mutually exclusive, mechanism. We propose that aco1Δ
activates the RTG pathway, resulting in increased citrate
production through upregulation of genes encoding citrate
synthase. Increased levels of citrate lead to iron overload in
the mitochondria. Iron then reacts with hydrogen peroxide
to generate hydroxyl radicals, which cause oxidative damage
tomitochondrial DNAand consequently its instability.Muta-
tions of yeast frataxin (Yfh1) lead to loss of activity of aconi-
tase [48]. Suppression of mtDNA instability due to mutations
in both YFH1 and ACO1 by reduced iron citrate levels raises
the possibility thatmtDNA loss in yfh1mutant cellsmay be an
indirect consequence of aconitase inactivation. Our data also
suggest that the cytosolic superoxide dismutase, Sod1, but not

aco1Δ (YNBCasD) aco1Δ (YPD)

Figure 7: mtDNA loss due to aco1Δ is growth medium dependent.
aco1Δ mutant cells (ZLY2630) carrying empty pRS416 vector were
grown in YNBcasD or YPD medium to mid-logarithmic phase,
stained with DAPI, and examined using fluorescence microscopy.

the mitochondrial superoxide dismutase, Sod2, contributes
to mtDNA loss in aco1Δmutant cells.
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[27] C. Vélot, P. Haviernik, and G. J.-M. Lauquin, “The Saccha-
romyces cerevisiae RTG2 gene is a regulator of aconitase expres-
sion under catabolite repression conditions,” Genetics, vol. 144,
no. 3, pp. 893–903, 1996.

[28] D. C. Amberg, D. J. Burke, and J. N. Strathern,Methods in Yeast
Genetics: ACold SpringHarbor LaboratoryCourseManual, Cold
SpringHarbor Laboratory, Cold SpringHarbor, NY, USA, 2005.

[29] L. Li and J. Kaplan, “A mitochondrial-vacuolar signaling path-
way in yeast that affects iron and copper metabolism,” Journal
of Biological Chemistry, vol. 279, no. 32, pp. 33653–33661, 2004.

[30] R. S. Sikorski and P. Hieter, “A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA
in Saccharomyces cerevisiae,” Genetics, vol. 122, no. 1, pp. 19–27,
1989.

[31] B. A. Rothermel, A. W. Shyjan, J. L. Etheredge, and R. A. Butow,
“Transactivation by Rtg1p, a basic helix-loop-helix protein that
functions in communication between mitochondria and the
nucleus in yeast,” Journal of Biological Chemistry, vol. 270, no.
49, pp. 29476–29482, 1995.

[32] Y. Jia, B. Rothermel, J.Thornton, andR.A. Butow, “A basic helix-
loop-helix-leucine zipper transcription complex in yeast func-
tions in a signaling pathway frommitochondria to the nucleus,”
Molecular and Cellular Biology, vol. 17, no. 3, pp. 1110–1117, 1997.

[33] A. Chelstowska, Z. Liu, Y. Jia, D. Amberg, and R. A. Butow,
“Signalling betweenmitochondria and the nucleus regulates the
expression of a new D-lactate dehydrogenase activity in yeast,”
Yeast, vol. 15, no. 13, pp. 1377–1391, 1999.

[34] Z. Liu, T. Sekito, C. B. Epstein, and R. A. Butow, “RTG-
dependent mitochondria to nucleus signaling is negatively reg-
ulated by the seven WD-repeat protein Lst8p,” EMBO Journal,
vol. 20, no. 24, pp. 7209–7219, 2002.

[35] T. Sekito, Z. Liu, J.Thornton, and R. A. Butow, “RTG-dependent
mitochondria-to-nucleus signaling is regulated by MKS1 and is
linked to formation of yeast prion [URE3],” Molecular Biology
of the Cell, vol. 13, no. 3, pp. 795–804, 2002.

[36] X. Liao, W. C. Small, P. A. Srere, and R. A. Butow, “Intramito-
chondrial functions regulate nonmitochondrial citrate synthase
(CIT2) expression in Saccharomyces cerevisiae,” Molecular and
Cellular Biology, vol. 11, no. 1, pp. 38–46, 1991.

[37] P. A. Kirchman, S. Kim, C. Lai, and S. Michal Jazwinski, “Inter-
organelle signaling is a determinant of longevity in Saccharomy-
ces cerevisiae,” Genetics, vol. 152, no. 1, pp. 179–190, 1999.

[38] D. H. Williamson and D. J. Fennell, “Visualization of yeast
mitochondrial dna with the fluorescent stain ‘DAPI’,” Methods
in Enzymology C, vol. 56, pp. 728–733, 1979.
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Copyright © 2013 Júlia Santos et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Ammonium (NH
4

+) leads to chronological life span (CLS) shortening in Saccharomyces cerevisiaeBY4742 cells, particularly evident
in cells starved for auxotrophy-complementing amino acids (leucine, lysine, and histidine) simultaneously. Here, we report that the
effect of NH

4

+ on aging yeast depends on the specific amino acid they are deprived of. Compared with no amino acid starvation,
starvation for leucine alone or in combination with histidine resulted in the most pronounced NH

4

+-induced CLS shortening,
whereas starvation for lysine, alone or in combination with histidine resulted in the least sensitivity to NH

4

+. We also show that
NH
4

+-induced CLS shortening is mainly mediated by Tor1p in cells starved for leucine or histidine but by Ras2p in cells starved
for lysine, and in nonstarved cells. Sch9p protected cells from the effect of NH

4

+ under all conditions tested (starved or nonstarved
cells), which was associated with Sch9p-dependent Hog1p phosphorylation. Our data show that NH

4

+ toxicity can be modulated
throughmanipulation of the specific essential amino acid supplied to cells and of the conserved Ras2p, Tor1p, and Sch9p regulators,
thus providing new clues to the development of environmental interventions for CLS extension and to the identification of new
therapeutic targets for diseases associated with hyperammonemia.

1. Introduction

In all living organisms, cell survival is mediated by metabolic
regulation in response to environmental conditions. This
regulation is conserved from yeasts to mammals and is medi-
ated by complex nutrient signaling pathways that control
the necessary metabolic changes that take place when envi-
ronmental conditions change [1]. In yeast, when nutrients
are depleted, cells undergo a growth arrest phase character-
ized by downregulation of growth signaling pathways and
upregulation of several processes, such as accumulation of
carbohydrates, autophagy, and stress resistance [2, 3]. The
length of time these nondividing yeast cells remain viable
for is defined as the chronological life span (CLS) of the
population [4]. The composition of the culture medium can
modulate CLS, and therefore, culturing cells in different
media leads to differences in CLS [5].Manipulation of several

single components of the culture medium is known to extend
CLS, such as reducing glucose concentration (known as
caloric restriction-CR) or manipulating the supply of amino
acids [5–9]. Several studies in the literature report different
effects of amino acids on life span regulation, depending on
which amino acid is deprived [6–10]. In this context, it is
known that starvation for nonessential amino acids (strains
without auxotrophies) used as preferred nitrogen sources
can extend CLS [11–13], while starvation for auxotrophy-
complementing amino acids (essential amino acids) reduces
CLS [7, 10]. However, not all essential amino acids contribute
equally to the effects on CLS. In fact, it has been described
that leucine plays a more important role in CLS extension
in auxotrophic strains [6, 10] and that extra supplementation
of leucine promotes CLS extension in standard 2% glucose
medium [6]. Recently, it has also been shown that leucine
influences autophagy and extension of CLS during CR [14].
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The target of rapamycin complex 1 (TORC1) controls cell
growth in response to the availability of nutrients, including
amino acids [15, 16]. The TOR pathway responds to nitrogen
by regulating processes such as the transcription of genes
involved in nitrogen metabolism: nitrogen catabolite repres-
sion (NCR) sensitive genes, amino acid biosynthesis genes
(general amino acid control pathway-GAAC), retrograde
response genes (RTG-Pathway), and genes involved in the
stability of amino acid permeases and autophagy [17, 18]. In
mammalian cells, amino acids, predominantly leucine, regu-
late mTOR by controlling the ability of the positive regulator
Rheb-GTP to activate mTORC1. The fundamental role of
leucine in TORC1 regulation has been demonstrated through
the observation that withdrawal of leucine alone is almost
as effective in downregulating TORC1 as withdrawal of all
amino acids combined [19]. In yeast, the EGO complex is an
upstream regulator of TORC1, thought to be responsible for
amino acid signaling to TORC1. During leucine starvation,
TORC1 activation by this complex is disrupted, which results
in a reduction in Sch9p phosphorylation and slow growth
[20, 21].

The protein kinase A (PKA) pathway is involved in the
regulation of metabolism, stress response, and proliferation,
responding to the presence of a rapidly fermentable sugar and
other essential nutrients sustaining growth, such as amino
acids and phosphate [16, 22]. Readdition of nitrogen (amino
acids or ammonium) to cells starved for nitrogen activates
the PKA pathway through plasma membrane sensors known
as transceptors. Sch9p is a protein kinase that shares many
targets with PKA and TORC1, and different interactions
between these pathways, either cooperating or antagonizing
their effects, have been described [23]. It was shown that
Sch9p mediates PKA activation in the fermentable growth
medium induced (FGM) pathway, in response to amino acid
and ammonium, but not in phosphate-induced activation
[24].

We have previously shown that decreasing the ammo-
nium (NH

4

+
) concentration in the culture medium extends

the CLS of Saccharomyces cerevisiae BY4742 cells [25]. NH
4

+

reduced the CLS of cells cultured to stationary phase under
both standard amino acid supplementation and amino acid
restriction conditions in a concentration-dependent manner,
and a significant increase in cell survival was observed
when the starting NH

4

+ concentration in the medium was
decreased. We also showed that when stationary phase cells
were transferred to water, the CLS was also significantly
shortened by addition of NH

4

+, indicating that NH
4

+ alone
could induce the loss of cell viability observed in culture
media. The negative effects of NH

4

+ were particularly evi-
dent in cells cultured or incubated under restriction of
auxotrophy-complementing amino acid markers (leucine,
lysine, and histidine). These negative effects of NH

4

+ do
not appear to require its metabolization. The PKA and TOR
pathways were involved in NH

4

+-induced CLS shortening,
but deleting SCH9 did not revert the decrease in cell viability
despite abolishing PKA activation in response to NH

4

+,
suggesting Sch9p plays an independent role in cell survival
[25].

Here, we show that NH
4

+ toxicity during yeast aging
in water depends on the specific starved auxotrophy-com-
plementing amino acid. Sch9p, contrary to Tor1p and Ras2p,
mediates cell survival in response to NH

4

+ in all starva-
tion conditions through the phosphorylation of Hog1p. Our
results provide new insights in the modulation of CLS by
NH
4

+, linking NH
4

+ toxicity to amino acid limitation. This
scenario of enhanced NH

4

+ toxicity in amino acid starvation
conditions is present in hyperammonemic patients, who are
often on dietary protein restriction [26]. The use of a simpler
model like yeast can help elucidate the underlying mech-
anism involved in the modulation of conserved signaling
pathways, in response to NH

4

+.

2. Materials and Methods

2.1. Strains and Growth Conditions. Saccharomyces cere-
visiae strain BY4742 (MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0)
(EUROSCARF, Frankfurt, Germany) and the respective
knockouts inHOG1,RAS2, SCH9, andTOR1 genes were used.
For experiments with nonstarved and amino-acid-starved
cells, the strains were first cultured at 26∘C, 150 rpm, in
defined minimal medium (SC medium) containing 0.17%
yeast nitrogen base without amino acids and without
ammonium sulphate (Difco, BD), supplemented with 0.5%
(NH
4
)
2
SO
4
, with appropriate amino acids and nucleotide

base (50mg/L histidine, 50mg/L lysine, 300mg/L leucine,
and 100mg/L uracil) and 2% D-glucose, to exponential
phase (OD

600
= 1.0–1.5). These cells were harvested and

resuspended in (A) SCmedium containing 4% glucose (non-
starved cells) or in (B) SC medium containing 4% glucose
and lacking (1) amino acids (aa-starved cells); (2) leucine
(Leu-starved cells); (3) histidine (His-starved cells); (4) lysine
(Lys-starved cells); (5) histidine and lysine (His-Lys-starved
cells); (6) leucine and lysine (Leu-Lys-starved cells), and
(7) leucine and histidine (Leu-His-starved cells). After 24
hours, cells were collected by centrifugation, washed three
times with water, and resuspended at a cell density of about
3.8× 107cells/mL in water (pH 7.0), or water with (NH

4
)
2
SO
4

(0.5%, pH 7.0). Viability of 24-hour-starved cultures was
considered to be 100% of survival, and this was considered
day 0 of the experiment. pH 7.0 was maintained throughout
the experiment in cultures with adjusted pH. Cell viability of
culture aliquots was assessed by CFU at day 0 (100% viability)
and in subsequent days, as indicated. ForCFUdetermination,
diluted samples were incubated for 2 days at 30∘C on YEPD
agar plates.

2.2. Trehalase Activity. Trehalase activity was determined
according to [27]. Briefly, crude enzyme extracts were
obtained by resuspending the cell pellet in ice-cold 50mM
MES/KOH buffer (pH 7.0) containing 50 𝜇M CaCl

2
and

adding a roughly equal volume of 0.5mm diameter glass
beads, followed by vigorous mixing during 1 minute intervals
interspersed with periods of cooling on ice. The extracts
were then dialyzed overnight at 4∘C in a dialysis cellulose
membrane (Cellu Sep H1, Orange). The dialyzed extract
was then used to assess trehalase activity by measuring the
released glucose using a glucose oxidase assay (GOD, Roche).
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Protein concentration was determined using the Bradford
assay (Bio-Rad, Germany) according to the manufacturer’s
instructions.

2.3. Western Blot Analysis. Western blot analysis was per-
formed according to [28]. Briefly, protein lysates were sepa-
rated on 12.5% SDS-PAGE gels and transferred to polyvinyli-
dene fluoride membranes (Hybond-P; Amersham). The
membranes were blocked with 5% bovine serum albumin
(BSA) in Tris-buffered saline (TBS, 50mM Tris, 150mM
NaCl, and pH 7.6) containing 0.05% Tween 20 for 1 h at room
temperature. Membranes were then incubated overnight at
4∘C with primary antibodies directed against Hog1p (rabbit
anti-Hog1pMAPK; Santa Cruz Biotechnology, Inc., USA) at a
1 : 1000 dilution or rabbit anti-phospho-p38 MAPK (Cell Sig-
naling Technology, Beverly, MA, USA) at a 1 : 50000 dilution
and against Pgk1p (mousemonoclonal anti-PGK1; Molecular
Probes) at a 1 : 5000 dilution. This was followed by a one-
hour incubation at room temperature with secondary anti-
body Peroxidase-AffiniPure Goat AntiRabbit IgG (1 : 10000;
Jackson ImmunoResearch) or Peroxidase-AffiniPure Goat
AntiMouse IgG (1 : 10000; Jackson ImmunoResearch).

3. Results and Discussion

3.1. 𝑁𝐻
4

+-Induced Cell Death during Yeast Aging in Water
Depends on the Specific Auxotrophy-Complementing Amino
Acid Deprived from the Starvation Medium. In Saccha-
romyces cerevisiae BY4742, NH

4

+ leads to chronological life
span (CLS) shortening, particularly relevant in cells starved
for the auxotrophy-complementing amino acids simulta-
neously. The effect of NH

4

+ has been observed both in
cells aged in spent culture medium limited for the essential
amino acids and in cells aged in water after a 24-hour
incubation in amino-acid-deprived medium [25]. We now
sought to evaluate how the absence of specific auxotrophy-
complementing amino acids affects NH

4

+ toxicity during
yeast CLS. For this purpose, cells were first grown to
exponential phase in SC medium and then starved for each
of the three essential amino acids of the BY4742 strain
(leucine, lysine, and histidine) alone or in combinations
of two, as well as in their absence (aa-starved cells). As
a control, we used the same medium, but without amino
acid deprivation, therefore adding the three auxotrophy-
complementing amino acids (nonstarved cells). Cells were
then transferred to water with and without NH

4

+, and cell
viability was evaluated over time. The protocol followed is
systematized in Figure S1 in Supplementarymaterial available
online at http://dx.doi.org/10.1155/2013/161986.

The results presented in Figure 1(a) revealed that aa-,
lysine- (Lys-), or nonstarved cells displayed a longer CLS
in water without NH

4

+ than leucine- (Leu-) or histidine-
(His-) starved cells. Furthermore, absence of any of the three
amino acids in the medium, individually or at the same
time, decreased CLS upon transfer of cells to water with
NH
4

+, in comparison with the CLS of cells incubaed without
amino acid restriction, though this effect was much less
accentuatedwhen only lysinewas removed (Figure 1(b)). Two
of the amino acids were then removed at the same time in

different combinations (Figures 1(c) and 1(d)). Simultaneous
absence of lysine and histidine (Lys-His-starved cells) had the
least effect on NH

4

+-induced CLS shortening (Figure 1(d)),
whereas NH

4

+ was most toxic to cells starved both for
leucine and histidine (Leu-His starved cells). Comparing
these results with those from Figure 1(b) (removal of one
amino acid at a time from the medium), it can be observed
that survival of Leu- or His-starved cells in water with
NH
4

+ was much lower than that of cells that were also
starved for lysine (Leu-Lys- or His-Lys-starved cells). On
the other hand, the opposite effect was observed if Lys-
or His-starved cells were simultaneously starved for leucine
(Lys-Leu- or His-Leu-starved cells), where NH

4

+-induced
CLS shortening was more severe. Additionally, histidine
starvation in combination with one of the other two amino
acids does not appear to have a major role in regulating CLS
in response to NH

4

+, since the cell death profiles under those
conditions were similar to those exhibited by Lys- or Leu-
starved cells.

Taken together, the results suggest that from the three
auxotrophy-complementing amino acids tested, starvation
for leucine alone or in combination with histidine resulted
in the most severe effects on NH

4

+-induced CLS shortening,
while starvation for lysine, alone or in combination with
histidine, resulted in the less sensitive NH

4

+ phenotype.

3.2. Ras2p, Tor1p, and Sch9p Differently Mediate 𝑁𝐻
4

+-
Induced Cell Death during Yeast Aging in Water. The toxic
effects of NH

4

+ in aa-starved BY4742 cells are the result of
activation of the PKA and TOR pathways and are negatively
regulated by Sch9p [25]. In addition, the results shown in the
previous section demonstrated that ammonium affects CLS
shortening depending on the specific essential amino acid
deprived from the medium. We therefore sought to elucidate
the role of Ras2/PKA, Tor1p, and Sch9p signaling pathways
in CLS shortening induced by NH

4

+ under the different
starvation conditions. For this, we first tested the effect of
starving 𝑡𝑜𝑟1Δ, 𝑟𝑎𝑠2Δ, and 𝑠𝑐ℎ9Δ cells for each of the three
auxotrophy-complementing amino acids individually. As a
control, we used the samemedium in the absence or presence
of all three essential amino acids. Similarly to what we
described above, cells were first grown to exponential phase
in SC medium, then incubated in the different starvation
media, and next transferred to water with or without NH

4

+

(For schematic representation of the protocol please see
Figure S1).

The 𝑡𝑜𝑟1Δ strain displayed a lower NH
4

+-induced cell
death than the wild-type strain in all starvation conditions
tested (Figures 1(b) and 2(b)). Furthermore, Lys-starved cells
displayed almost the same loss of cell viability as nonstarved
cells in the presence of NH

4

+, showing that starvation for this
amino acid does not induce sensitivity toNH

4

+ in the absence
of TOR1. For nonstarved cells, there was no difference in the
effect of NH

4

+ between wild-type and 𝑡𝑜𝑟1Δ strains. On the
other hand, deletion of TOR1 also rescued the CLS of His-
starved cells in water without NH

4

+ (Figures 1(a) and 2(a)).
In the 𝑟𝑎𝑠2Δ strain, the loss of cell viability induced

by NH
4

+ in nonstarved cells or Lys-starved cells was
significantly reduced when compared with the wild-type
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Figure 1: Ammonium-induced cell death during yeast aging in water is dependent on the specific auxotrophy-complementing amino acid
deprived from the starvationmedium. Survival of wild-type S. cerevisiae (BY4742) cells, nonstarved or starved for leucine, histidine, or lysine,
in different combinations upon ((a) and (c)) transfer to water (open symbol) or ((b) and (d)) water with (NH

4
)
2
SO
4
, 0.5% (dark symbol). In

all the cultures, starting cell density was about 3.8 × 107 cells/mL, and the initial pH was adjusted to 7.0. Values are means ± SEM (𝑛 = 3).
(b) ∗∗𝑃 < 0.01 (aa-starved H

2
O + NH

4

+ versus Lys-starved H
2
O + NH

4

+), ∗∗𝑃 < 0.01 (aa-starved H
2
O + NH

4

+ versus Leu-starved H
2
O

+ NH
4

+), and ∗∗∗𝑃 < 0.001 (nonstarved H
2
O + NH

4

+ versus Lys-starved H
2
O + NH

4

+); (d) ∗𝑃 < 0.01 (nonstarved H
2
O + NH

4

+ versus
His-Lys-starved H

2
O + NH

4

+), ∗∗𝑃 < 0.01 (aa-starved H
2
O + NH

4

+ versus Leu-His-starved H
2
O + NH

4

+), and ∗∗∗𝑃 < 0.001 (aa-starved
H
2
O + NH

4

+ versus His-Lys-starved H
2
O + NH

4

+). Statistical analysis was performed by two-way ANOVA. All time points have error bars;
however, for time points with reduced standard error, they are not visible.
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Figure 2: Tor1p regulates ammonium CLS shortening in response to amino acid starvation. Survival of ((a) and (b)) tor1Δ, ((c) and (d))
ras2Δ, and ((e) and (f)) sch9Δ cells, nonstarved or starved for leucine, histidine, or lysine, individually or all at the same time, upon transfer
to water (open symbol) or water with (NH

4
)
2
SO
4
, 0.5% (dark symbols). In all the cultures, starting cell density was about 3.8 × 107 cells/mL,

and the initial pH was adjusted to 7.0. Values are means ± SEM (𝑛 = 3). All time points have error bars; however, for time points with reduced
standard error, they are not visible.
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strain. In contrast, deletion of RAS2 had only a slight effect
on the sensitivity of His- or Leu-starved cells to NH

4

+, as well
as of cells starved for all three amino acids (aa-starved cells).
Furthermore, for the last two starvation conditions, deletion
of RAS2 induced a strong shortening of CLS in water without
NH
4

+, indicating that Ras2p is important to ensure longevity
under these conditions (Figures 1(a) and 2(c)).

Absence of Sch9p reduced survival after cells were trans-
ferred to water with or without NH

4

+ for all conditions tested
(starved or nonstarved).Data fromFigures 2(e) and 2(f) show
that Leu- or His-starved cells of the 𝑠𝑐ℎ9Δ strain behaved as
aa-starved cells when transferred to water with or without
NH
4

+. In non- or Lys-starved cells, the loss of cell viability
in water, with or without NH

4

+, was much less pronounced
than in the other starvation conditions, as observed for wild-
type cells.

3.3. Ras2p, Tor1p, and Sch9p Mediate PKA Activation in
Response to 𝑁𝐻

4

+ during Yeast Aging in Water. To further
evaluate the role of PKA in NH

4

+-induced CLS shortening
and the potential effects of Tor1p, Ras2p, and Sch9p as PKA
upstream regulators, we assessed PKA activation in BY4742
(wild-type), 𝑡𝑜𝑟1Δ, 𝑟𝑎𝑠2Δ, and 𝑠𝑐ℎ9Δ strains starved for
each of the three essential amino acids, individually or in
combination. Trehalase is a target of PKA regulation, and its
activity has been extensively used to monitor PKA activation
[22, 29]. In order to evaluate PKA activation, we therefore
measured trehalase activity in cells grown and incubated
as described above in material and methods section. (For
schematic representation of the protocol please see Figure
S1). We observed that in wild-type cells, leucine starvation
resulted in the highest trehalase activity after 2 h of incubation
with NH

4

+, whereas its presence alone led to the lowest
trehalase activity. In contrast, and under the same conditions,
starvation for lysine or histidine alone gave rise to the
lowest trehalase activity, whereas their presence alone led
to the highest trehalase activity (Figure 3(a)). The results
also showed that in the presence of NH

4

+, aa-starved cells
exhibited a PKA activation pattern similar to nonstarved
cells, with values that are between those obtained for Leu-
and His- or Lys-starved cells. This suggests that in aa-
starved cells, the higher contribution expected from PKA
activation due to the absence of leucine is probably balanced
by the decrease of PKA activity induced by the absence of
histidine and lysine. PKA activation by NH

4

+ was decreased
in 𝑡𝑜𝑟1Δ, 𝑟𝑎𝑠2Δ, and 𝑠𝑐ℎ9Δ mutants in comparison with
the wild-type strain, both for nonstarved cells and under
all amino acid starvation conditions (Figures 3(b), 3(c), and
3(d)). The observed reduction in PKA activation correlates
with the decrease in NH

4

+-induced CLS shortening in the
𝑡𝑜𝑟1Δ strain under all the conditions tested. In addition,
the decrease in PKA activation induced by NH

4

+ in the
ras2Δ strain was accompanied by an increase in cell survival
for non- or lysine-starved cells, but not for cells under the
remaining starvation conditions (Leu-, His-, or aa-starved
cells). Conversely, for nonstarved cells and for cells starved
in the presence of leucine (His-starved and Lys-starved cells)
before transfer to water (T0), there was a significant increase
in PKA activation in the 𝑟𝑎𝑠2Δ strain, indicating that Ras2p

seems to downregulate PKA activity in the presence of
leucine. On the other hand, the decrease in PKA activation
induced by NH

4

+ in the sch9Δ strain was not associated
with an extended CLS in water with NH

4

+ in nonstarved
cells or under any of the starvation conditions tested, which
is in accordance with previous results described for aa-
starved cells [25]. Together, the results suggest that NH

4

+

induces PKA activation through Tor1p, Ras2p, and Sch9p.
However, absence of Ras2p, although able to decrease PKA
activation, did not revert NH

4

+-induced CLS shortening
in Leu-, His-, and aa-starved cells, indicating that in the
absence of this protein, other pathways, independent of PKA
and possibly mediated by Tor1p, are still activated and can
induce cell death. Furthermore, Ras2p, at least under some
conditions, appears to also activate other pathways relevant
to cell survival, since its absence leads to a shorter CLS in
water. A prosurvival role was also observed for Sch9p under
all conditions, either in the absence or presence of NH

4

+.

3.4. Sch9p Protects Cells from 𝑁𝐻
4

+-Induced Cell Death
through Hog1p Activation. Hog1p is a kinase that regulates
and is regulated by Sch9p and mediates stress response
independently of the PKA and TOR pathways [30]. It was
previously shown that Hog1p is involved in the resistance of
aa-starved cells to the toxic effects of NH

4

+ during CLS in
water [25]. In order to access if the protective role of Sch9p
in response to NH

4

+ under the different amino acid starva-
tion conditions described in the previous sections could be
mediated through a Sch9p-dependent Hog1p activation, we
examined Hog1p phosphorylation during CLS in water with
and without NH

4

+ in BY4742 (wild-type) and 𝑠𝑐ℎ9Δ cells. As
shown in Figure 4, Hog1p phosphorylation in wild-type cells
increased in the presence of NH

4

+ in all starvation conditions
tested (aa-, Leu-, His-, and Lys-starved cells), being higher in
His- andLys-starved cells. Deletion of SCH9 almost abolished
Hog1p phosphorylation in aa-, Leu-, and His-starved cells,
whereas some residual phosphorylation was still detected in
Lys-starved cells.The lowerHop1p phosphorylation observed
for cells starved for aa- and Leu-starved cells is in agreement
with previous results, showing that the presence of leucine
is required for Sch9p phosphorylation via TORC1 [21]. Also,
Hog1p phosphorylation in Lys-starved 𝑠𝑐ℎ9Δ cells is in agree-
ment with the activation of pathways other than the PKA in
the absence of Ras2p, suggested by the rescue of the loss of
viability found for Lys-starved 𝑟𝑎𝑠2Δ cells (Figure 2(d)).

Taken together, results show that Sch9p is involved in
Hog1p activation in response to NH

4

+ under all starvation
conditions, indicating that the increased resistance afforded
by Sch9p could, actually, be mediated through Hog1p activa-
tion.

4. Conclusions

It has been previously shown that the CLS of stationary phase
cells of Saccharomyces cerevisiae BY4742 transferred to water
was significantly shortened by the addition of NH

4

+ and
that the negative effects of NH

4

+ were particularly evident
for cells under restriction of auxotrophy-complementing
amino acid markers (leucine, lysine, and histidine) [25]. The
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Figure 3: Ammonium induction of PKA activity depends on Tor1p, Ras2p and Sch9p regulation. Trehalase activity of cells nonstarved or
starved for leucine, histidine, or lysine, individually or in different combinations, of (a) wild-type S. cerevisiae (BY4742) and of mutant deleted
strains (b) tor1Δ, (c) ras2Δ, and (d) sch9Δ; before being, transferred to water (T0h) and after 2 hours in water (T2h H

2
O) or water with

(NH
4
)
2
SO
4
, 0.5% (T2h H

2
O + NH

4

+). In all the cultures, starting cell density was about 3.8 × 107 cells/mL, and the initial pH was adjusted
to 7.0. Values are means ± SEM (𝑛 = 3–4). (a) ∗𝑃 < 0.05 (aa-starved T0h versus aa-starved T2h H

2
O + NH

4

+), ∗∗𝑃 < 0.01 (Leu-starved
T0h versus Leu-starved T2h H

2
O + NH

4

+), ∗∗𝑃 < 0.01 (Leu-starved T2h H
2
O + NH

4

+ versus His-starved T2h H
2
O + NH

4

+), ∗∗𝑃 < 0.01
(Leu-starved T2h H

2
O +NH

4

+ versus Lys-starved T2h H
2
O +NH

4

+), ∗𝑃 < 0.05 (Leu-starved T2h H
2
O +NH

4

+ versus His-Lys-starved T2h
H
2
O + NH

4

+); (c) ∗∗∗𝑃 < 0.001 (nonstarved T0h versus nonstarved H
2
O + NH

4

+); (d) ∗𝑃 < 0.05 (aa-starved T0h versus aa-starved T2h
H
2
O + NH

4

+). Statistical analysis was performed by two-way and one-way ANOVA.

results presented herewith demonstrate that NH
4

+-induced
cell death during aging in water depends on the specific
auxotrophy-complementing amino acid deprived from the
starvationmedium.While Lys-starved cells were only slightly
more sensitive to NH

4

+-induced CLS shortening than non-
starved cells, Leu- and His-starved cells displayed a much
stronger sensitivity to NH

4

+ during CLS, which was com-
parable to that previously described for cells simultaneously

starved for all three essential amino acids (aa-starved cells).
When we compare cells starved for one amino acid at a time
with nonstarved cells, absence of any of the three auxotrophy-
complementing amino acids from the medium has a detri-
mental effect leading to a faster loss of cell survival in response
to ammonium. However, when cells are starved for at least
one amino acid, the presence of lysine in the medium is
detrimental, histidine does not seem to have an effect, and
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Figure 4: Ammonium induces Sch9p-dependent Hog1p phosphorylation in starvation conditions. Westernblot analysis of Pi-Hog1p levels
present in S. cerevisiae (BY4742) wild-type (WT) and sch9Δ cells starved for (a) all three amino acids or leucine and (b) starved for histidine
or lysine, before (T0) and after 20 minutes upon transfer to water (H

2
O) or water with (NH

4
)
2
SO
4
, 0.5% (NH

4

+). In all the cultures, starting
cell density was about 3.8 × 107 cells/mL, and the initial pH was adjusted to 7.0. Control cells were grown on YPD medium (Control-C) and
incubated for 5 minutes in YPD medium supplemented with 1M NaCl.

leucine has a protective effect on ammonium-induced CLS
shortening. The results regarding leucine are in accordance
with the literature since it has been described that leucine
plays a more important role in CLS extension in auxotrophic
strains [6, 10]. In a recent study, supplementation of extra
leucine to SC medium or transformation of auxotrophic
leucine strain into a prototrophic leucine strain resulted in
CLS extension. The importance of leucine was attributed
to the regulation of the branched side chain amino acids
synthesis that appears to be misregulated in a leu2Δ strain.
In agreement, supplemental levels of the branch side amino
acids isoleucine, threonine, and valine also extended CLS in
a leu2Δ strain [6]. The negative effect observed for lysine
in cell survival during ammonium-induced cell death can
possibly be due to the fact that autophagy is inhibited in
the presence of ammonium [25], and the lack of autophagy
might be responsible for this effect since lysine seems to act
in an autophagy-dependentmanner on the regulation of CLS.
Autophagy-deficient strains showed no improvement in CLS
extension after regaining LYS prototrophy in contrast to wild-
type autophagy competent cells that increased CLS extension
with LYS prototrophy [6].

Both Ras2p and Tor1p are involved in NH
4

+-induced
CLS shortening in aa-starved cells [25]. We now further

established that Ras2p involvement on NH
4

+-induced CLS
shortening was present under all conditions tested, and did
not depend on starvation. In turn, Tor1p function in the
decrease of CLS by NH

4

+ was relevant only under amino acid
starvation, being differently modulated by the specific amino
acid deprived from the medium. Starvation for leucine and
histidine, which induced a strong shortening of CLS in the
presence of NH

4

+, had a high impact in the regulation of
Tor1p function, whereas starvation for lysine, whichwas asso-
ciated with only a small NH

4

+-induced CLS shortening, had
a considerably less significant impact on Tor1p regulation.
These results are in agreement with previous results showing
that leucine has an important impact in the regulation of
TORC1 [20, 21]. Our results suggest that the presence ofNH

4

+

in the medium (commonly present as the nitrogen source)
may be at least partly responsible for the reported decrease in
CLS in leucine-starved cells [6, 14].

PKA activation has been described to be associated
with the NH

4

+-induced CLS shortening of aa-starved cells
in water [25]. From the results now obtained, and when
we compare values from nonstarved and starved wild-
type cells, it appears that leucine starvation (alone or in
combination with starvation for another amino acid) is the
main factor responsible for PKA activation in response to
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NH
4

+, correlating with its stronger effect on CLS shortening.
This activation is dependent on Ras2p, Tor1p, and Sch9p,
as deficiency in any of these proteins leads to its decrease.
However, since the decrease in PKA activation resulted in
distinct cell fate outcomes in the differentmutants, the results
suggest that these proteins activate PKA by independent
pathways and/or also regulate other pathways that they do
not share and that have different impacts on NH

4

+-induced
CLS shortening. Also, we cannot exclude the possibility that
the observed effects on trehalase activity may result from a
potential effect of Sch9p, Ras2p, or Tor1p on the activity of
other proteins also involved in trehalase regulation such as
Bmh1/2p or Dcs1p [29].

Opposite to our results, Sch9p has been described to
inhibit PKA activity when glucose is added to glycerol-grown
cells. However, these authors observed that the inhibition
was mediated through the regulation of Tpk2p localization
[31], an isoform that does not seem to have a relevant role
in response to ammonium under our conditions. In fact,
we have previously observed that Tpk1p is the main PKA
isoform involved in ammonium effects [25]. In addition to its
involvement in PKA activation, Sch9p also increases Hog1p
phosphorylation, extending CLS in water with or without
NH
4

+.
In summary, herewith we show that the toxic effects

of NH
4

+ on CLS shortening are regulated by a starvation-
dependent and a starvation-independent component and are
mediated essentially by Tor1p in the first case and by Ras2p
in the second. We also provide evidence that when cells
are starved for amino acids, the presence of leucine can
ameliorate NH

4

+-induced CLS shortening, while lysine has
the opposite effect, and the presence of histidine has no effect.
Together, our data add new knowledge on CLS regulation,
indicating that the modulation of nitrogen sources supplied
to cells can drastically modulate CLS and providing new
clues for the development of environmental interventions
for chronological life span extension. Additionally, and since
NH
4

+-induced cell death is involved in different human
disorders that are accompanied by hyperammonemia [32],
our results, showing that NH

4

+ toxicity can be modulated by
amino acids through different pathways, may also afford new
insights into the understanding of the cell molecular bases
triggering cell death in such pathologies.
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In Saccharomyces cerevisiae, the chronological lifespan (CLS) is defined as the length of time that a population of nondividing
cells can survive in stationary phase. In this phase, cells remain metabolically active, albeit at reduced levels, and responsive to
environmental signals, thus simulating the postmitotic quiescent state of mammalian cells. Many studies on the main nutrient
signaling pathways have uncovered the strong influence of growth conditions, including the composition of culture media, on CLS.
In this context, two byproducts of yeast glucose fermentation, ethanol and acetic acid, have been proposed as extrinsic proaging
factors. Here, we report that ethanol and acetic acid, at physiological levels released in the exhausted medium, both contribute to
chronological aging. Moreover, this combined proaging effect is not due to a toxic environment created by their presence but is
mainly mediated by the metabolic pathways required for their utilization as carbon/energy sources. In addition, measurements of
key enzymatic activities of the glyoxylate cycle and gluconeogenesis, together with respiration assays performed in extreme calorie
restriction, point to a long-term quiescent program favoured by glyoxylate/gluconeogenesis flux contrary to a proaging one based
on the oxidative metabolism of ethanol/acetate via TCA and mitochondrial respiration.

1. Introduction

Human aging is associated with a host of time-dependent
changes which are the clear manifestation of the progressive
decline in cognitive and physical functions of an organism.
Albeit extremely complex, aging has turned out to be influ-
enced by mechanisms and nutrient/energy sensing signaling
pathways that show strong evolutionary conservation. In
this context, the single-celled yeast Saccharomyces cerevisiae,
exploited as a model system, has provided valuable insight
by making it possible to adopt experimental approaches that
are not always feasible in higher eukaryotic systems. For
example, the nutritional and metabolic status of yeast cells
can be diversely coordinated by the simple choice of cultural
conditions. Glucose is the preferred carbon and energy
source, but in its absence other substrates such as glycerol,
ethanol, acetate, or even fatty acids can be used [1]. Thus,
the yeast life cycle can integrate metabolic characteristics that
are typical for rapid growing cells, storage cells, or highly
metabolizing cells depending on nutrient supply.

In the field of aging-related research, replicative and
chronological lifespan models have been described which
offer the opportunity to study the aging process of both pro-
liferating and postmitotic quiescentmammalian cells, respec-
tively [2–4]. The chronological lifespan (CLS) is defined as
the length of time that a population of nondividing cells
survives in stationary phase. Viability over time is measured
as the ability to resume mitotic growth upon return to rich
fresh medium [5]. In a standard CLS experiment, yeast cells
are usually grown in synthetic defined media containing 2%
glucose [6] where the metabolism is characterized by a high
glycolytic flux, glucose fermentation, and a negligible aerobic
respiration. Upon glucose depletion, the diauxic shift occurs
which results in a shift from fermentation to respiration of
the C2 compounds previously produced.This shift involves a
massive reprogramming of gene expression including genes
which encode enzymes involved in gluconeogenesis, the
glyoxylate and TCA cycles. Moreover, overall growth rate
is dramatically reduced. Finally, when nutrients are fully
exhausted, cell division stops, and the yeast culture enters
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a quiescent stationary phase [7, 8]. In the stationary phase,
yeast cells display a survival-based metabolism characterized
by low metabolic rates and upregulation of stress resistance
resulting from the integrated responses of different signaling
pathways [9].

CLS can be increased by calorie restriction (CR)which, in
yeast, is generally imposed by reducing the glucose concen-
tration in the initial growth medium [10–12] or by transfer-
ring postdiauxic cells to water (extreme CR) [5]. Moreover,
inhibition/reduction activity of two pathways which sense
nutrient availability, namely, TORC1-Sch9 and Ras-PKA
ones, also extends CLS [13–16]. These signaling pathways
lead in part to common downstream targets which include
the protein kinase Rim15 and the transcriptional factors
Msn2/4 and Gis1 [17–19]. These factors, besides regulating
directly or indirectly stress defence mechanisms, control
the accumulation/utilization of intracellular and extracellular
carbon sources [20–23]. In particular, Gis1 regulates the
accumulation of acetate, a metabolite involved in chronolog-
ical aging [24]. Interestingly, lack of the NAD+-dependent
deacetylase Sir2, the founding member of Sirtuins, further
extends the CLS of long-lived mutants such as sch9Δ, as
well as the CLS in water indicating that the sole presence of
Sir2 can serve as a “blocker” of extreme longevity extension
[25]. In addition, SIR2 inactivation induces stress resistance
and affects positively the metabolism of extracellular carbon
sources such as ethanol and acetate [25, 26]. These two by-
products of glucose fermentation which are metabolised by
yeast cells during the post-diauxic phase have been proposed
as extrinsic factors promoting chronological aging [25, 27].
In fact, in some long-lived mutants, as well as in short-
lived ones, an inverse correlation between the amount of
extracellular ethanol or acidic acid and their CLS has been
found [25, 26, 28–30]. In line with this, genetic or metabolic
(CR) interventions which drive yeast metabolism away from
acetic acid production increase CLS [27, 31]. Furthermore,
although some connections have been established between
nutrient-sensing pathways and the proaging effect of acetic
acid involving superoxide anion accumulation which inhibits
quiescence [32], the mechanisms by which this compound
(and also ethanol) reduces the CLS are still controversial [33].

Here we present results showing that both ethanol and
acetic acid contribute to chronological aging. In this context,
these compounds are not simply extrinsic toxic factors, but it
is their metabolic utilization as carbon/energy sources which
results in proaging effects. In particular, in extreme CR,
their oxidative metabolism increasing respiration impairs
mitochondrial functionality and negatively affects long-term
cell survival.

2. Materials and Methods

2.1. Yeast Strains and Growth Conditions. All yeast strains
with null mutations were generated by PCR-based meth-
ods in a W303-1A background (MATa ade2-1 his3-11,15
leu2-3,112 trp1-1 ura3-1 can1-100): fps1Δ (fps1Δ::KlLEU2),
sir2Δ (sir2Δ::URA3) [34], icl1Δ (icl1Δ::KlLEU2), and pck1Δ
(pck1Δ::KlLEU2) [26]. Yeast cells were grown in batches at

30∘C inminimalmedium (Difco Yeast Nitrogen Base without
amino acids, 6.7 g/L), supplemented with 2% w/v glucose.
Auxotrophies were compensated for with a fourfold excess
of supplements [25]. All strains were inoculated at the same
cellular density (culture volume no more than 20% of the
flask volume). Growth was monitored by determining cell
number using a Coulter Counter-Particle Count and Size
Analyser, as described [35]. Doubling time (Td) was obtained
by linear regression of the cell number increase over time on
a semilogarithmic plot. For pHmeasurements, small aliquots
of expiredmedia were removed from the culture, and pHwas
determined using a pH meter.

2.2. Metabolite Measurements and Enzymatic Assays. At des-
ignated time-points, aliquots of the yeast cultures were cen-
trifuged, and both pellets (washed twice) and supernatants
were frozen at−20∘Cuntil used. Glucose, ethanol, and acetate
concentrations in the growthmediumwere determined using
enzymatic assays (K-HKGLU, K-ETOH, and K-ACET kits
fromMegazyme).

Immediately after preparation of cell-free extracts, Pck1
and Icl1 activities were determined as previously described
[26]. Total protein concentration was estimated using the
BCA Protein Assay Kit (Pierce).

Final values represent the average of three independent
experiments. Differences in measurements were assessed by
Student’s t-test. The level of statistical significance was set at
a 𝑃 value of ≤ 0.05.

2.3. CLS Determination. Survival experiments in expired
medium were performed on cells grown in minimal medium
(with a fourfold excess of supplements) of 2% glucose as
described by [25]. During growth, cell number and extracel-
lular glucose, ethanol, and acetic acid weremeasured in order
to define the growth profile (exponential phase, diauxic shift,
post-diauxic phase, and stationary phase) of the culture. Cell
survival wasmonitored by harvesting aliquots of cells starting
72 h (Day 3, first age-point) after the diauxic shift (Day 0). CLS
was measured according to [25] by counting colony-forming
units (CFUs) every 2-3 days. The number of CFUs on Day 3
was considered the initial survival (100%). Survival was also
monitored in the presence of 50mM pyrazole (Sigma) which
was added in the expired medium at Day 1 after the diauxic
shift.

For survival experiments in water, at Day 1 cells were har-
vested, washed with sterile distilled water, and resuspended
in a volume of water equal to the initial culture volume.
Every 48 h, cells were washed with water and resuspended
in fresh water to remove nutrients released by dead cells
[5]. The pH of the water was adjusted to 3.2 since it was
the pH value measured in the expired medium or to 5.6.
Survival experiments in water containing ethanol, acetic acid,
or both were performed essentially as described [25, 26, 29].
Treatments are outlined in the text.

For CLS determination in media-swap experiments, cells
were grown in minimal medium of 2% glucose (with a
fourfold excess of supplements) and at Day 1 after the diauxic
shift, harvested by centrifugation. Cell pellets were washed
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Figure 1: FPS1 inactivation increases CLS in concert with a decreased uptake of ethanol and acetate. Bar charts of extracellular ethanol (a)
and acetate (b) concentrations measured at the indicated time-points in wild type (wt) and fps1Δmutant cultures during chronological aging.
Day 0, diauxic shift. Data were obtained frommean values determined in three independent experiments. Standard deviations are indicated.
(c) CLS of wt and fps1Δmutant cells. At every time-point, viability was determined by counting CFUs on YEPD plates. 72 h after the diauxic
shift (Day 3) was considered the first age-point (see Section 2). One representative experiment is shown.

and then resuspended in the filtered original medium or
equivalently conditioned one of the indicated strain. Resus-
pension in media collected at Day 1 was also performed in
the presence of 50mM pyrazole. Viability was measured as
previously described.

2.4. Respiration Assays. The oxygen consumption of intact
cells was measured at 30∘C using a “Clark-type” oxygen
electrode in a thermostatically controlled chamber (Oxy-
graph System, Hansatech Instruments, Norfolk, UK). For all
respiration assays, 2mL of cell suspension at a concentration
of 5 × 106/mL were quickly transferred from the flask to
the oxygraph chamber, and routine respiration was recorded.
Data were recorded at sampling intervals of 1 s (Oxygraph
Plus software, Hansatech Instruments, Norfolk, UK). Respi-
ratory rates were determined from the slope of a plot of O

2

concentration against time, divided by the cellular concen-
tration. All assays were conducted in biological triplicate.

Index of respiratory competence (IRC)was alsomeasured
according to [36] by plating identical samples onYEPDplates
and on rich medium of 3% glycerol (YEPG) plates. IRC was
calculated as colonies on YEPG divided by colonies on YEPD
times 100%.

3. Results and Discussion

3.1. Lack of Fps1 Channel Increases CLS. Ethanol and acetic
acid are two normal by-products of glucose fermentation,
transiently accumulated in the yeast culture medium, which
restrict CLS [25, 27]. Moreover, given the low concentration
reached by acetic acid in the medium of chronologically
aging cells and its faster exhaustion compared to that of
ethanol, its physiological relevance as an extracellular factor
promoting chronological aging is a matter of debate [33].
In this context, as a first step, we examined the effects on
CLS of abolishing the major route of entry into the cell
of the undissociated acetic acid such as the Fps1 channel.
Uptake of acetate is linked to an active transport for the
dissociated form of the acid through the Jen1 and Ady2
transporters accompanied by passive/facilitated diffusion of
the undissociated acid through the Fps1 aquaglyceroporin
[37, 38]. The former is inducible and subjected to glucose
repression [39, 40] while the passive transmembrane flux is
strongly influenced by the pH of the medium. In fact, the
acetic/acetate couple forms a buffer system in a dynamic
equilibrium: at low pH the equilibrium increasingly favours
the protonated form while at pH above the pKa of acetic acid
(4.75) charged acetate anions prevail. As shown in Figures 1(a)
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Table 1: pH values of exhausted media.

Days wt fps1Δ icl1Δ wt + pyrazole icl1Δ + pyrazole
0 3.21 ± 0.07 3.20 ± 0.06 3.11 ± 0.06

1 3.18 ± 0.04 3.16 ± 0.03 3.08 ± 0.05 3.18 ± 0.05 3.08 ± 0.07

2 3.13 ± 0.06 3.08 ± 0.04 2.98 ± 0.05 3.11 ± 0.04 2.89 ± 0.04

3 2.97 ± 0.05 2.90 ± 0.04 2.86 ± 0.06 2.93 ± 0.06 2.75 ± 0.07

4 2.81 ± 0.03 2.68 ± 0.06 2.68 ± 0.04 2.76 ± 0.07 2.63 ± 0.06

5 2.72 ± 0.06 2.56 ± 0.06 2.53 ± 0.06 2.65 ± 0.04 2.48 ± 0.07

6 2.70 ± 0.06 2.55 ± 0.05 2.49 ± 0.07 2.63 ± 0.07 2.43 ± 0.07

pH of the exhausted media was measured starting from diauxic shift, Day 0. Data presented are the mean values of three biological replicates. Standard
deviations are indicated.

and 1(b), measurements of extracellular ethanol and acetate
revealed that, at the diauxic shift, in the fps1Δ culture the
amount of these C2 compounds was slightly higher than that
in thewild type (wt) culture, in linewith exometabolome data
obtained during glucose fermentation [41].However, after the
diauxic shift (respiratory metabolism) a significant effect was
observed on the depletion of both ethanol and acetic acid
which was reduced in themutant. In particular, as opposed to
the expected fast exhaustion of acetic acid in the wt medium
(Figure 1(b) and [29]), in the fps1Δ mutant this compound
decreased very slowly, and it was still present 6 days following
the entry in the post-diauxic phase (Figure 1(b)), which is in
agreement with the role for Fps1 in facilitating the diffusion
of the undissociated acid. In fact, during this phase in which
the pH of the medium dropped to values of 2.70 for the wt
and 2.55 for the fps1Δmutant at Day 6 (Table 1), acetic acid is
substantially undissociated, and the diffusional entry into the
cells is elevated. Upon FPS1 deletion, mutant cells can only
rely on the uptake of the low fraction of acetate anions by the
active transporters. Interestingly, chronologically aging fps1Δ
cells lived longer than wt (Figure 1(c)) despite a prolonged
exposure to acetic acid and ethanol.

3.2. Inhibition of Ethanol Metabolism Increases CLS. During
chronological aging, after the diauxic shift, ethanol which is
the main by-product of glucose fermentation, is metabolised
by virtually the same pathway as acetate. In fact, after its oxi-
dation to acetaldehyde by alcohol dehydrogenase 2 (Adh2),
it is converted to acetate. Subsequently, acetate is activated
into acetyl-CoA which is used to fuel the glyoxylate and TCA
cycles (Figure 2(a)) [42, 43]. Consequently, we wondered
whether blocking the main pathway for acetate production
might influence the chronological survival of wt cells in their
exhausted medium. To this end, after the diauxic shift when
cells began to utilize the excreted ethanol, pyrazole which is
an irreversible inhibitor ofAdh2 [44]was added to the culture
medium and CLS monitored. As depicted in Figure 2(b),
pyrazole treatment led to CLS extension. A similar salutary
effect took place also when pyrazole was added to the culture
medium of postdiauxic icl1Δ cells (Figure 2(c)). ICL1 encodes
isocitrate lyase (Icl1), which is one of the unique enzymes of
the glyoxylate cycle. During growth on C2 compounds, this
cycle plays an essential role for anaplerosis of oxaloacetate
which is the substrate of the key gluconeogenic enzyme phos-
phoenolpyruvate carboxykinase (Pck1) (Figure 2(a)) [43]. In

the context of a CLS standard experiment, ICL1 deletion
results in a short-lived phenotype and impairment in acetate
utilization [26]. Furthermore, pyrazole treatments led to a
very slight acidification in the expired media of the wt and
icl1Δ cultures (Table 1) indicating that the extracellular acidic
pH alone is not sufficient to chronologically age yeast cells.
Since we had already observed that pyrazole was able to
abrogate the shortening effect of ethanol on CLS extension
following extreme CR such as incubation in water [26], this
confirms that some aspects of ethanol metabolism and not
its mere presence (it enters the cells by passive diffusion)
negatively affect CLS. We next performed some media-swap
experiments between wt and icl1Δ cultures. Both strains were
grown in minimal medium, and, at Day 1 after the diauxic
shift, cultures were centrifuged and media were exchanged.
The icl1Δ preconditioned medium, which contained more
ethanol and acetic acid compared with the wt preconditioned
one (Figures 2(d) and 2(e)) shortened the CLS of wt cells
(Figure 2(b)). This detrimental effect on wt viability was
abolished upon pyrazole addition, and CLS increased to the
same extent as that of chronologically aging wt cells in their
original medium in the presence of pyrazole (Figure 2(b)).
Moreover, the wt preconditioned medium extended the CLS
of the short-lived icl1Δ mutant (Figure 2(c)). Inhibition of
ethanol oxidation by pyrazole further extended the CLS
of the mutant which resulted, also in this case, similar
to that of the chronologically aging mutant in its original
medium supplementedwith theAdh2 inhibitor (Figure 2(c)).
Together these findings may point to proaging signaling
effects of themetabolic pathways involved in the utilization of
ethanol/acetate as carbon and energy source(s) by chronolog-
ically aging cells. This is consistent with the proposed role for
acetic acid as a physiological trigger of growth signaling path-
ways which by promoting entry into S phase in unfavorable
conditions would lead, among other effects, to replication
stress in chronologically aging cells [45]. A DNA replication
stress would negatively affect CLS [32, 46], and in this
context experimental manipulations inducing such a stress
have been recently shown to determine the loss of the
reproductive capacity of chronologically aging cells [47].
Moreover, replication stress promotes apoptosis [48, 49]: a
highly regulated cellular “suicide” program which is also
activated during chronological aging [50]. In addition, acetic
acid represents a compound which triggers apoptosis in the
presence of glucose [51–53] and in glucose-derepressed ach1Δ
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Figure 2: Pyrazole prevents the CLS shortening effect of ethanol. (a) Scheme of metabolic pathways allowing ethanol and acetate utilization.
Only relevant reactions are shown. Adh2: alcohol dehydrogenase 2, Icl1: isocitrate lyase 1, Pck1: phosphoenolpyruvate carboxykinase 1. At Day
1 after the diauxic shift, pyrazole (50mM) was added to the expired media of wt (b) and icl1Δ mutant (c) cells. In parallel, aliquots of cells
were harvested and subjected to cell-free media swap with or without pyrazole. At every time-point, viability was measured as in Figure 1(c).
One representative experiment is shown. Extracellular ethanol (d) and acetate (e) concentrations determined in the wt and icl1Δ cultures at
Day 1. Day 0, diauxic shift. Standard deviations are indicated.

cells [29]. Ach1 is an enzyme involved in acetate metabolism,
and its lack decreases CLS [29, 54]. Consequently, stimulation
of growth induced by acetic acid after the diauxic shift in the
lack of favorable conditions required for cell cycle progression
would ultimately cause apoptosis.

3.3. Physiological Amount of Acetic Acid Reduces CLS. Next,
we evaluated whether the physiological amount of acetic acid
accumulated as a by-product of glucose fermentation could
influence the chronological survival of yeast cells associated
with their transfer to water, which is the extreme condition of
CR known to extend CLS [25]. Therefore, we monitored the
CLS ofwt cells that, after the diauxic shift, were switched from
expired medium to water supplemented with the amount of
acetic acid (5mM) we had detected in the expired medium
(Figure 1(b) and [26, 29]). Treatments were performed in
water whose pH was adjusted to 3.2 (the pH of the expired

medium we measured) and in water buffered to pH 5.6.
In the former condition the uptake of acetate is facilitated
compared with that at pH 5.6 where the amount of the acetate
anion considerably increases. As shown in Figure 3(a), the
addition of 5mM acetic acid to low pH water reduced CLS,
but to a lesser extent than that elicited by ethanol [25, 26]
which also in this case was supplied in amount comparable
with that found in the expired medium. It is noteworthy
that the addition of these C2 compounds together prevented
CLS extension associated with transfer to low pH water
resulting in a CLS similar to that of chronologically aging
cells in their exhausted medium (Figure 3(a)). This suggests
that it is a combined proaging effect of both metabolites
which influences the CLS. Buffering water to pH 5.6 did not
result in a CLS substantially different from that observed at
pH 3.2 while the negative effect on chronological survival
linked to the presence of acetic acid, ethanol, or both
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Figure 3:The glyoxylate-requiring gluconeogenesis plays a positive role in extreme life-span extension. AtDay 1 after the diauxic shift, wt cells
were switched to water adjusted to pH 3.2 (a) and to pH 5.6 (b) and challenged with ethanol (6 g/L), acetic acid (5mM), or both. Every 48 h,
cultures were resuspended in fresh water, and each time ethanol and acetic acid were added when indicated. At every time-point, viability
was measured. Survival of cells in their expired medium was also monitored as control. Insets: CLS plotted on a log scale. One representative
experiment is shown. (c) CLS of wt, icl1Δ, pck1Δ, and sir2Δ cells switched to pH 3.2 water at Day 1 after the diauxic shift. (d) In parallel, the
indicated cultures were challenged with 5mM acetic acid as in (a). Survival of icl1Δ cells in their exhausted medium was also monitored. One
representative experiment is shown.

these compounds together was reduced (Figure 3(b)). Thus,
buffering the extracellular medium alone is not sufficient to
induce the fully extension of CLS observed in water, in line
with data showing that an acidic environment alone is not
sufficient to suppress the CLS extension associated with a
CR regimen of growth which reduces acetic acid production

[27, 29]. This further confirms that acidification accelerates
chronological aging by influencing acetic/acetate equilibrium
and consequently acetate uptake.

In the chronological aging paradigm, a proaging role
is played by Sir2 which has as nonchromatin substrate the
Pck1 enzyme. SIR2 inactivation increases acetylated Pck1 in
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concert with increased enzymatic activity [26, 28]. Since this
correlates with an enhanced glyoxylate/gluconeogenic flux
and with a more efficient acetate utilization [26], we analyzed
whether the addition of 5mM acetic acid could influence the
CLS of sir2Δ cells that, after the diauxic shift, were incubated
in low pHwater. In parallel, the same analysis was performed
for the icl1Δ mutant. As shown in Figure 3(c), the effect
produced by the single SIR2 and ICL1 deletions on the CLS
in water was the opposite. In fact, lack of Sir2 significantly
extended theCLS comparedwith that of wt cells in agreement
with [25–28] while lack of Icl1 reduced it. Interestingly, a
similar decrease in cell survival has been observed following
PCK1 deletion ([28] and Figure 3(c)). Moreover, acetic acid-
back sir2Δ cultures lived longer than acetic acid-back wt
ones (Figure 3(d)). On the contrary, chronological survival
of icl1Δ cells was affected dramatically by the same amount
of acetic acid (Figure 3(d)), indicating that acetic acid, at
this concentration, becomes extremely toxic for cells with an
impaired glyoxylate cycle activity. Taken together these data
suggest that the glyoxylate-requiring gluconeogenesis and the
cell ability to metabolize acetate play positive roles in the CLS
extension linked to extreme CR.

3.4. Ethanol Reduces Glyoxylate/Gluconeogenesis and Enhan-
ces Respiration of Cells in Extreme CR. Starting from the
aforementioned results, for the purpose of investigating the
connection between the glyoxylate-requiring gluconeogene-
sis and chronological longevity we measured the enzymatic
activity of Pck1 and Icl1 in chronologically aging wt cells in
their expired medium or transferred to water. In parallel, we
also examined cellular respiration. In fact, it is well known
that in the former experimental condition, when glucose is
depleted, cells consume the earlier produced ethanol/acetate
via gluconeogenesis (Figures 4(a) and 4(b)), and concomi-
tantly they increase their respiration (Figure 4(c)). In the
extreme condition of CR, once cells were switched to water,
the levels of Icl1 and Pck1 enzymatic activities increased and
remained higher than those detected during aging in the
expired medium (Figures 4(a) and 4(b)). In addition, they
barely respired (Figure 4(c)). It is noteworthy that when these
cells were challenged with ethanol, Icl1 and Pck1 enzymatic
activities were reduced (Figures 4(a) and 4(b)), and the cel-
lular respiration increased (Figure 4(c)). Similar results (with
reduction and increase to a lesser extent) were obtained when
acetate substituted for ethanol (data not shown) indicating
that both C2 compounds are metabolised by the CR cells.
Since the ability to respire relies on functional mitochondria
and a direct correlation between reduced CLS and dysfunc-
tional mitochondria has been reported [6, 55], we decided
to analyze the index of respiratory competence (IRC). This
index measures the percentage of viable cells which are com-
petent to respire [36]. At Day 1, the IRC was about 100% for
chronologically aging cells in the exhausted medium, in
water, and in water/ethanol (Figure 4(d)) indicating that all
the cells are respiration competent. Starting from Day 12,
this value began to decrease progressively for the cells in the
exhausted medium and for those in water/ethanol reaching
about 20% and 50%, respectively byDay 21which is indicative

of a time-dependent loss of mitochondrial functionality. On
the contrary, in the extreme CR condition the IRC was still
about 80% (Figure 4(d)) indicating, on the one hand, that the
low level of respiration is not due to impairment inmitochon-
drial functionality and, on the other hand, that resuspension
in water exerts a protective role on mitochondria which
become more prone to damage following ethanol addition.

To this effect, a causative role in inducing mitochondrial
dysfunction is played by reactive oxygen species (ROS),
and, at the same time, mitochondrial dysfunction leads to
increased ROS formation [56]. Moreover, mitochondria are
the major intracellular source of potentially harmful ROS
such as the superoxide anion.This radical can directly induce
oxidative damage or can be converted to other ROS which,
in turn, induce aging-associated damage [57]. Chronological
aging in the absence of any extracellular nutrient, namely,
water, which correlates with an increased CLS, implies that
cells have to establish a survival-based metabolism where
energy is conserved by shutting down expensive growth-
promoting pathways and concomitantly stress resistance and
access to alternate energy stores are provided. In addition,
cells have to limit damage to cellular components. In this con-
text, reducing respiration may be beneficial since, although
highly efficient in producing ATP, the oxidative metabolism
produces the superoxide anion which is generated in the
electron transport chain.

The other feature of cells in extreme CR discovered was
an increase in the enzymatic activities of Pck1 (the main flux-
controlling step of gluconeogenesis) and Icl1. This feature,
combined with the fact that loss of their function blocks CLS
extension, further supports the notion of a positive crucial
role of glyoxylate/gluconeogenesis in the control of this form
of longevity [28]. Increasing glyoxylate/gluconeogenesis may
be advantageous to improve survivability during chronolog-
ical aging in water since gluconeogenesis switches the direc-
tion of metabolite flow towards the biosynthetic precursor,
glucose-6-phosphate, which is also needed for glucose stores
(Figure 2(a)). In particular, trehalose has been proposed as
the carbohydrate of choice for surviving starvation and upon
cell cycle reentry from quiescence [58]. Moreover, hexoses
generated from gluconeogenesis can be used via the pentose
phosphate pathway generating additional NADPH which is
essential for the activity of antioxidant defenses [59]. On
the other hand, with regard to the glyoxylate pathway, it is
important to recall that it does not only have the function
of fueling gluconeogenesis but can contribute to NADH
production [60].

This metabolic scenario may give some explanation why
the CLS extension in water is intensified following SIR2
inactivation [25]. In fact, the increase in the acetylated active
form of Pck1 due to the lack of the Sir2-targeted deacetyla-
tion enhancing the glyoxylate/gluconeogenic flux [26] might
further favour the establishment of a long-term quiescent
program. On the contrary, the oxidative metabolism of
ethanol/acetate via the TCA and mitochondrial electron
transport chain increasing respiration may generate harmful
ROS which impair mitochondrial functionality. This, in
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Figure 4: Ethanol affects the glyoxylate-requiring gluconeogenesis and the respiration of cells in extreme CR. At the indicated time-points,
Icl1 (a) and Pck1 (b) enzymatic activities were measured in wt cells during chronological aging in their expiredmedium and after the switch to
water or water/ethanol as in Figure 3. Day 0, diauxic shift. (c) Cellular respiration of the same cells in the indicated experimental conditions.
Error bars are the standard deviation of three replicates. (d) Chronologically aging wt cultures at the indicated time-points were serially
diluted, plated onto YEPD and YEPG plates, and the index of respiratory competence (IRC) was determined. Standard deviations of three
independent experiments are indicated.

concert with induced growth signals in the lack of favorable
conditions required for cell cycle progression [32],most likely
negatively affects cell survival. Bearing in mind that the rela-
tionship between respiration, ROS, and CLS is very complex,
how can the proaging effect induced by ethanol in nutrient
starvation conditions fit with the ability of pregrowth on the
same respiratory carbon/energy source to extend CLS [61,
62]? In fact, in addition to the role played by a mitochondrial
respiratory threshold in regulating CLS [63], mitochondrial
respiration affects chronological survival throughROS gener-
ation. They can be either deleterious or beneficial depending
on the biological context/phases of the yeast cell cycle in
which they are produced [57]. Although mitochondrial ROS
have been associated with damaging effects which promote
and/or accelerate chronological aging [64], they also function

as signaling molecules with hormetic effects on longevity
[65, 66]. In particular, elevating mitochondrial ROS during
yeast exponential growth elicits an adaptive response which
promotes CLS extension [67]. Similarly, the effects on CLS
observed following growth on ethanol [61, 62] are also in line
with an adaptive mitochondrial longevity signal generated
during active growth which contributes to establishment of
a better quiescent program.
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Intricate, dynamic, and absolutely unavoidable ageing affects cells and organisms through their entire lifetime. Driven by diverse
mechanisms all leading to compromised cellular functions and finally to death, this process is a challenge for researchers. The
molecular mechanisms, the general rules that it follows, and the complex interplay at a molecular and cellular level are yet little
understood. Here, we present our results showing a connection between the linker histones, the higher-order chromatin structures,
and the process of chronological lifespan of yeast cells. By deleting the gene for the linker histone in Saccharomyces cerevisiae we
have created a model for studying the role of chromatin structures mainly at its most elusive and so far barely understood higher-
order levels of compaction in the processes of yeast chronological lifespan. The mutant cells demonstrated controversial features
showing slower growth than the wild type combined with better survival during the whole process. The analysis of the global
chromatin organization during different time points demonstrated certain loss of the upper levels of chromatin compaction in
the cells without linker histone. The results underlay the importance of this histone for the maintenance of the chromatin loop
structures during ageing.

1. Introduction

Ageing consists of natural alterations in the cells which are
implemented by molecular programs written in the genome
and in the epigenome at the same time. The organization
of DNA in chromatin enables the epigenetic information
transfer to nuclear processes. The first level of chromatin
organization, the nucleosome arrays, consisting of DNA
wrapped around nucleosomes is relatively well known [1].
Several lines of evidence have shown that the basic epigenetic
role of chromatin in ageing is accomplished at this particular
level of chromatin organization [2–5].The upper levels above
the nucleosome arrays, known as 30 nm chromatin fibers,
chromatin loops, chromosome territories, and so forth, are
yet far from being comprehensibly described [4, 6]. Their
part in the epigenetic inheritance is barely known though it
was proved that the main participants in the building and
preservation of these structures are members of the family of
linker histones—H1 [7–9].

Although data about the epigenetic transformations of
chromatin during cellular ageing has been accumulated
extensively in the recent years, information about age-related
higher-order chromatin alterations is practically nonexistent.
A good exception is the study showing that loss of two pro-
teins, PBBP4 and PBBP7, subunits of the NURD chromatin
remodeling complex, compromises the establishment and
maintenance of the higher-order chromatin structure, thus
possiblymaking chromatinmore susceptible toDNAdamage
[10].

A brilliant model for ageing research is the yeast Saccha-
romyces cerevisiae [11]. Many stages and molecular signatures
of ageing such as accumulation of oxidative damaging,
involvement of mitochondria in the process, and connection
with the nutrient response pathways have been revealed in
this unicellular eukaryote [12–16]. At the same time the
yeast cells are good models for chromatin research, mainly
for studying the roles of linker histones. In contrast to the
multiple linker histone subtypes in the higher eukaryotic
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cells there is only one-copy gene (HHO1) for linker histone,
Hho1p in S. cerevisiae [17]. Interestingly, though the gene is
non-essential, its disruption leads to severe alterations in the
higher-order chromatin structures during somatic growth,
thus stating the need for further analyses of the exact roles
and functions of linker histones during different molecular
processes [18].

In the current study we searched for the roles which S.
cerevisiae linker histone—Hho1p, could play in the propa-
gation of the ageing process. The gene for this histone in
yeast cells has been knocked-out and thus, linker histone-
free strains were developed as suitable models for chromatin
studies during cellular ageing. Our results show that the yeast
cell cultures devoid of linker histones had slower growth
in minimal media accompanied by well-demonstrated delay
during their logarithmic growth. Moreover, the cells showed
an increased survival rate during the whole period of cultiva-
tion. Studies on the overall chromatin organization of these
mutant cells uncovered the existence of longer chromatin
loop sizes and distorted higher-order chromatin organization
accompanying the ageing process. Taken together our results
underlay the importance of the linker histones and the
higher-order chromatin structures in cellular ageing.

2. Materials and Methods

2.1. Yeast Strains and Growth Media. Saccharomyces cere-
visiae strains used in the current study were derived from
two genetic backgrounds DY2864 and FY1679-08a. The
deletions of the gene for the linker histone HHO1 were done
according to the technique of [19]. The disruption cassette
hho1Δ::KlURA3 bore URA3 gene from Kluyveromyces lactis
flanked by two long sequences homologous to the outer ends
of the chromosomal copy of HHO1 gene [18]. The genotypes
of both the wild type and hho1delta strains are listed below.

2.1.1. DY2864

DY2864 (wt): MATa his4-912𝛿-ADE2 his4-912𝛿 lys2-128𝛿
can1 trp1 ura3 ACT3.

DY2864 (hho1delta): MATa his4-912𝛿-ADE2 his4-912𝛿 lys2-
128𝛿 can1 trp1 ura3 ACT3 ypl127C::K.L.URA3.

2.1.2. FY1679-08a

FY1679-08a (wt): MATa ura3-52/ura3-52 trp1Δ63/TRP1
leu2Δ1/LEU2 his3Δ200/HIS3 GAL2/GAL.

FY1679-08a (hho1delta): MATa ura3-52/ura3-52 trp1Δ63/
TRP1 leu2Δ1/LEU2 his3Δ200/HIS3 GAL2/GAL ypl127C::
K.L.URA3.

Chronological ageing assays were performed in SDmedia
(1.7% yeast nitrogen base without amino acids and 2%
glucose), supplemented with 20𝜇g/mL of the appropriate
nutritional requirements according to the genotype of the
strains. Cultivation was at 30∘C in a water bath shaker for

a period of twenty days. Additionally, monitoring of CLS
of the studied yeast strains was done in rich media YPD,
containing 1% Yeast extract, 2% Peptone and 2% Dextrose at
30∘C.

2.2. Chronological Lifespan Assays. Assessment of cell growth
in SD media was done by taking aliquots from the yeast
cultures at eight different time points, indicated as 0th
(assigned as initial), 1st, 3rd, 6th, 9th, 12th, 14th, and 19th
days for subsequent spectrophotometric measurement of
OD
600

(Optical Density at 600 nm wavelength) together
with counting the number of cells in a Nuebauer counting
chamber.Quantitativemeasurements of colony forming units
(CFUs) were also performed. 20𝜇L aliquots of the cultures
were removed at 1st, 3rd, 5th, 9th, 12th, 14th, and 19th days
diluted in sterile water, spread onto YPD plates (100 colonies
per plate), and allowed to grow into colonies for 2 days at
30∘C. The colonies were then counted and the number of
CFUs per plate calculated. Percentage viability was calculated
as in [20].

Three independent repetitions of all experiments were
performed and the results were statistically analyzed by
Students 𝑡-test at Microsoft Excel 2010 software.

2.3. Chromatin Structure Studies by Chromatin Comet Assay
(ChCA). Chromatin loop organization was studied by the
method of Chromatin Comet Assay (ChCA) [18, 21]. 300 𝜇L
from the chronologically ageing yeast cultures was gathered
by centrifugation at 10 000 g for 1min (Eppendorfmicrofuge).
Afterwashing in S-buffer (1MSorbitol, 25mMNaH

2
PO
4
; pH

6.5) the cells were diluted to 105 cells/mLwith the same buffer
supplemented with appropriate concentration of the sphero-
plasting enzyme Zymolyase (SaikagakuCorp.).The cells were
immediately mixed with 1.4% of low-gelling agarose (Sigma
type II) and spread like microgels onto microscopic slides by
the means of coverslips. Fivemin incubation at 10∘C followed
for solidification of the agarose-cell-gel suspensions and after
removing the coverslips, the slides containing the microgels
were processed for spheroplasting at 37∘C for 15min. All
subsequent procedures were performed in neutral conditions
as follows: after solidifying microgels and subsequent in situ
nuclease digestion of spheroplasts slides were submerged in
neutral lysis solution (146mM NaCl; 30mM EDTA; 10mM
Tris-HCl and 0.1% N-lauroylsarcozine, pH 7.5) for 20min
in a cold room at 10∘C. Afterwards slides were washed for
15min in 0.5 x TBE buffer (89mM Tris; 89mM Boric-acid;
5mM EDTA, pH 8) and subjected to electrophoresis for
10min at 0.45 V/cm in the same TBE buffer. After successive
dehydration in 75% and 100% ethanol for 5min each, the
slides were left to air-dry.

Comets were observed under a Leitz epi-fluorescence
microscope (Orthoplan, VARIOORTHOMAT 2) using 450–
490 nm band-pass filter following the staining of DNA with
SYBR green I (Molecular Probes Inc, Eugene, OR, USA).
Pictures were taken with a digital camera, Olympus 𝜇800, at
a resolution of 3mpx. Images were bright-contrast processed
using Adobe Photoshop CS 5.1. software.
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The obtained results were quantified by measuring the
parameter Comet length on Adobe Photoshop CS 5.1 and
then calculated in kilobases as was published elsewhere [18].

Two independent repetitions of the ChCA experiments
were done and results were analyzed statistically byGraphPad
Prism 3.0 software.

3. Results and Discussion

3.1.The Lack of Saccharomyces cerevisiae Linker Histone Leads
to Slower Growth Rate during CLS and at the Same Time
to Increased Survival. Chronological lifespan of S. cerevisiae
wild type and hho1delta strains were studied in SD media,
recommended as an appropriate media for monitoring CLS
of yeast cultures [20, 22] for a period of 20 days at 30∘C.
CLS assays were performed as cultures’ optical densities were
followed by spectrophotometric measurements at 600 nm
wavelength (OD

600
) and by counting the number of cells at

certain time points during the whole period of cultivation.
The obtained results were plotted as combined chart type
graphs representing at one time the cultures’ OD

600
(lines)

and the absolute number of cells counted in a Nuebauer
counting chamber (bars) (Figure 1(a)). The time points
selected for monitoring of the growth rate of the cultures
were day 0 (assigned as initial or a dilution day), 1st day
as a day representing the logarithmic phase of the cultural
growth, 3rd day as a day marking the post diauxic phase,
6th day as the beginning of the stationary phase, 9th, 12th,
14th and 19th day as these four days strongly represent the
stationary phase of our cultures.These particular time points
were picked up according to other authors’ data depicting the
different stages of yeast CLS summarized in [20]. As seen in
Figure 1(a) the mean OD

600
for the wild type was 4 and for

hho1delta cultures only 2.6; thus, hho1delta cells demonstrated
35% slower mean growth than the wild type. Moreover,
hho1delta cells demonstrated an inability to reach the highest
optical density of the wild type cultures but rather reached
only 73% of the highest value of wild type OD

600
at 3rd

day (5.08).The number of cells (cells/mL) counted separately
for each time point ascertained these results. Furthermore,
they allowed quantification of the growth rate of the yeast
cell cultures. Obviously, both the wild type and the mutant
reached the highest OD

600
at 3rd day; however, the mutant

had fewer cells.These differences were statistically significant
and highlighted the importance of the linker histone during
yeast CLS in SD media. Moreover, the mutant cells had an
expressed lag phase during its logarithmic growth seen on
1st day with the estimated mean OD

600
= 1.5 for the mutant

and mean OD
600

= 4.6 for the wild type. Note that these
differences appear regardless that both, the wild type and
the mutant, had the same starting cell number (106 cell/mL)
at the initial day. The dividing potential of hho1delta cells
seemed somehow impeded in comparison to the normally
growing wild type cultures.These data prompted a role of the
yeast linker histone in the chronological lifespan and are in
unison with the results of Downs et al. [23] demonstrating
that cells lacking Hho1p have reduced replicative lifespan.

Besides, for quite a long time in contrast to core histones
the roles of linker histones in chromatin biology, ageing,
and metabolism studies were merely neglected. Our results
showing that Hho1p is required for the normal cellular
growth in synthetic defined media together with recent data
demonstrating Hho1p roles in chromatin compaction during
stationary phase andmoreover during overall somatic growth
[18, 24] start adding new hues on the roles of this linker
histone and probably other linker histones in the processes
of ageing and longevity.

The CLS studies on the yeast cells lacking the gene for the
linker histone continued with probing the cellular viability
of these cells during the chronological lifespan. At every
second day aliquots were taken from the growing cultures
and 102 cells were plated on YPD plates, which were further
incubated at 30∘C for two days. CFUs were counted and
percentage survival was assessed for each strain indepen-
dently. Results are plotted as combined chart type graphs
simultaneously representing the percentage of survival (lines)
and the absolute number of colonies (bars) (Figure 1(b)).
Surprisingly, hho1deltamutants exhibited better survival rates
than the wild type. Notably, this better survival of the mutant
was accompanied by higher heterogeneity in the obtained
values suggesting higher diversity in the mutant cellular
populations. We assume that this diversity probably can lead
to different modes of cellular response toward environmental
stress conditions during the chronological lifespan. Such
stress conditions can be induced by ROS and acetic acid
appearing during the processes of culturing [25]. This line of
thoughts necessitates further studies in the field.Upuntil now
our results show complicated and yet not so well-understood
functions of the yeast linker histone in the chronological
ageing. On one hand, the mutant grows more slowly, but at
the same time some of its cells survive better than the wild
type. These results prompt a complex way of survival of the
cells without the linker histone, probably due to one of the
main functions of Hho1p, namely, its participation in the
maintenance of the genomic stability [23].

Well known in the field of the yeast ageing research is the
fact that the switch between fermentation and respiration is
accompanied by total rearrangement of the overall cellular
and genomic programme of the yeast cells [26, 27].Therefore,
noting the differences between the wild type and the mutant
during cellular growth in minimal media and the diverse
modes of cellular survival in the mutant background we
speculate that Hho1p is an epigenetic player in gene expres-
sion, participating in the switching on and off of specific
genes during stationary phase. This hypothesis is quite logic
but is not yet proved and needs more experiments in the
future. High-throughput microarray analyses of hho1delta
mutants revealed that the expression pattern of only 27 of
all 6000 yeast genes has been slightly changed because of the
mutation. However, important is the fact that these studies
have been done in rich YPD media and thus do not correlate
with cellular longevity studies of yeast in minimal media
[28]. Moreover, even the authors of the above study have
suggested a continuation of their work with the culturing
of yeast hho1delta mutants under different conditions and
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Figure 1: The lack of S. cerevisiae linker histone leads to slower growth rate during CLS and increased survival. (a) Yeast wild type and
hho1delta cells were cultured in SD media for a period of 20 days. At certain time points aliquots were taken for spectrophotometric OD

600

measurements and for counting the number of cells in a Nuebauer counting chamber. Results are presented as combined graphs comparing
at one time the growth rate (lines) and the absolute number of cells at each time point (bars). Every time point stands for three independent
repetitions of the experiments with STDVs (±).The difference between the wild type and hho1delta culture growthwere statistically significant
(𝑃 < 0.01). (b)The survival rate of hho1deltamutant cells and their progenitor wild type strains was assessed by plating 102 cells on YPD plates
at every two days during the CLS 30∘C for two days allowing cells to divide. CFUswere then counted and percentage survival was calculated by
assuming the number of CFUs for each strain at 3rd day for 100% (lines). Additionally, the number of colonies was included in the graph (bars)
thus allowing easy and comprehensible comparison between the CLS of wild type and hho1delta cells. #

𝑃 > 0.01was statistically insignificant
only for CFUs at 5th day. At all other time points the differences between the wild type and hho1delta cultures were significant 𝑃 < 0.01 and
for the simplicity of the graph presentation are not marked on the figure.

then following changes in the overall gene expression pro-
gramme.

In order to check whether the lack of the yeast linker
histone leads to abnormalities in the ageing process in rich
media, we incubated the studied yeast strains in YPD. The
results are shown in Figures 1S and 2S (see Supplemen-
tary Materials available online at: http://dx.doi.org/10.1155/
2013/437146) representing that there is no significant differ-
ence between the wild type and the deletionmutants. Growth
rates (Figure 1S) and percentage survival (Figure 2S) demon-
strated almost the same CLS of the studied cells in YPD
which is in unisonwith the results of other authors presenting
slightly changed gene expression patterns in hho1delta cells in
the same media [28].

Regarding our data showing slower cellular growth and
increased percentage survival of the knocked-out yeast cells
in SD media in a time course of almost 20 days we decided
to check whether Hho1p takes part in the building and
maintaining of the higher-order chromatin structures during
CLS. As chromatin is the platform on which all processes
on the molecule of DNA take place, it is easy to make
the assumption that higher-order chromatin structures par-
ticipate in the processes of ageing. Therefore, we followed
the way by which chromatin structure was changing during
chronological lifespan.

3.2. Chromatin Comet Assay (ChCA) as a Powerful Tool
for Monitoring Higher-Order Chromatin Organization during
Ageing. As the method of Chromatin Comet Assay is not
very common in ageing research, here we feel that some
detailed explanations of how it is performed and what it
studies are needed. The method has been developed with
several modifications of the standard Comet Assay [29, 30].
The crucial point was to determine the optimal conditions
for sensitive and correct visualization of the electrophoretic
extension of chromatin loops from the nucleus after mild
nuclease digestion (Figure 2(a)). The nucleases that we use in
performing the method are MNase (micrococcal nuclease)
and DNase I (deoxyribonuclease I), but any kind of DNA
cutting enzyme can give reproducible results although with
differentmeaning. Briefly, yeast cells aremixedwith a sphero-
plasting enzyme, in our case Zymolyase, then with low-
gelling agarose and are spread as microgels on microscopic
slides. After 15min of spheroplasting at 37∘C the microgels
are digested in situwith the nucleases and again are incubated
for 1min at 37∘C.This step allows mild cuttings of chromatin
which is dependent on the way chromatin is organized and
compacted in the nucleus. A schematic drawing of the ChCA
is shown in Figure 2(a) and allows easy following of the main
steps of the methodology. The in situ nuclease digestion is
followed by lysis of cell membranes, resulting in the turning
of spheroplasts into nucleoids. During the next step, the
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Figure 2: Chromatin Comet Assay (ChCA) performance and the logic behind its results. (a) A scheme of the method of (ChCA) is presented
with subsequent crucial steps marked with numbers. The method is a modification of the conventional Comet Assay technique and allows
easy and fast visualization of higher-order chromatin structures at a single cell level. (b) Representative images of wild type and hho1delta
mutant comets. The white bar stands for 20 𝜇m.

electrophoresis, under the electric field chromatin loops from
the nucleoids protrude toward the anode and thus form a
comet-like image (Figure 2(a)). Note that because of the mild
nuclease digestion the comet tail consists of chromatin loops,
that is, chromatin structures with high molecular weight,
around 200–300 kb in size [18, 21], which is far bigger than
the DNA fragments obtained in experiments for assessing
nuclease sensitivity reaching to nucleosome ladders. This is
the reason for accepting ChCA as a method for higher-order

chromatin structure studies, more precisely for chromatin
loop structure monitoring at a single-cell level. The cellular
comets contain a head which stands for the DNA with an
intact structure and a tail extended toward the anode. In
the tail are the chromatin loops which are relaxed due to
several cuts in DNA. Different ways of Comet Assay data
quantification exist including measurement of the length of
the comet, the length of the comet tail, the intensity ofDNA in
the tail, and/or the intensity ofDNA in the head.WhenChCA
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is performed these parameters are used for quantitative data
analyses, but more often the length of the tail and the length
of the comet are measured on image processing software
programmes and after that are calculated in kilobases in order
to estimate the chromatin loops length [21].

3.3. The Yeast Linker Histone Maintains Chromatin Loop
Structures during Chronological Lifespan. The above experi-
ments on wild type and hho1delta yeast cells demonstrating
the way the mutant and its progenitor wild type strain grow
and survive through their CLS allowed us to choose time
points for further analyses by Chromatin Comet Assay. We
have chosen five time points: the 6th hour, the 48th, the
72nd hour, and 10th and 16th days. Yeast cells taken at these
time points were further used for the ChCA and aimed
to reveal chromatin loop structure reorganization during
ageing. The nuclease used during these particular ChCA
experimentswasDNase I. Generally, itmakes single-stranded
DNA cuts with a preference to active chromatin domains [1]
and thus allows relaxation of chromatin loops and probing
spatial chromatin organization. Representative images of
ChCA for each strain are given in Figure 2(b). Control
nucleoids for both strains at the studied time points are
presented together with chromatin comet images. The wild
type nucleoids had a mean diameter around 20𝜇mwhile the
mutant nucleoids appeared 1.6 times more swollen than the
wild type (33 𝜇mmean diameters for hho1delta controls).The
performed analysis of Variance (GraphPad Prizm software)
proved that this increase in themean diameters of themutant
nucleoids is significant (𝑃 < 0.01), thus arguing for more
relaxed chromatin organization in the yeast nuclei lacking
the linker histone. Furthermore, the wild type increased their
nuclear diameters with ageing to 40% larger diameter in
comparison with the beginning of their CLS (from 1st day—
mean diameters 19 𝜇m till 16th day—mean diameters 30𝜇m).
On the contrary the mutant cells rearranged their nucleoid
size in a reverse order (Figure 2(b), hho1delta controls).Their
diameters shrank slightly from 36 𝜇m at 1st day to 25–29𝜇m
at 16th day and got closer to the diameters of the wild type
nuclei at the last days of ChCA studies 16th. This is arguing
for loss of normal nuclear structure along the ageing process.
Moreover, in the mutant cells at 3rd day (72nd hour) we
had a sharp drop in the diameters of the nucleoids (down to
10 𝜇m) which strengthens our hypothesis that this particular
time point is crucial for the mutant cells and marks total
rearrangement in the genome and the expression of specific
genes for adaptation of these cells to the switch between the
postdiauxic phase and the stationary phase. Further studies
are required to clarify these changes in order to explain the
role of linker histone in the yeast chronological ageing.

Chromatin loop structures were further analysed by
digestion of the nucleoids with DNase I. With the time
of cultivation up until the 3rd day both the wild type and
hho1delta chromatins demonstrated an increase in the length
and the intensity of the comets. Markedly, the dynamics
of chromatin loop structures, that is, the appearance and
the length of the obtained comets, for the two strains
demonstrated some differences, though from the 6th till the

48th hours the wild type chromatins exhibited looser and
more susceptible to the action of DNase I chromatin. This
is expected having in mind that with the time of the ageing
process chromatin starts losing its normal characteristics
and becomes more relaxed (Figure 2(b), WT DNase I), and
the logarithmically growing mutant cells (6th and 48th hour)
produced longer comets than the wild type Figure 2(b).
This proved that more chromatin loops were relaxed and
extended form the mutant nucleoids than in the wild type,
which is in good correlation with other data showing that the
yeast linker histone is necessary for chromatin compaction
during the overall growth of these cells and its lack leads to
total rearrangement of chromatin loop structures making
them less compacted and more susceptible to the action of
nucleases [18, 31]. Surprisingly, though, after the 72nd hour
(3rd day) till the last 16th day the mutant comets started
to decrease in size till 16th day when empty and faintly
visible nuclear “shades” appeared. This suggests total loss
of chromatin structure. On the other hand, the decrease in
the comet lengths in the wild type at these particular time
points was stable and did not lead to total disappearance of
the comet images, nor to observation of nuclear “shades.”

ChCA data quantification was done by measuring the
length of the whole comet and sizing of chromatin loops
as published in [18]. Results are shown in Figure 3(a) and
demonstrate 12% increase in wild type comet lengths till
the 48th hour when cells were already in postdiauxic phase.
Then during stationary phase the wild type chromatin
became more disordered resulting in more compacted and
less susceptible to DNase I chromatin organization. ChCA
calculations showed that the chromatin of logarithmically
growing wild type cells was organized in loops with approx-
imate length of 200 kb which slightly increased during the
postdiauxic phase extending to 225 kb, then decreased to
100–130 kb at the 72nd hour and the 10th day, probably as
a result of the adaptation of cells to stationary phase. This
adaptation requires activation of specific genes necessary for
proper adaptation of cells from fermentation to respiration
when cultured in minimal media [32]. At the 16th day we
observed higher heterogeneity but the size of the chromatin
loops was around 170–200 kb.

Cellswithout the linker histone demonstratedmuchmore
disordered chromatin organization on the first day. At the
time when cells set off their logarithmic growth the comet
length, that is, the size of the extended chromatin loops was
around 230 kb slightly bigger than the wild type (Figures
3(a) and 3(b)). This slight 10% increase in the comet length
suggests a more relaxed, less compacted chromatin in the
lack of the linker histone. Previous chromatin studies of
logarithmically growing hho1delta cells are correspondingly
consistent with these observations [18]. With the entry of
cells in postdiauxic phase, that is, at the 48th hour of
cultivation, the difference in chromatin loop organization
between hho1delta mutant and the wild type increased to
25%.This shows that with the ageingmutant cells reorganized
their chromatin structures in amore relaxedmanner allowing
extension of longer chromatin loops (290 kb in length). The
switch between the post-diauxic phase and the stationary
phase (72nd hour and 10th day) demonstrated a drop in
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Figure 3: Yeast linker histone maintains and preserves the higher-order chromatin structure organization during chronological ageing. Yeast
mutants lacking the linker histone were subjected to ChCA and were compared to the wild type. Chromatin structure was studied at five
time points designated as main during the CLS of yeast cells in SDmedia. (a) ChCA results quantification-measurement of comet length and
calculation of chromatin loop lengths in kilobases.The five studied time points are marked on the growth curve built in the figure.The results
are presented as bars showing themean comet length values ± STDVs.The statistical analyses proved these results as significant ∗𝑃 < 0.01. (b)
Amodel describing changes in the higher-order chromatin organization during chronological ageing. On the time course of the chronological
lifespan of yeast cells in minimal media are marked five main time points (diamond shape) and their reference to the CLS phases. Wild type
and hho1delta nucleoids are drawn with the hypothetical chromatin loop organization changes during ageing. The lack of the linker histone
totally abolishes normal chromatin ageing and thus influences overall cellular behaviour during the process.

the comet length to 150–120 kb. This tendency kept on going
leading to empty nuclei and nuclear “shades” at the end of the
culture.

Chromatin is the background and the driving force
for activation and deactivation of genetic information and
definitely should be part of the ageing process [33, 34]. Little
is known about the higher-order chromatin organization and

dynamics during ageing which makes our results informa-
tive for the dynamics in these chromatin structures during
this process. The presumptive model drawn on Figure 3(b)
gives a comprehensible picture of general chromatin loop
organization during ageing. This model allows explanation
of the differences which were found between the wild type
and the cells without linker histone. Some authors [35] have
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demonstrated roles of linker histones during senescence by
showing that they are lost with the time of the ageing of cells.
With our ChCA results of chronologically ageing yeast cells
with and without the linker histone we were able to follow the
nuclear and chromatin dynamics along the ageing process.

4. Conclusions

Our study has unveiled the role of the yeast linker histone
Hho1p in the preservation and maintenance of the higher-
order chromatin structures during ageing. Therefore, we
think thatHho1p participates in the regulation and governing
of the CLS of yeast and can be an active epigenetic player
in cellular adaptation during this process. It is involved in
the switch between logarithmic growth and the postdiauxic
phase and assures the preservation of the genomic stability.
These results highlight the epigenetic significance of the
linker histones in holding the genomic resilience against
stress and in preserving the normal nuclear morphology.
Moreover, this study marks the potential of linker histones
as compensatory epigenetic players in genetic disorders
including syndromes of premature ageing like Hutchinson
Gilford Progeria.
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Nonsteroidal anti-inflammatory drugs (NSAIDs) have long been used to treat pain, fever, and inflammation. However, mounting
evidence shows thatNSAIDs, such as aspirin, have very promising antineoplastic properties.The chemopreventive, antiproliferative
behaviour of NSAIDs has been associated with both their inactivation of cyclooxygenases (COX) and their ability to induce
apoptosis via pathways that are largely COX-independent. In this review, the various proapoptotic pathways induced by
traditional and novel NSAIDs such as phospho-NSAIDs, hydrogen sulfide-releasing NSAIDs and nitric oxide-releasing NSAIDs
in mammalian cell lines are discussed, as well as the proapoptotic effects of NSAIDs on budding yeast which retains the hallmarks
of mammalian apoptosis. The significance of these mechanisms in terms of the role of NSAIDs in effective cancer prevention is
considered.

1. Introduction

In recent years, there has been a growing interest in aspirin
and other nonsteroidal anti-inflammatory drugs (NSAIDs)
because of their promising antineoplastic properties. Epi-
demiological, clinical, and experimental evidence strongly
indicates that NSAIDs exert a significant chemopreventive,
antiproliferative effect on several types of cancer cells (see
Table 1). Much of the research concerning the antineoplastic
effects of NSAIDs has focused on the effect of aspirin in large
bowel cancers, with comparatively fewer studies carried out
on the chemopreventive effects of other NSAIDs [1]. In fact,
aspirin stands as the most widely studied pharmacological
agent for the chemoprevention of colorectal malignancies,
with numerous clinical trials being carried out to examine its
role in the prevention of adenomas, colorectal carcinomas,
and inherited colorectal neoplasias such as the Lynch syn-
drome and familial adenomatous polyposis (FAP) [2]. Such
focus on aspirin may be due, in large part, to the increasingly
high prevalence and social impact of human colorectal cancer
in recent years [2]. It is also due to the simple fact that long-
term aspirin use is already widely practised among patients

for the prevention of cardiovascular events such as thrombo-
sis and neurovascular events such as stroke, thus providing
a convenient opportunity for researchers to study its other
long-term chemopreventive effects. In fact, major findings of
aspirin’s anticancer effects in humans are also derived from
clinical trial data originally compiled for the study of its anti-
thrombotic effects [3, 4]. Aspirin’s affordability and ease of
access, together with its relatively reduced side effects with
respect to other traditional NSAIDs [5], have also helped to
increase its appeal as a potential chemopreventive agent and
target in anticancer studies.

Nevertheless, a considerable number of investigations
have shown that other NSAIDs including sulindac [6–8],
indomethacin [9, 10], ibuprofen [11, 12], naproxen [13],
and diclofenac [14–16] also exhibit significant antineoplastic
behaviour in mammalian cancer cells. Additionally, recent
studies have increasingly focused on the chemopreventive
properties of a new NSAID class referred to as modified
NSAIDs. These are essentially traditional NSAIDs which can
either have nitric oxide- (NO-) donating moieties, hydrogen
sulphide- (H

2
S-) donating moieties, or phosphate moieties

covalently attached to the –COOH site via aromatic or
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aliphatic spacermolecules, as shown in Figure 1.The resulting
modified NSAID classes, known as NO-donating NSAIDs
(NO-NSAIDs), H

2
S-donating NSAIDs (HS-NSAIDs), and

phospho-NSAIDs, respectively, have all been shown to be
far less toxic than their NSAID precursors and several times
more potent in terms of antineoplastic efficacy [17–22].
The exceedingly potent anti-neoplastic properties of novel
NSAID chimeras, which are characterized by their pos-
session of both NO- and H

2
S-donating moieties (see Figure

1), have also begun to attract significant attention [23, 24].
The mechanistic pathways which mediate the anti-neo-

plastic effects of traditional andmodifiedNSAIDs are still not
fully understood. It has been postulated that the antiprolifer-
ative effect of NSAIDs on malignant cells involves the inhibi-
tion of proinflammatory COX activity [25] and prostaglandin
formation [26]. However, additional evidence shows that
NSAIDs can induce apoptotic cell death in tumour cells [27]
via pathways that are largely independent of COX [6, 28,
29].The elucidation of apoptotic mechanisms underlying the
chemopreventive effect of NSAIDs has long been the focus of
intense research using a broad range of experimental models,
including whole mammalian specimens, human cancer cell
lines, and Saccharomyces cerevisiae cells.

1.1. Yeast Cells as a Model for the Study of the Proapoptotic
Effects of NSAIDs. Yeast cell species, such as Saccharomyces
cerevisiae, are among the preferred and extensively used
experimental models for the study of programmed cell
death associated with ageing, disease, and cancers in living
organisms. This is partly because yeast cells retain many core
elements of mammalian cell processes such as apoptosis [30].
Additionally, these primitive eukaryotes have a number of
important advantages over complex mammalian cell models.
Yeast cells are relatively inexpensive and easy to handle, with
a relatively brief lifespan that permits rapid generation of
experimental results in a shorter span of time. Moreover, the
yeast cell genome is verywell characterised and relatively easy
to manipulate, allowing for the ready availability of yeast
mutant strains for experimental studies. Overall, these fea-
tures collectively account for the successful use of budding
yeast as a model organism for the study of molecular path-
ways underlying mammalian pathologies such as cancer.

These same advantages of the yeast cell experimental
model also account for its wide use in the study of proapop-
totic pathways underlying the anti-neoplastic behaviour of
antitumour drugs such as paclitaxel, bleomycin, valproate,
and arsenic [31]. These compounds have been studied exten-
sively in yeast cells in an effort to improve anticancer
strategies in human patients. Likewise, S. cerevisiae budding
yeast cells have also been used to study the growth inhibitory,
proapoptotic effects of NSAIDs such as aspirin [32] and
diclofenac [33].

The study of the proapoptotic effects of NSAIDs in yeast
models is still a relatively new concept, with far fewer studies
having been carried out in yeast with respect to mammalian
cells. Regardless, evidence acquired thus far from yeast
studies of NSAIDs such as aspirin has already yielded valu-
able insights into their proapoptotic behaviour, highlighting

Table 1: Human cancer cell targets of the proapoptotic effects of
prominent traditional and modified NSAIDs.

NSAID type Target cell type [references]
Traditional NSAIDs

Aspirin

Colon cancer cells [34–36], leukaemia cells
[37, 38], cervical cancer cells [39, 40],
gastric cancer cells [41–44], hepatocellular
carcinoma cells [45, 46], endometrial
cancer cells [29], neuroblastoma cells [47]

Indomethacin Colon cancer cells [7, 35], Gastric cancer
cells [44], Endometrial cancer cells [29]

Sulindac
Colon cancer cells [6, 7, 48, 49], prostate
cancer cells [48], hepatocellular carcinoma
cells [8], lung cancer cells [50]

Ibuprofen Colon cancer cells [51]

Diclofenac Neuroblastoma cells [15], melanoma cells
[16]

Tolfenamic Acid Prostate cancer cells [52]

Modified NSAIDs

NO-Aspirin Pancreatic cancer cells [53], colon cancer
cells [17, 54–58]

NO-sulindac Colon cancer cells [17], melanoma cells
[59]

NO-ibuprofen Colon cancer cells [17]
NOSH-aspirin Colon cancer cells [24]

Phosphoaspirin Colon [19, 21, 56], pancreatic [21], and
breast [21] cancer cells

Phosphosulindac Colon, pancreatic, and breast cancer cells
[21]

HS-aspirin Colon cancer cells [22], breast cancer cells
[60]

HS-ibuprofen Colon cancer cells [22]
HS-naproxen Colon cancer cells [22]
HS-sulindac Colon cancer cells [22]

factorswhich play key roles inNSAID-induced death (such as
reactive oxygen species (ROS) and mitochondrial dysfunc-
tion). In fact, compelling evidence has shown that S. cerevisiae
cells constitute a powerful model for the screening and devel-
opment of NSAIDs and other proapoptotic drugs designed
for use in human cancer patients, overcoming the problem of
cell specificity in the design of antitumour compounds [31],
whilst also serving as an inexpensivemodel to initially test the
effect of antitumour drugs before assaying them in more rel-
evant mammalian systems.Therefore, yeast cells clearly serve
an important role as a complementary experimentalmodel to
mammalian cells in the study and elucidation of NSAID-
induced mechanisms of apoptosis.

In this review, important biomolecular pathways trig-
gered by traditional and novel NSAIDs which lead to the
induction of apoptosis in mammalian cell lines and in S. cere-
visiae yeast cells will be discussed. The significance of these
proapoptotic mechanisms, in the context of the role NSAIDs
may play in the design of more effective cancer prevention
strategies, is also considered.
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Figure 1: Chemical structures of modified NSAIDs and their traditional NSAID precursors. Phosphosulindac, which exemplifies phospho-
NSAIDs, consists of the sulindac molecule linked at the –COOH site to a phosphate group via an aliphatic spacer molecule (both shown in
green). In the HS-NSAID known as HS-ibuprofen, an aromatic spacer molecule links an H

2
S-releasing dithiolethione group (both shown in

red) to the ibuprofen structure. Similarly, the NO-NSAID NO-aspirin is composed of an NO-releasing-NO
2
group and an aromatic spacer

molecule (both shown in blue) which is linked to the –COOH group of aspirin. Finally, the modified NSAID chimera known as NOSH-
aspirin is characterized by the aspirin structure linked via two separate spacer molecules to both a H

2
S-releasing moiety (shown in red) and

an NO-releasing moiety (shown in blue).
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2. NSAID-Induced COX Inhibition and
Apoptotic Cell Death

The cyclooxygenase isoforms COX-1 and COX-2, both of
which are key requirements for the synthesis of prostaglan-
dins in mammalian cells, constitute the best defined phar-
macological targets of NSAIDs such as aspirin [61, 62]. Thus,
it has long been postulated that the chemopreventive effect
of NSAIDs is mediated by their ability to inactivate COX-
enzymes, causing inhibition of prostaglandin synthesis and
consequent suppression of both tissue inflammation and
cell proliferation, two conditions heavily associated with
tumour formation [25]. In fact, both prostaglandins andCOX
enzymes, particularly COX-2, are implicated in tumorigene-
sis [1, 2, 63, 64] and have been observed in high quantities in
several types of human tumours, including colorectal carci-
nomas [65–69]. Moreover, prostaglandins such as PGE

2
are

known to promote angiogenesis, alter cellular immunity,
increase both proliferation and invasiveness of cells, and
enhance cellular resistance to apoptosis [2, 68, 70].

It has been shown that deletion of receptors for PGE
2

confers resistance to both polyp and cancer formation [71].
Similarly, disruption of COX-2 activity was found to reduce
the incidence of polyp [72, 73] and aberrant crypt foci
formation [74] in the intestines of rodent models. Inhibition
of COX-2 has also been shown to be effective in preventing
the formation of human colorectal adenomas [75, 76] and
oesophageal squamous cell carcinoma [64]. Thus, inhibition
of COX-2-dependent prostaglandin synthesis is thought to
mediate, at least in part, the tumour-suppressive, antiprolif-
erative effects of NSAIDs such as the suppression of angio-
genesis and the induced lowering of resistance to apoptosis.
In fact, inhibition of invasive tumour formation in NSAID-
treatedmousemodels has been associatedwith decreased cel-
lular levels of PGE

2
[26].

The anti-neoplastic behaviour of NSAIDs is also associ-
ated with their ability to actively induce apoptosis in malig-
nant cells. However, the means by which COX-2 inhibition
could possibly mediate NSAID-induced cancer cell apoptosis
has long been the subject of debate [77, 78]. As such,
there is no clear evidence implicating direct involvement of
prostaglandins in NSAID-induced apoptosis, which suggests
that prostaglandins do not directly mediate NSAID-induced
death [77–79]. In fact, studies have indicated that aspirin-
induced apoptosis in mouse [80] and human [81] cancer cells
can occur independently of prostaglandin inhibition. Sim-
ilarly, Chan and coworkers [7] demonstrated that apopto-
sis induced by sulindac and indomethacin in mammalian
HCT116 and SW480 colon cancer cell lines did not depend on
prostaglandin depletion since supplementation of these same
cells with prostaglandins failed to protect them from apopto-
sis. However, this same study did present evidence of COX-2-
dependent apoptosis induced by these NSAIDs. The authors
suggested that cellular accumulation of the prostaglandin
precursor arachidonic acid, brought about by the NSAID-
induced inhibition of COX-2, caused cancer cell apopto-
sis by stimulating sphingomyelinase-mediated synthesis of
ceramide [7], which is a proapoptotic molecule [82]. Arachi-
donic acid accumulation in cancer cells also induces ROS

accumulation [83], mitochondrial permeability transition,
and cytochrome c release [84], all of which lead to apoptotic
cell death.

3. COX-Independent NSAID-Induced
Apoptotic Cell Death

The proapoptotic effects underlying the chemopreventive
potential of NSAIDs cannot be accounted for by COX
inhibition alone. Firstly, NSAIDs have been shown to inhibit
proliferation and induce apoptosis in malignant cell lines
which do not express either COX-1 or COX-2, as observed
in cyclooxygenase-null mouse embryo fibroblasts [85] and
human colon cancer cells [28, 81, 86]. Furthermore, NSAID
compounds which cannot inactivate COX-2, such as sulindac
sulfone, a metabolite of sulindac [87], have been shown to
induce apoptosis of gastric tumour cells [88] and inhibit colon
tumour formation in rodents [89, 90]. Additionally, NSAID
concentrations required to induce apoptosis in cancer cells
have often been found to be significantly higher than that
required to inhibit COX-2, suggesting the presence of alterna-
tive cellular targets of NSAIDs [27, 37, 77, 91]. Indeed, numer-
ous studies have shown that NSAID-induced apoptosis in
mammalian tumour cells can be mediated by several largely
COX-independent metabolic pathways, the most prominent
of which are presented in the following discussion.

3.1. Activation of Caspases and Modulation of Bcl-2 Proteins.
NSAIDs can mediate apoptosis by inducing the activation
of caspases, a family of proapoptotic cysteine proteinase
enzymes which typically exist as latent zymogens in cells.
Activation of these proteins by proapoptotic signals initiates
a caspase cascade whereby initiator caspases specifically acti-
vate other executioner-type caspases. The latter then degrade
multiple cellular components so that cells begin to acquire the
morphological and biochemical features of apoptosis [92].
Bellosillo and coworkers [37] were among the first to present
evidence of NSAID-induced caspase activation.They showed
that B-chronic lymphocytic leukemia (B-CLL) cells treated
with high doses of aspirin underwent apoptosis characterised
by DNA fragmentation and degradation of poly (ADP-
ribose) polymerase (PARP), which is a caspase substrate.
The apoptotic phenotype was inhibited by application of the
pan-caspase inhibitor Z-VAD-FMK, thus confirming the
involvement of caspases in aspirin-induced B-cell apoptosis.
Similarly, Castaño and coworkers [34] affirmed caspase
involvement in aspirin-induced apoptosis of HT-29 human
colon adenocarcinoma cells. However, contrary to its effect
in B cells, aspirin did not induce PARP degradation in HT-29
cells. This observation is probably one of the earliest to sug-
gest that NSAID-induced activation of caspases can occur via
different pathways.

Indeed, it has since been shown that NSAIDs activate cas-
pases both via the mitochondrial-mediated (intrinsic) path-
way, which involves mitochondrial cytochrome c release and
subsequent activation of caspase 9, and via the death-receptor
mediated (extrinsic) pathway, which involves the activation
of caspase 8 [41]. Proapoptotic NSAID-induced activation
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of caspases, mediated by the early release of mitochondrial
cytochrome c in mammalian cancer cells, has clearly been
demonstrated by studies such as that of Piqué et al. [38]. The
authors reported that cytochrome c release preceded both the
disruption of the mitochondrial membrane potential (ΔΨ𝑚)
and the activation of caspases. The latter observation was
confirmed by Zimmermann and coworkers [39] who in turn
showed that, in aspirin-induced apoptosis of human cancer
cells, the release of mitochondrial cytochrome c was itself
triggered by translocation of proapoptotic Bax protein to the
mitochondria. Conversely, overexpression of antiapoptotic
Bcl-2 protein inhibited both cytochrome c release and apop-
tosis of aspirin-treated cancer cells. Furthermore, deletion of
apoptotic protease-activating factor-1 (APAF-1), a cytosolic
molecule which mediates caspase 9 activation after binding
to mitochondrial cytochrome c, rendered cells resistant to
aspirin-induced apoptosis. These observations indicate that
cytochrome c release is a critical mediatory mechanism of
apoptotic cell death induced by NSAIDs [39]. In fact, it has
also been shown that aspirin-induced apoptosis of S. cere-
visiae cells deficient in manganese superoxide dismutase
(MnSOD) and cultivated in nonfermentable ethanolmedium
is preceded by the early release of cytochrome c, followed by
a drastic fall in ΔΨ𝑚 [93].

Extrinsic activation of caspase 8 is also an important
mediator of NSAID-induced cancer cell apoptosis [42, 48].
Activated caspase 8 can initiate apoptosis by activating down-
stream caspases or by cleaving the BH3-domain only protein
Bid. Truncated Bid (tBid) can translocate to themitochondria
to trigger cytochrome c release [94, 95] and can also activate
Bax [96]. Indeed, aspirin-induced apoptosis of AGS gastric
cancer cells was marked by activation of caspase 8 and Bid
cleavage, along with the mitochondrial translocation of Bax,
activation of downstream caspases, and cleavage of PARP.
Specific inhibition of caspase 8 abrogated cleavage of both Bid
and PARP and prevented aspirin-inducedAGS cell apoptosis,
thus implicating extrinsic caspase activation in the initiation
of aspirin-induced apoptosis [42]. However, in this same
study, the release of cytochrome c and activation of caspase
9 were also observed, thus suggesting the involvement even
of mitochondrial-mediated caspase activation. In fact several
other studies have since shown that the chemopreventive
apoptotic effect of aspirin [41, 43, 45, 46] and modified
NSAIDs such as NO-aspirin [97] and phosphosulindac [20]
onmammalian cancer cells may involve the initiation of both
intrinsic and extrinsic caspase activation pathways, which
operate in parallel to one another.

The ability of NSAIDs to activate caspases largely explains
the profound influence they have on Bcl-2 proteins such
as Bax, Bid, and Bcl-2 [42, 43], the expression and cellular
distribution of which can be greatly altered by NSAIDs to
mediate apoptosis in cancer cells. NSAIDs such as aspirin
and indomethacin have long been shown to induce cancer
cell apoptosis by upregulating the expression of proapoptotic
Bcl-2 proteins, such as Bax and Bak, and by downregulating
expression of anti-apoptotic Bcl-2 proteins such as Bcl-2 and
Bcl-XL [29, 44]. More recent work has shown that NSAID-
induced downregulation of Bcl-XL can be induced in part by
proteasome-mediated protein degradation [98].

NSAID-induced intrinsic and extrinsic activation of cas-
pases, along with modulation of Bcl-2 protein expression, all
seem to converge at the mitochondria. Here, these pathways
induce events such as the release of cytochrome c and other
proapoptotic molecules, including SMAC/Diablo, from the
mitochondria [43], which irreversibly commit cells to the full
apoptotic phenotype. Thus mitochondria clearly constitute
a very important target of NSAID-induced apoptosis, as
indicated by the many studies associating NSAID-induced
apoptosis of mammalian cells with mitochondrial dysfunc-
tion, such as uncoupling of oxidative phosphorylation [99],
inducedmitochondrial permeability transition [100, 101], and
inactivation of mitochondrial enzymes such as aconitase and
respiratory chain proteins [45].

Likewise, it has been shown that the mitochondria of S.
cerevisiae cells constitute a critical target of NSAIDs such as
aspirin [32], the proapoptotic effects of which were shown to
be associated with inhibition of the electron transport chain
[93]. Similarly, Van Leeuwen and coworkers [33] observed
that growth inhibition and apoptosis of S. cerevisiae cells
caused by treatment with the NSAID diclofenac were due to
mitochondrial dysfunctional events involving the inhibition
of the electron transport chain.The fact that yeast cells, which
are primitive eukaryotes, share a common mitochondrial
target of NSAIDs with mammalian cells is highly significant,
because it suggests that mitochondria constitute a unifying,
dominant target of NSAID-induced apoptosis in all mam-
malian cancer cell types. This may certainly help inform
the design of more effective NSAIDs for chemopreventive
purposes and illustrates the important contribution of yeast
cells as a complementary experimental model for the study of
NSAID-induced apoptotic mechanisms.

3.2. Depletion of Polyamines. Polyamines such as spermine,
spermidine, and putrescine are abundant polycations found
in all eukaryotic cells and play an essential role in cellular
development and proliferation [102]. High polyamine levels
are in fact associated with the induction of cell proliferation
[103, 104], whilst lowered polyamine levels have been found
to promote cell growth inhibition [105] and apoptosis [106].
Hence, it is no surprise that the polyamine content of cancer
cells tends to be significantly higher than that of normal cells
[102], thus representing a potential target of anti-neoplastic
agents such as NSAIDs, a number of which have been shown
tomediate their chemopreventive effect by promoting the cat-
abolic degradation of polyamines in cancer cells [35, 49, 107].
This takes place by virtue of the general ability of NSAIDs
to modulate cellular polyamine metabolism, which is reg-
ulated by the biosynthetic enzyme ornithine decarboxylase
(ODC) and the catabolic polyamine-acetylating enzyme
spermidine/spermine N1-acetyltransferase (SSAT) [49, 107].
For instance, indomethacin-induced growth inhibition of
human colon cancer cells has been shown to be associated
with downregulation of ODC activity and upregulation of
SSAT activity, which concurrently impair the synthesis of
polyamines and increase the rate at which they are degraded.
The consequent depletion of cellular polyamines was accom-
panied by apoptotic cell death [35]. Other traditionalNSAIDs
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such as aspirin [108], sulindac sulfone [49], and ibuprofen
[107] mainly induce the enhanced degradation and export
of polyamines by upregulating gene expression of SSAT in
cancer cells, resulting in reduced proliferation and increased
apoptosis.This is also true of modifiedNSAIDs such as phos-
phosulindac [20], the antiproliferative proapoptotic effect
of which can, like its NSAID precursor sulindac [109], be
enhanced even further by concurrent treatment of cells with
ODC inhibitors such as difluoromethylornithine (DFMO)
[20, 110, 111]. Both DFMO and phosphosulindac act syner-
gistically to enhance the depletion of polyamines in colon
cancer cells, strongly inhibiting their proliferation and greatly
enhancing apoptosis [20].

3.3. Modulation of NF-𝜅B Activity. Nuclear factor kappa B
(NF-𝜅B) is a ubiquitous cellular transcription factor which
regulates the expression of genes associated with inflam-
mation, immune responses, cell growth, differentiation, and
apoptosis. Composed of p65 (RelA) and p50 polypeptides,
this complex transcription factor is sequestered in an inactive,
heterodimeric form within the cell cytoplasm by I kappa
B alpha (I𝜅B𝛼) or beta (I𝜅B𝛽) inhibitor proteins [112, 113].
Stimulation by appropriate signals (such as proinflammatory
cytokines including tumour necrosis factor (TNF)) triggers
the IK𝛼 or IK𝛽 kinase- (IKK-) mediated phosphorylation
of I𝜅B proteins, which consequently undergo ubiquitin-
dependent proteasomal degradation. This permits transloca-
tion of NF-𝜅Bmolecules to the nucleus, where they then bind
to and promote the transcription of numerous target genes
bearing a 𝜅B-binding motif [79, 113, 114].

The constitutive activation of NF-𝜅B is a hallmark of sev-
eral types of cancers [115–117] and is heavily associated with
cancer cell resistance to cytotoxic agents, due in part to its
induced upregulation of anti-apoptotic proteins [118]. Thus,
NF-𝜅B constitutes yet another potential target of chemother-
apeutic agents such as NSAIDs, which can modulate NF-𝜅B
signalling in cancer cells to promote the onset of apoptosis
[36, 54, 60, 107, 111, 114, 119].

Traditional NSAIDs such as aspirin have been reported
to inhibit NF-𝜅B activation by preventing the degradation of
I𝜅B [119]. Aspirin can inhibit TNF-induced I𝜅B𝛼 degrada-
tion [120] by modulation of p38 mitogen-activated protein
(MAP) kinase pathways [121] and by disrupting the ubiquitin-
dependent proteasomal pathway, of which I𝜅B𝛼 is a substrate
[47]. Aspirin can also block I𝜅B𝛽 degradation through
competitive inhibition of IKK𝛽-ATPmolecular binding, thus
facilitating selective inhibition of IKKkinase (IKK𝛽) [114]. All
these mechanisms prevent NF-𝜅B activation and subsequent
transcription of anti-apoptotic proteins. It has also been
shown that the NSAID sulindac specifically inhibits IKK𝛽
activity and NF-𝜅B activation in cancer cells, thus promoting
apoptosis [122]. Likewise, the growth inhibitory effect of
NSAIDs such as ibuprofen [51], indomethacin, and etori-
coxib, a recently developed COX-2 inhibitor [117], is associ-
ated with their inhibition of NF-𝜅B signalling in cancer cells.

The growth inhibitory effect mediated by modified
NSAIDs such as NO-NSAIDs, on various cancer cell lines,
also involves the modulation of NF-𝜅B signalling [54, 55].
The growth inhibitory effect of NO-aspirin, associated with

its ability to reduce proliferation and enhance apoptosis of
cancer cells, was shown to be significantly correlated to its
profound inhibition of the NF-𝜅B signalling pathway, the
occurrence of which was suggested to be due to inhibition
of NF-𝜅B binding to DNA in the nucleus [55]. Sun and Rigas
[56] went on to demonstrate that proapoptotic inhibition of
NF-𝜅B signalling in human colon cancer cell lines, treated
with NO-aspirin, stemmed from the latter’s induced gener-
ation of reactive oxygen and nitrogen species (RONS), which
may have interacted directly or indirectly (via the redox-
sensitive thioredoxin (TRX) system) with NF-𝜅B, impairing
its ability to bind to recognition DNA sequences in the
nucleus. This is highly conceivable given that NF-𝜅B tran-
scriptional activity is sensitive to redox changes [123]. In fact,
it has since been shown that structurally diverse NO-NSAIDs
such as NO-aspirin and NO-naproxen can suppress NF-𝜅B
signalling in cells via S-nitrosylation of the NF-𝜅B transcrip-
tion factor. This redox-signalling mechanism is mediated by
the released NO group which, on binding to the p65 mono-
mer of NF-𝜅B, impairs the transcription factor’s ability to
bind to DNA [57]. The redox-induced inhibition of NF-
𝜅B signalling is thought also to partly mediate the growth
inhibitory effect (including apoptosis, cell cycle arrest, and
inhibition of proliferation) of phospho-NSAIDs [19, 21, 111]
and HS-NSAIDs in cancer cells [60].

Intriguingly, the effect of NSAIDs on NF-𝜅B activity
seems to be cell-type specific, since aspirin-induced apoptosis
of HCT 116 colon cancer cells was shown to be mediated by
the activation of NF-𝜅B signalling, rather than its inhibition
[36]. Additionally, Din and coworkers [124] observed that
aspirin-induced I𝜅B𝛼 degradation, activation of NF-𝜅B sig-
nalling, and apoptosis took place in colorectal cancer cells but
not in other malignant cell types. Loss of cellular I𝜅B𝛼, which
is indicative of NF-𝜅B activation, has also been reported
in aspirin-induced apoptosis of both immortalised human
endothelial cells [125] and animalmodels of human colorectal
cancer [126]. Likewise, Babbar and coworkers [107] observed
that aspirin caused the activation of NF-𝜅B signalling in
Caco-2 colon cancer cells, suggesting even that this event
was responsible for the upregulation of SSAT expression and
polyamine depletion which led to apoptosis. Besides aspirin,
other traditional NSAIDs such as diclofenac have also been
reported to induce activation of NF-𝜅B signalling as a means
to attenuate cancer cell proliferation and promote apoptosis
[127]. It has been argued that the varying effects ofNF-𝜅Bmay
be due to the specificity by which this transcription factor
binds to DNA and activates target genes. Such specificity is
in turn dependent on the dimeric composition of the NF-
𝜅B complex and on the transcriptional cofactors that it has
recruited, both ofwhich can vary depending on the kinetics of
induction [128]. Therefore, different stimuli or even the same
stimulus exerted under different conditions can induce dif-
ferent NF-𝜅B complexes and different downstream responses
[36, 107].

3.4. Modulation of MAP-Kinase Activity. Mitogen activated
protein (MAP) kinases are serine/threonine-specific proteins
which respond to extracellular stimuli and regulate various
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cellular pathways including mitosis, cell proliferation, sur-
vival and death [129]. The three principal MAP kinase
subgroups include the extracellular signal-regulated kinases
ERK1/2 (p42/p44), c-Jun N-terminal kinases/stress-activated
protein kinases (JNKs/SAPKs), and the p38 MAP kinases
[121]. NSAIDs such as aspirin and its metabolite salicylate
have long been shown to modulate MAP kinase signalling
in mammalian cells [130, 131]. This is exemplified by the
salicylate-induced activation of p38MAP kinase signalling in
FS-4 fibroblasts, which induced apoptosis [130] via a pathway
involving theNSAID-induced inhibition of I𝜅B𝛼degradation
and NF-𝜅B signalling [121]. Based on these observations, the
authors concluded that apoptotic cell death induced by p38
MAP kinase activation played an important role inmediating
the anti-neoplastic effects of NSAIDs. The important medi-
atory role of MAP kinase modulation in the context of the
anti-neoplastic effects of NSAIDs was further highlighted by
Jones and coworkers [132], who demonstrated that NSAID-
induced inhibition of angiogenesis involved the disruption
of ERK1/2 kinase signalling, a typically prosurvival path-
way [133]. Additionally, inhibition of ERK1/2 signalling was
shown to be the mechanism by which aspirin sensitises
human cervical cancer cells to apoptosis induced by tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL)
[40]. Modulation of MAP kinases has also been implicated
in the suppressive effect of certain NSAIDs such as aspirin
upon the factor activator protein (AP-1), a downstream target
of MAP kinases which is critical for inducing neoplasia and
activation of genes associated with inflammation and infec-
tion [134].

The modulation of MAP kinases has been shown to be
critical for the growth inhibitory effect of modified NSAIDs
such as NO-aspirin [135]. Aside from its propensity to inhibit
NF-𝜅B signalling, NO-aspirin was shown to induce the
activation (marked by increased phosphorylation) of all three
main MAP kinases in a concentration-dependent manner,
in colon cancer cells. This was caused by the NO-aspirin-
induced generation of RONS and subsequent oxidation of
cellular thioredoxin-1 protein (Trx1p), which facilitated the
proapoptotic autophosphorylation and activation of ASK1, a
protein involved in the MAP kinase cascade and only kept
inactive when attached to reduced Trx1p [56]. The same
authors implicated ASK1-Trx1p cleavage in the activation of
MAP kinase signalling, which in turn partly mediated the
growth inhibitory effect of NO-aspirin, an effect marked
by increased apoptosis and inhibition of cell proliferation.
Likewise, NO-aspirin-induced cell cycle arrest and apoptosis
of pancreatic cancer cells has been shown to occur via ROS-
mediated modulation of all three MAP kinase signalling
pathways and their downstream effector molecules such as
p21 and cyclin D1 [53]. The rapid response of MAP kinases
to the presence of RONS is not surprising given their well-
established redox sensitivity [136]. The modulation of MAP
kinase pathways was also implicated in the chemopreventive
effect of NO-sulindac on UVB-induced melanoma cells [59]
and in phospho-NSAID-mediated, redox-dependent apopto-
sis of colon cancer cells [19, 111].

3.5. Inhibition of Wnt/𝛽-Catenin Signalling. The Wnt sig-
nalling pathway regulates the biosynthesis of 𝛽-catenin,
a protein which is required for cell-to-cell adhesion and
involved in the expression of genes associated with cancer
[137]. Constitutive activation ofWnt/𝛽-catenin signalling has
been implicated in the development of numerous human
malignancies [138–143]. AberrantWnt/𝛽-catenin signalling is
associated with the nuclear accumulation of 𝛽-catenin and
the subsequent activation of the transcription factor known
as T-cell factor (TCF). The resulting 𝛽-catenin/TCF complex
promotes the transcriptional activation of target genes associ-
ated with proliferation, such as cyclin D1 [144, 145], hence the
implicated role of Wnt/𝛽-catenin signalling in human car-
cinogenesis.

The NSAIDs aspirin and indomethacin have been shown
to attenuate Wnt/𝛽-catenin signalling in colorectal cancer
cells, in a dose-dependent manner, by inhibiting the tran-
scription of 𝛽-catenin/TCF-responsive genes. This NSAID-
induced inhibition did not involve cleavage of the 𝛽-cate-
nin/TCF complex but rather the hyperphosphorylation and
consequent stabilization of 𝛽-catenin, presumably caused by
the inactivation of a phosphatase enzyme [146, 147]. Further
studies have since shown that aspirin-mediated downregula-
tion of Wnt/𝛽-catenin/TCF signalling can indeed be medi-
ated by its induced inactivation of protein phosphatase 2A
[148] but also, in part, by the downregulation of upstream
specificity protein (Sp) transcription factors [149]. Other
NSAIDs, such as sulindac, can also mediate the antiprolifera-
tive degradation of 𝛽-catenin in cancer cells partly by protea-
somal degradation and partly by caspase-mediated cleavage
[150], whilst others such as diclofenac have been shown to
suppress Wnt/𝛽-catenin/TCF signalling via the activation of
NF-𝜅B [127].

The downregulation of Wnt/𝛽-catenin/TCF signalling
induced by NSAIDs has been associated with the profound
growth inhibition of various cancer cell types, in a manner
that seems in large part to be due to inhibition of cell prolif-
eration rather than by direct induction of apoptosis [127, 142,
146, 150, 151]. However, the proapoptotic effect of NSAIDs
such as sulindac [152] in colorectal cancer cell lines has been
shown to involve downregulation ofWnt/𝛽-catenin/TCF sig-
nalling. Furthermore,Wnt/𝛽-catenin signallingwas observed
to play a key role in directly mediating the proapoptotic
effect of aspirin in human mesenchymal stem cells [153].
Regardless, the high prevalence of 𝛽-catenin downregulation
reported in studies of NSAID-induced growth inhibition of
cancer cells underlines the importance of this pathway as a
chemopreventive target of NSAIDs.

This is certainly true for modified NSAIDs such as NO-
aspirin, the growth inhibitory effect of which is strongly asso-
ciated with a number of induced cellular events including the
profound concentration-dependent inhibition of 𝛽-catenin
signalling in colon cancer cells [54, 58, 145, 154]. In this
regard, NO-aspirin is far more effective than aspirin in that,
at concentrations far below those required for the inhibi-
tion of cell proliferation, it actually prevented formation of
the 𝛽-catenin/TCF complex, whereas aspirin did not [145].
Moreover, at higher concentrations, NO-aspirin can induce
caspase-3-mediated cleavage of 𝛽-catenin itself, leading to
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a significant decline of cellular 𝛽-catenin levels and loss of
cell-to-cell adhesion amongst colon cancer cells [58].The sig-
nificant downregulation of Wnt/𝛽-catenin signalling, medi-
ated at least in part by caspase-mediated 𝛽-catenin degrada-
tion, has also been implicated in the growth inhibitory effect
of NO-aspirin on leukaemia [97] and breast cancer cell lines
[155]. The same applies for phospho-NSAIDs such as phos-
phosulindac, the growth inhibitory effect of whichwas shown
to involve 𝛽-catenin degradation in breast cancer stem cells
[156].

3.6. Oxidative Stress and Disruption of Redox Balance.
NSAIDs can mediate apoptosis in both malignant cell lines
and budding yeast cells by upregulating the generation of
ROS and by inducing oxidative stress. Indeed, it has been
argued that ROS generationmay constitute a central unifying
mechanism by which the anti-neoplastic effects of NSAIDs
aremediated, given that oxidative stress is coupled withmany
proapoptotic signals such as NF-𝜅B inhibition and MAP
kinase activation [157, 158]. The fact that ROS accumulation
alsomediates NSAID-induced apoptosis in primitive eukary-
otes such as yeast [33] further corroborates this argument.
However, the cellular prooxidant behaviour of NSAIDs has
often been the subject of controversy due to conflicting
reports that NSAIDs such as indomethacin and sulindac [159,
160] scavenge ROS and exert a cytoprotective antioxidant
effect in cells. Likewise, there are numerous reports derived
from in vivo studies of rats showing that NSAIDs such as
aspirin can exert a cytoprotective antioxidant effect associ-
ated with the attenuation of ROS [161, 162] and of lipid perox-
idation [163, 164], alongwith the upregulation of antioxidants
such as reduced glutathione (GSH) [165] and superoxide dis-
mutases (SODs) [166]. It has also been shown that low doses
of aspirin can confer long-term cytoprotective resistance
against H

2
O
2
-induced oxidative stress in S. cerevisiae cells

[167].
Nevertheless, other investigations have clearly shown that

NSAIDs can induce the proapoptotic accumulation of ROS
in both yeast [33] and mammalian cells [157]. For instance,
apoptotic cell death of respiring S. cerevisiae cells cultivated in
the presence of diclofenac was clearly linked to a significant
increase in cellular ROS, as measured by the ROS-sensitive
fluorescent probe 2,7-dichlorodihydrofluorescein diacetate
(DCDHF-DA) [33]. Similarly, indomethacin-induced apop-
tosis of gastric epithelial cells, which was abrogated after
treatment with antioxidants such as N-acetylcysteine (NAC),
was shown to require the generation of ROS [168], an
event likewise implicated in the proapoptotic depletion of
polyamines induced by indomethacin in colorectal cancer
cells [35]. Additionally, Chan and coworkers [7] showed
that human colorectal cancer cell apoptosis induced by both
indomethacin and sulindac was marked by the accumulation
of arachidonic acid, an event which is itself heavily associated
with the accumulation of cellular ROS [83, 169].The accumu-
lation of ROS was also shown to be a critical inducer of mito-
chondrial cytochrome c release, disruption of ΔΨ

𝑚
, caspase

activation, and apoptosis in salicylate-treated mammalian
tumour cells [170]. Additionally, the NSAID sulindac and

its metabolites have been shown to enhance the antitumour
effect of the proteasome-inhibitor bortezomib, primarily
through the synergistic generation of ROS [171]. It has been
suggested that conflicting reports of NSAID redox behaviour
in eukaryotic cells might simply be due to differences in the
timing of measurements of ROS and antioxidant changes
in experimental setups, given that cellular antioxidant levels
are naturally expected to increase in subsequent response to
elevated ROS [157].

The molecular mechanisms underlying NSAID-induced
proapoptotic generation of ROS in mammalian and yeast
cells have not yet been fully elucidated. However, it is well
known that mitochondria, a major source of cellular ROS
[172] and a central component of the apoptotic machinery,
are profoundly affected by NSAIDs in both yeast [33, 93]
and mammalian cells [99, 101]. For example, the aspirin
metabolite salicylate has been shown to inhibit the mito-
chondrial electron transport chain in mammalian cells by
interacting with an Fe-S cluster of Complex I, through its o-
hydroxyl group.This was found to induce ROS accumulation
and oxidative stress, which in turn caused proapoptotic
events such as mitochondrial permeability transition and
cytochrome c release [173]. Likewise, aspirin-induced cell
cycle arrest and apoptosis of HepG2 hepatoma cells were
shown to be induced by ROS accumulation and increased
oxidative stress, accompanied by severe mitochondrial dys-
function such as the inactivation of electron transport chain
proteins and aconitase [45]. Van Leeuwen et al. [33] observed
that reduced cell growth and viability of S. cerevisiae yeast
cells treated with diclofenac are due to mitochondrial dys-
function associated with the inhibition of electron transport
chain subunit proteins Rip1p (of Complex III) and Cox9p
(of Complex IV). This caused inhibition of cell respiration
and subsequent ROS production, resulting in cell death.
Inhibition of cellular respiration induced by aspirin was
also observed in MnSOD-deficient yeast cells cultivated in
ethanol medium [93], and recent studies in our laboratory
have established the aspirin-induced proapoptotic generation
of mitochondrial superoxide radicals in these cells (unpub-
lished work).

It has been shown that the proapoptotic induction of
oxidative stress induced byNSAIDs such as aspirin is strongly
associatedwith themodulation of cellular redox homeostasis.
This is exemplified by the observed increase of aspirin-
induced apoptosis in HepG2 cells with GSH depletion and
compromised redox balance [174]. In addition to this, studies
in S. cerevisiae yeast cells have shown that aspirin-treated
MnSOD-deficient yeast cells grown in ethanol medium
experienced a very significant decrease in cellular reducing
power with respect to wildtype cells, as measured by the
NADPH/NADP+ concentration ratio.This was accompanied
by a significant decrease of the GSH/GSSG concentration
ratio, owing to a buildup of GSSG, prior to cell death [175].

The induction of oxidative stress mediated by disruption
of cellular redox balance is also central to the apoptotic effect
of modified NSAIDs in cancer cells [53, 56, 58, 158]. For
instance, oxidative stress induced by NO-aspirin in colon
cancer cells was shown to be mediated by the depletion of
cellular GSH, caused by the latter’s associationwith the spacer



Oxidative Medicine and Cellular Longevity 9

component of NO-aspirin and subsequent formation of a
GSH conjugate. The resulting redox imbalance then initi-
ated a number of downstream proapoptotic pathways such
as 𝛽-catenin cleavage, inhibition of Wnt signaling, and
mitochondrial-mediated activation of caspases [58]. Sun and
Rigas [56] further demonstrated that redox-induced apopto-
sis of colorectal cancer cells treated with NO-aspirin involved
the generation of RONS, the growth inhibitory effect of which
was mediated by oxidative alteration and impairment of the
thioredoxin redox system. Oxidised thioredoxin-1 induced
MAP kinase activation and NF-𝜅B inhibition, both of which
are criticalmediatory pathways ofNO-aspirin-induced apop-
tosis [55, 135].

Oxidative stress, marked by RONS accumulation and
redox imbalance associated with the suppression of GSH
and increased oxidation of Trx-1, also plays a central role in
apoptosis induced by phospho-NSAIDs [19–21, 56, 110, 111].
Like NO-NSAIDs, the strong prooxidant effect exerted by
phospho-NSAIDs is reported to set in motion a pleiotropic
cascade of redox-sensitive signalling events including acti-
vation of MAP kinases and inhibition of NF-𝜅B signalling
[19, 21, 56] along with the depletion of cellular polyamines,
at least in the case of phosphosulindac [20, 110, 111]. The
collective initiation of all these antiproliferative, proapoptotic
pathways accounts for the very potent growth-inhibitory
effects of phospho-NSAIDs, with respect to their traditional
NSAID precursors [111]. Likewise, recent studies have shown
that both apoptosis and cell cycle arrest of cancer cells treated
with HS-NSAIDs, such as HS-aspirin, are induced as a result
of oxidative stress and redox imbalance [60].

3.7. Other NSAID-Induced Proapoptotic Pathways. Further
mechanisms by which NSAIDs can promote apoptosis in
malignant cells include the induced depletion of survivin,
an inhibitor of apoptosis protein which regulates the cell
cycle and apoptosis in eukaryotic cells. Survivin expression
in cancers tends to be very high and is in fact associated with
tumour cell chemoresistance, making it an attractive target
of antineoplastic treatments [176], including NSAIDs. Lu and
coworkers [177] showed that aspirin caused significant and
targeted depletion of survivin in breast cancer cells by upreg-
ulating its proteasomal degradation, consequently sensitizing
the tumour cells to TRAIL-induced apoptosis. Moreover,
aspirin acted synergistically with TRAIL to promote apop-
tosis of the breast tumour cells. Similarly it has been shown
that cell cycle arrest and apoptotic cell death induced by the
NSAIDs ibuprofen [51] and tolfenamic acid [52] in human
colon and prostate cancer cells, respectively, are accompanied
by significant depletion of survivin levels.

Another COX-independent proapoptotic pathway in-
duced by NSAIDs is the impairment of proteasome func-
tion, as demonstrated by Dikshit and co-workers [47], who
observed a time- and dose-dependent decline of proteasomal
activity in neuroblastoma cells treated with aspirin. Accom-
panied by the accumulation of ubiquitylated proteins and
profound mitochondrial abnormalities, the aspirin-induced
impairment of proteasomal function was shown to activate
the intrinsic apoptotic pathway, marked by a release of cyto-
chrome c and the activation of caspase 9.

Finally, NSAIDs such as sulindac have been reported to
induce sensitization of cancer cells to mda7/IL24-mediated
apoptosis.Themda7 gene, also known as IL24, is of the inter-
leukin (IL) 10 family of cytokines [178, 179]. Ectopic expres-
sion of mda7 is known to exert a potent tumour-suppressive
effect against a variety of human cancer cells, with little to no
effect on normal cells [180–182]. Furthermore, intratumoural
administration of adenoviral vectors which express mda7
(Ad-mda7) has been shown to exhibit antitumour and antian-
giogenic activity in human lung tumour xenografts [183].
Also, Oida and coworkers [50] demonstrated that Ad-mda7-
mediated growth inhibition and apoptosis of human lung
cancer cells was greatly enhanced by concurrent adminis-
tration of sulindac, which increased the half-life of MDA7
protein in the cells. This resulted in the increased expression
ofMDA7protein and of its proapoptotic downstream effector
proteins including p38MAPK, caspase-9, and caspase-3, con-
sequently sensitizing the lung cancer cells to apoptosis.There-
fore, sulindac essentially altered MDA7 protein turnover in
lung cancer cells in such a way as to promote apoptotic cell
death [50].

4. Concluding Remarks

Ongoing investigations of proapoptotic mechanisms under-
lying the promising anti-neoplastic properties of NSAIDs
such as aspirin remain a top research priority, since an
improved understanding of such pathways will help to
enhance current anticancer drug treatments [2]. What is cer-
tain thus far is that NSAIDs generally exert a dose-dependent
pleiotropic effect on cancer cells (see Figure 2), initiating
a very complex cascade of signalling events which collec-
tively induce apoptosis. Although much more remains to be
elucidated, there is also mounting evidence which suggests
that NSAID-induced signalling events associated with the
induction of oxidative stress, such as mitochondrial dys-
function and altered redox signalling, may be the dominant
pathways underlying all other proapoptotic effects induced by
NSAIDs in cancer cells [184].

Consistent with the growing number of mammalian cell
studies implicating oxidative stress as the dominant pathway
of NSAID-induced growth inhibition [185], the proapoptotic
effects of NSAIDs in yeast cells are likewise associatedmainly
with mitochondrial dysfunction, ROS generation, and redox
imbalance. In particular, yeast cell studies have highlighted
the pivotal importance of mitochondrial MnSOD as a cyto-
protective defence against NSAIDs such as aspirin [32]. This
implies that specific, targeted modulation of mitochondrial
MnSOD can be exploited to enhance NSAID-induced oxida-
tive stress and apoptosis in malignant mammalian cells.

It is currently hypothesised that cancer cells constantly
experiencemuch higher levels of oxidative stress with respect
to normal cells, due to their increased metabolic rate [186].
Because of this, cancer cells are more reliant on antioxidant
enzymes such as MnSOD and are thus believed to be far
more sensitive to perturbations in redox balance compared to
normal cells [16]. In fact, it has been shown that silencing of
MnSOD, using anti-senseMnSOD antibodies, amplifies ROS



10 Oxidative Medicine and Cellular Longevity

accumulation of
arachidonic acid and
ceramide synthesis

Oxidative stress and
disruption of

redox balance

Caspase activation
and Bcl-2 protein

modulation
Aspirin
Sulindac
Indomethacin

Sulindac
Indomethacin

MAP kinase
modulation

Aspirin
Indomethacin
NO-aspirin
NO-sulindac Apoptotic

cell death

Aspirin
Sulindac
Indomethacin
Diclofenac
NO-aspirin
Phosphoaspirin
HS-aspirin Inhibition of

signalling
Aspirin
Sulindac
Indomethacin
Diclofenac
NO-aspirin
Phosphosulindac

Modulation of

Aspirin
Sulindac
Ibuprofen
Indomethacin
Etoricoxib
Diclofenac
NO-aspirin
Phosphoaspirin
HS-aspirin

Depletion of survivin

Depletion of polyamines
Aspirin
Sulindac
Indomethacin
Ibuprofen
Phosphosulindac

Inhibition of
proteasomal

function
Aspirin
Tolfenamic acid

Increased expression of Aspirin

Sulindac

COX-2-dependent

NO-aspirin
Phosphosulindac

NF-𝜅B signalling

Wnt/𝛽-catenin

mda7/IL24

Figure 2:Themajor proapoptotic pathways induced byNSAIDs. Both traditional andmodifiedNSAIDs have been shown to induce apoptosis
in eukaryotic cells by initiating mechanisms which are largely independent of COX inhibition (shown in blue), with the exception being the
COX-2-dependent accumulation of arachidonic acid and subsequent synthesis of ceramide induced by sulindac and indomethacin (shown in
green). ImportantCOX-independent proapoptotic pathways induced byNSAIDs include caspase activation andmodulation of Bcl-2 proteins,
depletion of polyamines, modulation of NF-𝜅B signalling and of MAP kinase activity, inhibition of Wnt/𝛽-catenin signalling, inhibition
of proteasomal function, depletion of survivin, increased expression of mda7/IL24 and also oxidative stress associated with mitochondrial
dysfunction, ROS accumulation and the disruption of cellular redox balance.

accumulation and apoptosis in squamous cell carcinomas
exposed to gamma radiation and anticancer drugs [187].
Moreover, it has recently been shown that silencing of
MnSOD messenger RNA, using small interfering RNA
(siRNA), amplified apoptosis of melanoma cells induced by
the NSAID diclofenac [16]. This same study also demon-
strated that diclofenac-induced accumulation of ROS, deple-
tion of MnSOD expression and activity, and apoptosis were
specific to melanoma cells.

In light of all these lines of evidence compiled through
complementary study of both mammalian and yeast cell
models, the induction of oxidative stress and redox imbalance
induced by NSAIDs, together with the targeted modulation
of mitochondrial MnSOD, merits serious consideration for
future investigations.
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During their development and aging on solid substrates, yeast giant colonies produce ammonia, which acts as a quorum sensing
molecule. Ammonia production is connected with alkalization of the surrounding medium and with extensive reprogramming
of cell metabolism. In addition, ammonia signaling is important for both horizontal (colony centre versus colony margin) and
vertical (upper versus lower cell layers) colony differentiations. The centre of an aging differentiated giant colony is thus composed
of twomajor cell subpopulations, the subpopulation of long-living,metabolically active and stress-resistant cells that form the upper
layers of the colony and the subpopulation of stress-sensitive starving cells in the colony interior. Here, we show that microcolonies
originating from one cell pass through similar developmental phases as giant colonies. Microcolony differentiation is linked to
ammonia signaling, and cells similar to the upper and lower cells of aged giant colonies are formed even in relatively young
microcolonies. A comparison of the properties of these cells revealed a number of features that are similar in microcolonies and
giant colonies as well as a few that are only typical of chronologically aged giant colonies. These findings show that colony age per
se is not crucial for colony differentiation.

1. Introduction

When developing on solid media or in nonshaken liquid
environments, yeast cells can organize into structured and
differentiated multicellular communities where individual
cells gain specific properties and can fulfill specific roles.
Colonies, stalks, biofilms, and flors on liquid surfaces are
examples of such organized communities [1–11]. Colonies
growing on solid agar medium usually originate either from
individual cells (microcolonies) or from a cell suspension
spotted onto the agar (giant colonies) [12–14]. The mor-
phology and internal architecture of both microcolonies and
giant colonies are dependent on the yeast species or even
the strain that forms the colony, the cultivation conditions
(e.g., nutrient sources), and developmental phase (i.e., the
age of the colony). Thus, for example, natural strains of
Saccharomyces cerevisiae form structured biofilm colonies
[15, 16] that to some extent resemble the colonies formed by

pathogenic yeasts of the Candida or Cryptococcus species [7].
These structured colonies exhibit features (such as the pres-
ence ofmultidrug resistance transporters and an extracellular
matrix) that are important for the formation, development,
and survival of natural yeast biofilms [17]. The internal
architecture of these structured colonies differs strikingly
from the architecture of smooth colonies that are formed by
laboratory strains of S. cerevisiae.

As we have shown previously, giant colonies of S. cere-
visiae laboratory strains grown on solid complex respiratory
medium pass through distinct developmental phases that can
be detected by monitoring the pH changes of the medium,
changing from the acidic to near alkali and vice versa [13].
The alkali phase of colony development is accompanied by
the production of volatile ammonia that functions as a signal
important for colony metabolic reprogramming and long-
term survival [13, 18–20]. Such metabolic reprogramming
appears to be more important for colony survival than some
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mechanisms eliminating stress factors, such as stress defense
enzymes [21]. We have demonstrated that ammonia-related
changes are important for diversification between the cells
in the center and margin of a colony [20–22]. We have also
recently shown that ammonia signaling and relatedmetabolic
reprogramming are involved in the diversification of the cells
of the colony and the formation of cells with specialized
functions precisely localized within the colony [23, 24].Thus,
during the switch of giant colonies to the alkali phase, both
horizontal and vertical differentiations occur, where central
and margin cells behave differently, as do cells located in
the upper and lower regions of the colony center. Detailed
analysis of the central colony region revealed two major cell
subpopulations located in the upper (U cells) and lower (L
cells) colony areas that differ in theirmorphology, physiology,
and gene expression. U cells are large stress-resistant cells
with a longevity phenotype, while L cells are smaller, more
sensitive to various stresses (such as heat shock and ethanol
treatment), and lose viability over the time. Both cell types
significantly differ in their gene expression, as shown by a
transcriptomic comparison of U and L cells isolated from 15-
and 20-day-old colonies [23]. According to these transcrip-
tomic data, U cells seem to be metabolically active cells with
induced amino acid metabolism, glycolysis, and some other
pathways such as the pentose-phosphate shunt. U cells also
express a large group of genes coding for ribosomal and some
other proteins of the translational machinery. These genes
are usually controlled by the TOR pathway under nutrient-
rich conditions. Some other expression characteristics of U
cells, however, indicate that some pathways usually active
under conditions of nutrient limitation are also induced in
U cells and affect their physiology [23]. For example, a large
group of amino acid biosynthetic genes is controlled by the
transcription factor Gcn4p [25]. In contrast to U cells, L cells
behave like stressed cells—they have low metabolic activity
and seem to activate some degradative mechanisms that can
contribute to the release of compounds that can be exploited
by U cells.

An important question is to what extent chronological
aging of the whole colony population on one side and
active signaling (which includes the action of ammonia
and related metabolic reprogramming as well as other not
yet identified signaling and regulatory processes) on the
other side contribute to S. cerevisiae colony development,
differentiation, and long-term survival. As was mentioned
above, giant colonies activate ammonia signaling and form
U and L cells between days 7 and 10 of colony development
when most of the colonial cells are in the stationary (or
slow growth) phase. That is, cells differentiating into U and
L cells are relatively old and most of them have already
persisted in nondividing form for several days. Both of the
above-mentioned processes (chronological aging and signal-
related metabolic reprogramming) are therefore running in
parallel in giant colonies and thus both could contribute to
colony differentiation andU and L cell properties. In contrast
to giant colonies, switch to the alkali phase and ammonia
signaling among microcolonies usually starts much earlier
than in giant colonies and central differentiated cells are
therefore much younger (i.e., less chronologically aged) in

microcolonies than in giant colonies. However, the major
expression changes that accompany medium alkalization
and ammonia production in microcolonies resemble those
changes identified in giant colonies [18]. Similarly, Ato1p,
a putative ammonia exporter, is produced in the margin
and upper central cell layer in both giant colonies and
microcolonies when they begin to alkalize the medium [22,
24]. Here, we examined the main features of the central parts
of differentiated microcolonies and compared these features
to those described in giant colonies.Through this analysis, we
showed that prominent characteristics of central upper cells
of yeast colonies are not related to colony aging but dependent
on active colony reprogramming. On the other hand, some
other features such as in particular the stress resistance of cells
in the colony interior (L cells) significantly differ in younger
microcolonies compared to giant colonies, being related to
colony aging.

2. Results and Discussion

2.1. Microcolonies Pass through the Same Developmental
Phases as Giant Colonies. Similarly to giant colonies, micro-
colonies of BY4742 growing on GMA solid plates pass
through the developmental phases characterized by changes
in external pH and ammonia production [24, 26]. Micro-
colonies, thus, pass through the first acidic, alkali and second
acidic developmental phases (Figure 1(a)), where the alkali
phase is accompanied by ammonia production. In contrast
to giant colonies, in which the timing of the transition to the
ammonia-producing period is typically standardized by the
inoculation of six giant colonies on the plate [18], the timing
of the acid-to-alkali microcolony transition is dependent on
the density of the plated microcolonies. More densely plated
microcolonies switch to the ammonia-producing period
earlier than microcolonies growing at a lower density on
the plate. Like giant colonies that synchronize ammonia
production and developmental phases [27],microcolonies on
the same plate also synchronize themselves via the ammonia
that starts to be produced by the most densely plated micro-
colonies. For the experiments described in the following
sections, we used a standard plating of approximately 5000
microcolonies per plate, that is the density of microcolonies
that results in microcolony transition to the alkali phase
between days 3 and 4 of colony growth.

2.2. Switch to Ammonia Production Is Accompanied by Differ-
entiation of Microcolonies and Formation of U

𝑚
and L

𝑚
Cells.

As with giant colonies [23], the transition of microcolonies
to the alkali phase is accompanied by a diversification of the
relatively homogeneous cell population of the 1st acidic phase
microcolonies to twomajor cell types that are localized in the
upper and lower layers of alkali phasemicrocolonies. Figure 1
shows that these upper and lower cells morphologically
resemble theU and L cells of giant colonies, respectively. Cells
in the lower parts of a microcolony (Lm cells) are smaller
and usually contain one large vacuole, while cells in the
upper parts (Um cells) are larger with no visible vacuoles.The
staining ofmicrocolony sections byNile red (Figure 2) as well
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Figure 1: Developmental phases and vertical differentiation of yeast microcolonies. (a) Microcolonies develop on GMA-BKP. BKP functions
as pH dye indicator with pKa of 6.3, the color of which changes from yellow at acidic pH to purple in more alkali pH. Microcolonies were in
the 1st acidic (2 d), alkali (4 d), and beginning of the 2nd acidic (6 d) phases. Bird views of microcolonies are shown. (b) Vertical transversal
cross-section viewed by 2PE-CM of akali-phase microcolony formed by the strain producing Ato1p-GFP (left) and scheme of the localization
of three cell subpopulations within the microcolony (right). (c) Boundary between Um and Lm cells (left) andmorphology of Um and Lm cells
(center) of BY-P

𝑇𝐸𝐹1
-GFP strain at vertical cross-sections of 4-day-old microcolonies analyzed by 2PE-CM. Cytosolic expression of GFP is

used for in situ visualization of Um and Lm cells by 2PE-CM since it enables the visualization of large vacuoles in Lm cells (from which the
fluorescence is excluded) and the size of Um and Lm cells. Morphology of Um and Lm cells from 4-day-old BY4742 microcolonies separated
by gradient centrifugation and visualized by Nomarski contrast (right). White arrows show large vacuoles in Lm cells; red arrows show lipid
droplets in Um cells.

as Nomarski contrast visualization (Figure 1(c)) confirmed
that similarly to giant colonies, Um cells contain several large
lipid droplets, while Lm cells usually contain one small lipid
droplet.

In addition to their morphology similarities, we found
similar profiles of proteins produced by the Um cells from 4-
day-old microcolonies and by the U cells of 15-day-old giant
colonies [23].Hence, all threeAto proteins (Ato1p, Ato2p, and
Ato3p) started to be produced exclusively in Um cells but not
in Lm cells (as shown for Ato3p-GFP in Figure 3) after the
microcolonies had entered the alkali phase. Similarly, Pox1p-
GFP and Icl2p-GFP are preferentially produced in Um cells

(Figure 3) as well as in the U cells of giant colonies [23]. In
addition, the production profile of Ole1p-GFP is also similar
in microcolonies and giant colonies. Ole1p-GFP is produced
and properly localized to the endoplasmatic reticulum (ER)
in L and Lm cells, respectively, while it is degraded within
vacuoles in U and Um cells, respectively, (Figure 3).

Another typical feature of differentiated giant colonies is
an increased activity of TORC1 in U cells and its inactivation
in L cells, as shown by the different localization of Gat1p-
GFP in the two cell types [23].TheGATA transcription factor
Gat1p was shown to be phosphorylated by TORC1, which
results in Gat1p cytosolic localization and thus functional
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Figure 2: Localization of cells containing storage compounds (lipid droplets) and cells with active autophagy and TORC1 signaling pathway.
(a) Vertical transversal cross-sections of 4-day-old BY4742 microcolonies. Left, boundary between Um and Lm cells, lipid droplets are stained
with Nile red. Right, lipid droplets of Um and Lm cells stained with Nile red (red) and cell walls with concanavalin A conjugated with Alexa
Fluor 488 (green). (b) Vertical cross-sections of 4- and 7-day-oldmicrocolonies of strains producing cytosolic proteins Ino1p-GFP orMet17p-
GFP. Um cells are shown; arrows indicate GFP in vacuoles of 7-day-old Um cells where cytosolic proteins were delivered to vacuoles via
autophagy. (c) Vertical cross-sections of 4-day-old microcolonies formed by Gat1p-GFP strain showing localization of Gat1p-GFP protein
in Um and Lm cells. Arrows indicate relocalization of Gat1p-GFP from the cytosol to the nuclei of Um cells after treating the cut edge of the
colony section with 250 ng/mL rapamycin, an inhibitor of TORC1.
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Figure 3: Profile of selected, GFP-labeled proteins in alkali phasemicrocolonies. 2PE-CMof vertical transversal cross-sections of alkali phase
(4-day-old) microcolonies formed by strains producing particular labeled proteins.

inhibition [28]. Confocal microscopy of microcolony cross-
sections clearly showed that Gat1p-GFP is localized to the
nuclei of Lm cells, which indicates that TORC1 is inactive
in Lm cells (Figure 2(c)). In Um cells, TORC1 is apparently
active, as Gat1p-GFP is predominantly in the cytosol (i.e.,
phosphorylated) and it only moves to the nucleus when a
TORC1 inhibitor rapamycin is added to the colony sections.

In summary, these data show that several typical features
of the U cells of giant colonies are found in the Um cells of
microcolonies that switch to the alkali phase of ammonia
production, even though Um cells are far younger chronolog-
ically than the U cells of giant colonies.The typical features of
U cells, such as the accumulation of lipid droplets, production
of typical marker proteins, and active TORC1, are found in
Um cells soon after the upper and lower layers have formed in
microcolonies entering the alkali phase. These data therefore
indicate that ammonia-related signaling events are more

significant than chronological age in the formation of these
typical features of upper cells. This is in agreement with the
previous finding that in giant colonies, the formation of cells
morphologically resembling U cells can also be prematurely
induced by ammonia from an artificial source [23].

2.3. Autophagy Appears Later in U
𝑚
Cells. Another typical

feature of the U cells of giant colonies is active autophagy
[23].Monitoring the cellular localization ofGFP in themicro-
colonies of strains producing cytosolic Ino1p and Met17p
labeled with GFP showed a significant vacuolar GFP signal in
the Um cells of 7-day-old microcolonies (Figure 2). However,
no vacuolar localization of GFP was visible in 4-day-old
colonies. As in the L cells of giant colonies, no vacuolar
GFP was detected in Lm cells of any age. These data showed
that Um cells activate autophagy like the U cells of giant
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colonies. However, the autophagy is initiated later than other
typical processes of Um cells and seems, therefore, to be more
dependent on the chronological aging of Um cells.

2.4. U
𝑚

and L
𝑚

Cells Differ in Their Respiratory Capacity.
An important and unexpected difference between the U and
L cells of giant colonies is in the capacity of these cells to
consume oxygen [23]. Although localized close to the air,
U cells exhibit significantly decreased ability to consume
oxygen as compared with L cells, and, accordingly, U cells
contain large swollen mitochondria with few cristae. On
the other hand, L cells maintain their capacity to consume
oxygen quite effectively and contain normal-looking cristated
mitochondria. To compare the respiration ofUm and Lm cells,
we separated these cells from 4- to 6-day-old microcolonies
by gradient centrifugation and measured their respiratory
capacity. As shown in Figure 4(a), the Um cells of 4-day-
old microcolonies already consume less oxygen than Lm cells
of the same age. This difference persisted in older colonies.
These data show that as with the other features described
above, the decreased respiratory capacity of U cells identified
in 15-day-old giant colonies and in 4-day-old alkali phase
microcolonies is a characteristic that is also most likely
predominantly induced by a signaling event and not by the
aging of colony.

2.5. L
𝑚
Cells Differ from L Cells of Giant Colonies in Some

of Their Features. Other physiological differences between
the U and L cells of giant colonies are in terms of reactive
oxygen species (ROS) production, resistance to the cell
wall degrading enzyme zymolyase, and sensitivity to various
stresses, such as heat shock and ethanol treatment [23]. Mea-
surement of the ROS level in Um and Lm cells separated from

microcolonies and stained with dihydroethidium (DHE)
showed that Lm cells produce significantly higher amount
of ROS than Um cells. This difference was significant in 4-
day-old microcolonies and persisted in older microcolonies
(Figure 4(b)). Lm cells are also more sensitive to zymolyase
treatment than Um cells, thus, indicating a weaker cell wall of
Lm cells. Thus, the differences in both ROS production and
zymolyase resistance between Um and Lm cells were similar
to those observed between the U and L cells of giant colonies.

On the other hand, an analysis of Um and Lm cells
from 4- to 6-day-old microcolonies did not reveal significant
differences in the sensitivity of the two cell types to heat shock
and ethanol treatment (not shown). In general, both Um and
Lm cells were slightly more resistant to heat shock than U
cells from 15-day-old giant colonies and significantly more
resistant than L cells from such colonies (i.e., than cells that
exhibit a strong decrease in viability after heat shock and
ethanol treatment) [23]. In other words, Lm cells from 6-day-
old colonies have not yet decreased their resistance to these
stresses.

Another difference between microcolonies and giant
colonies was in their levels of certain amino acids in the upper
and lower cells. While the level of intracellular glutamine was
significantly higher in U than in the L cells of giant colonies,
only a negligible difference was observed between the Um
and Lm cells of 6-day-old microcolonies (and no difference
in 4-day-old microcolonies). On the other hand, differences
in amino acids such as lysine, alanine, and GABA that are
present in higher concentrations in L cells than in the U
cells of giant colonies are already detectable in 6-day-old
microcolonies. Lysine, alanine, and GABA are present in 2.3,
1.6, and 4.9 times higher concentrations in Lm cells than inUm
cells, respectively.These values are comparable with L/U ratio
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of 1.6, 2.2, and 3.6, respectively, for 15-day-old giant colonies
[23].These data indicate that particularly a drop in glutamine
in L cells is also connected with the chronological aging or
prolonged starvation of colonies.

In summary, the data indicate that Lm cells from 4-
to 6-day-old microcolonies are in a better physiological
condition than the L cells of 15- to 20-day-old giant colonies.
The observed decrease in the resistance and viability of
the L cells of giant colonies as well as the drop in their
glutamine content thus seems to appear later during colony
chronological aging and is probably not directly related to
the changes induced by ammonia signaling and/or related
metabolic reprogramming.This conclusion is also supported
by the observation that some of the proteins that started to be
produced in the L cells of 15-day-old giant colonies and the
production which increases later in 20-day-old giant colonies
(such as Ino1p and Met17p) are not yet produced in the Lm
cells of 4- to 6-day-old microcolonies (not shown).

3. Conclusions

The presented data show that various features typical of the
U cells of giant colonies growing on complex respiratory
medium and undergoing differentiation during their tran-
sition to the ammonia-producing alkali phase (10- to 15-
day-old colonies) [23] are also found in Um cells located in
the upper layers of alkali phase microcolonies that are only
3 to 4 days old. These features include the production of
specific proteins, accumulation of storage material such as
lipid droplets, activity of specific regulators such as TORC1,
decreased function of mitochondria, low level of ROS, and
high resistance to zymolyase, indicating a strengthening of
the cell wall. Thus, all of these features of U cells seem to be
predominantly related to signaling events and the metabolic
reprogramming that accompanies the colony transition from
the acidic to the alkali developmental phase [18, 22], rather
than to the cell chronological aging. Such signaling processes
leading to colony reprogramming could be initiated (by
not yet identified mechanism(s)), for example, in the first
microcolony that senses a nutrient shortage, that is, in a
microcolony that is located in the densest area of plated
microcolonies. Ammonia is then the signal that spreads the
information about “the need for reprogramming” to the other
microcolonies over thewhole plate.The ability of ammonia to
prematurely induce colonies to ammonia production inde-
pendently of their current developmental phase [27] guar-
antees that even the sparsely plated microcolonies become
induced and initiate the reprogramming and differentiation
while still experiencing nutrient abundance. Um cells gain the
major properties of the U cells of giant colonies, although
they have spent a much shorter time in the stationary or slow
growing phase than U cells.

A comparison of the transcriptomes of “outside” and
“inside” cells separated by FACS from 4-day-old micro-
colonies growing on complex glucose medium [29] showed
that some expression characteristics of U cells from giant
colonies grown on complex respiratory medium [23] are
also found in “outside” cells. These characteristics include

the expression of genes coding for ribosomal proteins and
proteins of the translational machinery, genes for glycolytic
enzymes, genes involved in amino acid metabolism, and
some others [29]. Similarly, we observed the production
of carbonic anhydrase Nce103p in the upper cell layers of
microcolonies growing both on complex glucose [30] and
complex glycerol (unpublished data) agar media. These data
indicate that the expression of particular genes and activation
of specific metabolic pathways could be profitable for cells in
the upper layers of yeast colonies.

In contrast to Um cells, only some features of L cells
are preserved in Lm cells of 4- to 6-day-old microcolonies
compared to 15- to 20-day-old giant colonies.These include a
higher respiratory capacity, higher production of ROS, higher
sensitivity to zymolyase, and the production of some proteins
(such as Ole1p). Traven et al. [29] also demonstrated an
increased expression of genes required for the activity of the
mitochondrial respiratory chain genes in the “inside” cells of
4-day-old microcolonies (cells at a similar position within
the colony to L cells) grown on glucose complex medium.
All of these features are also typical of the L cells of 15-
to 20-day-old giant colonies grown on complex respiratory
medium [23]. On the other hand, other features of the L cells
of giant colonies are not yet present in the Lm cells of 4- to 6-
day-old microcolonies. In particular, Lm cells do not exhibit
an enhanced sensitivity to some stresses such as heat shock
and ethanol treatment, which indicates that these cells are
in a better physiological condition than much older L cells
from giant colonies. These stress-related features seem to be
therefore more dependent on the chronological age of L cells
and could be also related to the duration of the coexistence
of U and L cells. Previous findings suggested that U cells are
fed at the expense of L cells [23] which could then lead to
a deepening of starvation of L cells over the time and to a
consequent decrease in their overall viability in older giant
colonies. Similarly, autophagy, which seems to be important
for the longevity of U cells [23], is only activated later inUm of
6- to 7-day-old microcolonies. This finding suggests that the
regulation of autophagy is partially dependent on signaling
events guiding the development of U cells (autophagy is only
activated in U cells) but that it is also dependent on the aging
and nutrition status of U cells.

4. Material and Methods

4.1. Strains and Media. S. cerevisiae strain BY4742 (MAT𝛼,
his3Δ, leu2Δ, lys2Δ, ura3Δ) was from the EUROSCARF col-
lection. BY4742-derived strains containing proteins (Ato1p,
Ato3p, Pox1p, Icl2p, Ole1p, Ino1p, Met17p, and Gat1p) fused
with GFP at their C-terminus were constructed as described
previously [23, 24]. BY-P

𝑇𝐸𝐹1
-GFP strain expressing GFP

under the control of constitutive promoter of TEF1 gene
(P
𝑇𝐸𝐹1

) was constructed by integration of P
𝑇𝐸𝐹1

-GFP-natNT2
cassette amplified from pYM-N21 plasmid [31] into HIS3
locus of BY4742 strain. Yeast microcolonies were grown
at 28∘C either on GMA (1% yeast extract, 3% glycerol, 1%
ethanol, 2% agar, 10mM CaCl

2
) or on GMA-BKP (GMA,
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0.01% bromocresol purple). For standard experiments, cells
were plated at an approximate density of 5 × 103 per plate.

4.2. Two-Photon Excitation Confocal Microscopy (2PE-CM).
The microcolony sample preparation and 2PE-CM of
transversal vertical cross-section of microcolonies were per-
formed according to [24]. When required, the microcolony
cross-sections were stained with Nile red (2.5 𝜇g/mL) and
concanavalin A labeled with Alexa Fluor 488 (ConA-AF,
30 𝜇g/mL) as described in [17]. Alternatively, GFP fluores-
cence was monitored. An SP2 AOBS MP confocal scanner
microscope (Leica) fitted with a Ti:Sapphire Chameleon
Ultra laser (Coherent Inc.) and 63×/1.20 water immersion
plan apochromat objective were used. Excitation wavelength
was 920 nm, and emission bandwidths were 470–540 nm for
ConA, 580–750 nm for NR, and 480–595 nm for GFP.

4.3. Colony Images. Colony images were captured in trans-
mitted light with a Navitar objective and a complementary
metal-oxide semiconductor camera (ProgRes CT3; Jenoptik).

4.4. Sorbitol Gradient Cell Fractionation. Cells from micro-
colonies were fractionated into subpopulations by centrifu-
gation as described in [23] with the following modification:
instead of sucrose, a 10–35% sorbitol gradient was used
to avoid changes that could be induced by sucrose in the
relatively young cells of microcolonies.

4.5. U and L Cell Resistance to Stresses. Cell resistance was
assayed using 10-fold serial dilutions of cell suspensions
(OD
600

= 10) thatwere incubated at 52∘C for 45 or 90min or in
20% ethanol for 60min and compared to untreated controls.
Zymolyase resistance was determined as the decrease in the
OD
600

of a cell suspension (starting OD
600

= 0.5) in 50mM
potassium phosphate buffer, pH 7.5 with 2mMdithiothreitol,
and 5U/mL zymolyase (MP Biomedicals).

4.6. Respiration Rate and ROS Quantification. The oxygen
consumption of 5mg of freshly isolated Um or Lm wet cell
biomass was determined at 30∘C in 1mL of water using a 782
oxygenmeter with a 1-mLMT-200A cell (Strathkelvin Instru-
ments). ROS was quantified using DHE staining according
to Čáp et al. [21] with minor modifications. Briefly, isolated
Um and Lm cells were resuspended in water to a final
concentration of 100mg/mL. 7.5𝜇L of this suspension was
incubated with 42.5𝜇L of water and 5𝜇L of 25𝜇g/mL DHE
solution (freshly prepared from 1mg/mL stock solution in
DMSO). Cells were stained for 25min in the dark and
diluted with 1.95mL of water, and the DHE fluorescence was
measured using a FluoroMax 3 spectrofluorometer (Jobin
Yvon) with excitation/emission wavelengths of 480/604 nm.

4.7. Amino Acid Concentration. Total intracellular amino
acids were extracted from cell suspensions in water by
boiling for 5min, and the concentration was determined by
HPLC with precolumn derivatization by OPA [23, 32] with

a ZORBAX Eclipse AAA, 3.5mm, 4.6 × 75mm reverse phase
column (Agilent), and fluorescence detection.
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[26] L. Váchová and Z. Palková, “Aging and longevity of yeast
colony populations: metabolic adaptation and differentiation,”
Biochemical Society Transactions, vol. 39, no. 5, pp. 1471–1475,
2011.
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Mitochondria are intracellular organelles involved in ATP synthesis, apoptosis, calcium signaling, metabolism, and the synthesis
of critical metabolic cofactors. Mitochondrial dysfunction is associated with age-related degenerative diseases. Howmitochondrial
dysfunction causes cell degeneration is not well understood. Recent studies have shown that mutations in the adenine nucleotide
translocase (Ant) cause aging-dependent degenerative cell death (DCD) in yeast, which is sequentially manifested by inner
membrane stress, mitochondrial DNA (mtDNA) loss, and progressive loss of cell viability. Ant is an abundant protein primarily
involved in ADP/ATP exchange across the mitochondrial inner membrane. It also mediates basal proton leak and regulates the
mitochondrial permeability transition pore. Missense mutations in the human Ant1 cause several degenerative diseases which
are commonly manifested by fractional mtDNA deletions. Multiple models have been proposed to explain the Ant1-induced
pathogenesis. Studies from yeast have suggested that in addition to altered nucleotide transport properties, the mutant proteins
cause a global stress on the inner membrane. The mutant proteins likely interfere with general mitochondrial biogenesis in a
dominant-negative manner, which secondarily destabilizes mtDNA. More recent work revealed that the Ant-induced DCD is
suppressed by reduced cytosolic protein synthesis. This finding suggests a proteostatic crosstalk between mitochondria and the
cytosol, which may play an important role for cell survival during aging.

1. Introduction

Mitochondria are essential organelles as they produce most
of ATP to support cellular activities, synthesize critical
metabolic factors such as heme and iron-sulfur clusters, and
are involved in lipid and phospholipid metabolism as well as
calcium signalling [1]. Mitochondria also play an important
role in determining the fate of cell via their involvement in cell
death. Cell death can be classified into different categories.
According to the morphological appearance, for instance,
cells undergo death via necrosis (accidental cell death or
programmed necrosis), apoptosis, or aberrant autophagy,
all with significant involvement of mitochondria. In yeast,
mitochondria-mediated apoptosis is believed to execute with
some steps common to themammalian cells. Oxidative burst,
mitochondrial fragmentation, the collapse of mitochondrial
membrane potential, and the release of cytochrome 𝑐 are
commonly observed in apoptotic yeast cells [2, 3].

In addition to the relatively acute forms of cell death
aforementioned, mitochondrial function also progressively

deteriorates during aging, which leads to cellular senescence.
It is conventionally thought that mitochondria contribute to
aging mainly through the overproduction of reactive oxygen
species (ROS) and underproduction of ATP in aged cells.
Interestingly, recent studies have suggested thatmitochondria
may overcome these stresses and promote cell survival by
altered cellular signalling [4–7]. In this review, wewill present
a novel form of mitochondria-induced cell death in yeast
cells, tentatively referred as degenerative cell death (DCD).
DCD is characterized by mitochondrial inner membrane
stress, mtDNA damage, and progressive loss of cell viability.
The key feature of DCD, which is distinct from the currently
known forms of cell death in yeast (e.g., apoptosis and
necrosis), is the loss of mtDNA which cannot be tolerated
by cells with compromised inner membrane integrity. This
was revealed by studying some mutant forms of adenine
nucleotide translocase, which causes aging-dependent cellu-
lar degeneration. These studies may provide new perspec-
tives for the mechanism of mitochondrial degeneration, in
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addition to the well-established roles of oxidative stress and
mitochondrial quality control which contribute to aging.

2. Physiological Roles of Adenine
Nucleotide Translocase

Adenine nucleotide translocase (or adenine nucleotide trans-
locator orAnt) is themost abundant protein inmitochondria,
accounting for up to 10% of total mitochondrial protein
content [8]. It is encoded by the nuclear DNA, synthesized in
cytosol, imported intomitochondria, and finally inserted into
the innermembrane [9–11]. Ant belongs to themitochondrial
carrier family (MCF) proteins, a class of proteins that plays an
important role in the transport of metabolites and cofactors
across the mitochondrial inner membrane [12, 13]. The
primary function of Ant is to catalyze ADP/ATP exchange
across the inner membrane. Under respiring conditions,
ATP4− generated by oxidative phosphorylation is exported
to the cytosol for use in cellular activities and ADP3−
is imported into the mitochondrial matrix for continuous
ATP synthesis. Ant is therefore an ADP3−/ATP4− exchanger.
During this strict exchange process, one net negative charge
is moved from the matrix to the cytosol, resulting in a
charge differential that is driven by membrane potential
across the mitochondrial inner membrane [14]. Ant binds
to its substrates with relatively low affinity, while its high
abundance can compensate for the inefficient transport. Ant
also has an intrinsic property of mediating proton leakage
[8]. In addition to its involvement in a fatty acid-dependent
proton leakage pathway, it accounts for 1/2 to 2/3 of the
basal proton conductance through an unknown mechanism.
Hence, Ant can result in mild uncoupling and decrease
efficiency of ATP synthesis.

TheAnt protein hasmultiple isoforms in different species.
In humans, there are four isoforms that have distinct tissue-
specific expression patterns. Ant1 is predominantly expressed
in postdifferentiated tissues such as heart and skeletal muscle
[15]. Ant2 is more abundant in certain proliferating tissues
[16, 17]. Ant3 is ubiquitously expressed and Ant4 is specifi-
cally expressed in the testis [18]. Only three isoforms of Ant
have been found in mouse (Ant1, 2, and 4). Mouse Ant1 is
a heart/skeletal muscle specific isoform, while mouse Ant2
is highly expressed in all tissues except muscle. Mouse Ant4
is expressed primarily in testis as in humans [15, 18]. Yeast
contains three isoforms of ADP/ATP carrier (Aac), which are
homologues of Ant in humans. Aac2 is the major ADP/ATP
carrier in aerobically grown yeast cells [19].

Like other members in MCF, Ant has three repeats of
a ∼100 amino acid sequence and each repeat contains two
transmembrane domains that form alpha helices [20, 21].
Biochemical characterization of Ant benefited from two
specific inhibitors of Ant, bongkrekic acid (BA) and car-
boxyatractyloside (CATR). Both of the inhibitors bind with
the stoichiometry of one inhibitor per two molecules. BA
binds the matrix side of Ant and CATR binds on the
intermembrane space side [22–24]. The transition between
CATR and BA conformations is suggested to be the structural
switch involved in ADP/ATP transport [19]. The crystal

structure of bovine Ant complexed with CATR revealed the
organization of six transmembrane domains with both N-
and C-termini extending into the intermembrane space [25]
(Figure 1). All the transmembrane domains are 𝛼-helices,
which are tilted and forma cavitywith the opening toward the
intermembrane space. Three kinks are introduced by proline
residues between two helices on the matrix side of Ant,
which may act as hinges to facilitate the opening and closing
of the nucleotide translocation channel [25]. Recent study
of yeast Aac2 using hydrogen/deuterium exchange-mass
spectrometry showed that the BA-bound Aac2 is structurally
different from the CATR-bound form.The BA conformation
has better solvent accessibility from the matrix side [26, 27].
Ant has the RRRMMM signature sequence, which is absent
from other mitochondrial carriers. This motif spans over the
thinnest part of the channel and the arginine residues are
essential for attracting the negatively charged nucleotides to
facilitate transport [25, 28, 29]. In addition to the arginine
residues, themethionine triplet also contributes to nucleotide
translocation or binding [27].

It has been debated whether Ant functions as a monomer
or a dimer. A dimeric structure was first suggested by native
gel electrophoresis, ultracentrifugation, neutron scattering,
and cross-linking studies [30–35]. In the dimer model, the C
terminus of onemonomer is predicted to be close to theN ter-
minus of a second monomer [36–38]. However, more recent
reports suggested that Ant may be present in a monomeric
form. The crystal structure of bovine Ant1 was solved as a
monomer [25]. The study using differential tagging showed
that the yeast Aac2 is a monomer in mild detergents because
tagged Aac2 does not form dimers with untagged Aac2
[39]. Other techniques such as analytical ultracentrifugation,
small-angle neutron scattering and electron cryomicroscopy
also suggested that Ant more likely functions as monomers
(reviewed in [40]).

Ant may also affect the mitochondrial permeability tran-
sition pore (mPTP) on the inner membrane, but its exact
role in this activity has been highly debated [41–44]. Elevated
Ca2+ and other factors are involved in the stimulation of
mPTP opening followed by increased permeability of solutes
across the inner membrane, which results in the dissipation
of membrane potential, mitochondrial swelling, and finally
cell death through apoptosis or necrosis. It has also been
documented that mPTP plays a role in mediating organismal
aging [45]. Early studies suggested Ant as a critical compo-
nent of mPTP, along with voltage-dependent anion channel
(VDAC) in the outermembrane and cyclophilin D (CyPD) in
the matrix [46, 47]. However, Kokoszka et al. inactivated the
two Ant isoforms in mouse and still detected the opening of
mPTP triggered by Ca2+, suggesting that Ant is not essential
formPTP [48]. Ant still plays a role in the regulation ofmPTP
since more Ca2+ are required to activate the mPTP and the
Ant ligands no longer regulate the mPTP. The very recent
studies defined the mPTP as the dimers of the F

𝑜
F
1
-ATP syn-

thase that is regulated by CyPD [49] and the c subunit of the
enzyme appears to be critical for permeability transition [50].
Given that adenine nucleotides are the substrates of the ATP
synthase, Antmay contribute tomPTP regulation by affecting
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nucleotide levels in the matrix where the F
1
-ATPase sector

of the ATP synthase is located. It has been reported in yeast
that loss of Ant (or Aac) protects cells from acetic acid and
diamide-induced mitochondrial outer membrane permeabi-
lization, mitochondrial degradation, and apoptosis [51–53].
Interestingly, this was proposed to involvemPTPprobably via
an activity independent of nucleotide translocation.

3. Altered Ant Expression and Human Diseases

Given the importance of Ant to mitochondrial physiology,
mutations or altered expression of Ant has been found to be
associated with a growing list of human diseases (Table 1).
In all the four Ant isoforms, Ant1 is so far the only one
found to directly cause mitochondrial diseases. Early work
has shown that ANT1−/− mice presented overproliferation of
mitochondria in skeletal and heart muscles, ragged-red fibers
(fibers that have a ragged contour and an accumulation of
red staining material which is associated with proliferation
of abnormal mitochondria), cardiac hypertrophy, exercise
intolerance, lactic acidosis, and deficiency in coupled res-
piration in mitochondria [54]. In humans, deficiency in
Ant1 is associated with Senger’s syndrome, an autosomal
recessive disease characterized by hypertrophic cardiomy-
opathy, mitochondrial myopathy, lactic acidosis, and con-
genital cataracts [55]. Although depletion of Ant1 in heart
and muscle tissues has been proposed to be the primary
cause of the Senger’s syndrome, no mutations have been
found in ANT1. It has been speculated that the transcription,
translation, or posttranslational modification of Ant1 may be
affected [56]. Recently, two nonsense mutations in the gene
encoding the mitochondrial acylglycerol kinase (AGK) were
identified from a patient with typical symptoms of Senger’s
syndrome [57]. AGK is a multisubstrate lipid kinase involved
in phospholipid metabolism. The loss of AGK may result in
the decrease of Ant by affecting its biogenesis. In addition to
Senger’s syndrome, loss of Ant1 due to a homozygous null
mutation also causes cardiomyopathy, and the severity of
the cardiac disease correlates with the mtDNA haplogroup.
Patients with the haplogroup U mtDNAs are more affected
than those having the haplogroup H [58]. Overall, deficiency
in Ant1 expression and biogenesis would be expected to cause
not only reduced ATP output but also oxidative damage
because of F

𝑜
F
1
-ATP synthase stalling, increased electron

leak, and ROS production.
In contrast to Ant1 deficiency, overexpressed Ant1 may

contribute to the pathogenesis of other diseases such as
facioscapulohumeral muscular dystrophy (FSHD). FSHD is a
highly variable autosomal dominant neuromuscular disorder.
Patients with FSHD suffer from cumulative progression of
muscle weakness in the face, feet, shoulders, and hips, along
with occasionally sensorineural hearing loss [59]. Deletions
of the D4Z4 repeated sequences on chromosome IV are
commonly found in FSHD patients, which may lead to
transcriptional derepression of nearby genes includingANT1,
FRG1, FRG2, and DUX4 [60–63]. Overexpression of FRG1,
a gene involved in pre-mRNA splicing, and not ANT1, was
proposed to be responsible for FSHD [64]. Other studies
instead proposed that expression of DUX4 is critical for

FSHD pathogenesis [63]. Nevertheless, recent studies have
also reported the overexpression of Ant1 and increased
oxidative stress in FSHD muscles [65]. These observations
suggest thatAnt1may play a role in the pathogenesis of FSHD.

Although the sequence identity between theAnt isoforms
is as high as 70%∼90% [66], their nucleotide transport
propertiesmay differ and altered expression of these isoforms
could have different metabolic consequences. For example,
ANT2 is upregulated in hormone-dependent cancers. Bren-
ner et al. showed that ANT2 mRNA is significantly elevated
in primary tissues derived from patients with breast, uterus,
ovary, lung, thyroid gland bladder, and testis cancers [67].
Unlike healthy cells, cancer cells intensively employ glycolysis
and have reduced oxidative phosphorylation (OXPHOS)
to adapt to the intratumoral hypoxic conditions [68]. It
has been known in yeast that when cells are severely
compromised in mitochondrial function (e.g. 𝜌𝑜 cells), the
mitochondrial membrane potential is maintained through
reversed nucleotide transport by the ADP/ATP carrier. ATP
is imported into the matrix, where it is recycled back to
ADP as long as an active F

1
-ATPase is present. ADP is then

exported into the cytosol. This reversal ADP/ATP exchange
is critical for mitochondrial biogenesis and cell viability
under severe mitochondrial damage conditions [69–72]. By
analogy, cancer cells are speculated to import glycolytically
produced ATP into mitochondrial matrix via Ant2 [73].
The human F

𝑜
F
1
-ATPase may hydrolyze ATP to ADP that

facilitates the electrogenic ATP4−cystol/ADP
3−

matrix exchange [74].
Given the key role of Ant2 in cancer metabolism, it may be
used as a potential target for cancer therapy.

4. Dominant Mutations in Ant1 and
Human Diseases

Missense mutations in Ant1 have been found to cause
several human diseases. One of them is autosomal domi-
nant Progressive External Ophthalmoplegia (adPEO), which
is characterized by late or adult onset muscle weakness
(especially in eye muscles), exercise intolerance, sensory
ataxia, hypertrophic cardiomyopathy, andmyopathy [75–77].
MultiplemtDNAdeletions andmild defects in the respiratory
complexes were detected in affected tissues. adPEO is also
caused by specific missense mutations in the mitochondrial
twinkle helicase or in the mtDNA specific polymerase, Pol𝛾
[78, 79], which are directly involved in mtDNA replication.
Moreover, a total of five Ant1 missense mutations have been
reported in one sporadic and four familial cases of adPEO.
Most of these mutations occur in highly conserved amino
acids: Ala90, Leu98, Asp104, Ala114 and Val289 [75–77, 80].
In addition to adPEO, the A123Dmissensemutation has been
identified in a homozygous patient, which is manifested by
slow progressive mitochondrial myopathy and cardiomyopa-
thy, but not opthalmoplegia [81]. All those six mutable amino
acids except Val289 locate in the helix 2-loop-helix 3 region
(Figure 1), which is suggested to undergo dynamic structural
changes during nucleotide transport [82]. A later study has
shown that the sporadic V289M mutation is accompanied
with a mutation in POLG1, the gene encoding the large
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Table 1: Ant-associated human diseases.

Disease Mutation Pathogenic Mechanism Characteristics

adPEO
𝑎𝑛𝑡1
𝐴90𝐷, 𝑎𝑛𝑡1𝐿98𝑃,

𝑎𝑛𝑡1
𝐷104𝐺, 𝑎𝑛𝑡1𝐴114𝑃,

𝑎𝑛𝑡1
𝑉289𝑀

Membrane stress; altered
transport properties

Adult/late-onset, mitochondrial
myopathy; muscle weakness
(especially in the eyes); sensory
ataxia; mtDNA deletions

Cancer Overexpression of Ant2 Reversed ADP/ATP exchange by
Ant2

The adaption to intratumoral
hypoxia of cancer cells

FSHD Deletions of subtelomeric
repeats on chromosome IV

DUX4 overexpression; possibly
ANT1 overexpression

Adult-onset disease, muscle
weakness in face, shoulders, and
hips, oxidative stress

Mitochondrial
myopathy and
cardiomyopathy

ANT1 null mutations Defect in nucleotide transport Cardiomyopathy, myopathy,
exercise intolerance, and lactic
acidosis𝑎𝑛𝑡1

𝐴123𝐷 Defect in nucleotide transport;
other mechanisms?

Senger’s
syndrome

Mutation in AGK affecting
Ant biogenesis leads to
depletion of Ant1

Defect in nucleotide transport Cardiac hypertrophy, mitochondrial
myopathy, cataracts, lactic acidosis

subunit of Pol𝛾 [83]. Thus, the contribution of this particular
Ant1 mutant allele to the pathogenesis is uncertain when
present at a heterozygous state.

5. Models for Human Diseases Caused by
Gain-of-Function Ant1 Mutations

Several model systems have been developed to study the
pathogenicmechanismof humandiseases caused by the gain-
of-functionmutations inAnt1 (Figure 2). Kaukonen et al. first
introduced the adPEO-type Aac2𝐴128𝑃 allele, equivalent to
human Ant1𝐴114𝑃, in haploid yeast strains that are disrupted
of the AAC1 and AAC2 genes [75]. Cells expressing the
mutant allele showed a growth defect on nonfermentable car-
bon sources.The data suggested that the A128Pmutationmay
affect ADP/ATP translocation. This may lead to imbalanced
adenine nucleotides, altered intramitochondrial dATP levels
in the matrix, and, ultimately, multiple mtDNA deletions.

In a subsequent study, the human ANT1 gene was
expressed in a yeast mutant disrupted of all the three AAC
genes [84]. The Ant1L98P and Ant1V289M variants were intro-
duced to evaluate their efficiency in promoting respiratory
growth. The complementation test showed that in contrast
to the wild type ANT1, the two mutant alleles failed to
restore cell growth on the nonfermentable lactate medium.
Interestingly, the mutant proteins were not detected in the
mitochondrial fraction of yeast cells by atractyloside binding
and immunodecoration assays, whereas the RNA levels of the
mutantANT1were comparablewith thewild type.This obser-
vation led to the speculation that Ant1L98P and Ant1V289M
may not be imported into mitochondria in human diseases.

As the primary function of Ant is to promote adenine
nucleotide transport, the simplest explanation for Ant1-
induced adPEO is that the mutant proteins are defective in
the transport activity. The dominant phenotypes can only
be explained by assuming that Ant1 operates in a dimeric
form or that the heterozygous cells are haploinsufficient
for the protein. Fontanesi et al. found that the growth of

(yM114) 

(yA128) 

(yA106) 

(yA137) 

L98 

A114 

A123 

A90 

yR252 yR253 

yR254  

H2 

H3 
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M

Figure 1: Projected localization of A90, L98, A114, A123, and the
arginine triplet on the crystal structure of bovine Ant1 in the cytoso-
lic conformation bound by CATR (yellow) [25]. The corresponding
amino acids in yeast Aac2 are also indicated. R252, R253, and R254
in yeast correspond to R234, R235, and R236 in the bovine protein.
IMS, intermembrane space; M, matrix.

haploid yeast cells expressing only 𝑎𝑎𝑐2𝐴128𝑃, 𝑎𝑎𝑐2𝑀114𝑃, or
𝑎𝑎𝑐2
𝑆303𝑀 was severely affected on nonfermentable carbon

sources [85]. In addition, cytochrome content, cytochrome
𝑐 oxidase activity, and mitochondrial respiration were all
decreased in the mutant cells. In heteroallelic haploid cells,
in which the wild type and mutant aac2 were coexpressed,
the level of mitochondrial respiration remained low. This is
consistent with the dominant nature of adPEO pathogene-
sis. The authors also measured the transport properties of
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Figure 2: Proposed models for the pathogenic mechanisms of
human diseases induced by dominant missense Ant1 mutations.
These models predict that the mutant proteins (1) are defective in
targeting onto the mitochondrial inner membrane; (2) are defective
in nucleotide transport which sequentially causes ATP overaccumu-
lation in the matrix, electron transport chain stalling, membrane
hyperpolarization, increased ROS production, and oxidative dam-
age; (3) are engaged in the futile ATPcytosol/ATPmatrix exchangewhich
leads to matrix nucleotide imbalance and mtDNA deletions; (4)
reverse the ADPcytosol/ATPmatrix exchange under normal conditions
which also leads to ATP overaccumulation in the matrix; and (5)
cause proteostatic stress on the mitochondrial inner membrane.

Aac2A128P, Aac2M114P, and Aac2S303M by determining ATP
homoexchange rate, ADP homoexchange rate, and ADP/
ATP heteroexchange rate in reconstituted proteoliposomes
in vitro. Interestingly, all the three mutant proteins still
retain a robust transport activity for ATP and ADP. How-
ever, the mutant proteins preferentially import ATP over
ADP. The authors proposed that this may lead to a futile
ATP/ATP homoexchange instead of the physiologically pro-
ductive ATPmatrix/ADPcytosol heteroexchangemode.Thismay
ultimately result in elevated mitochondrial ATP level. One
possible consequence ofATP/ADP imbalance is the increased
dATP level, which in turn affects the accuracy of mtDNA
replication [85]. However, it is important to note that dATP
is likely imported directly from cytosol in yeast rather than
converted from ADP or ATP in the mitochondrial matrix.
Whether the altered transport properties have physiological
implications especially in heterozygous diploid cells needs to
be further evaluated.

Anothermodel proposed byKawamata et al. also involves
a possible alteration to the nucleotide transport property
of Ant1. These authors evaluated the effect of Ant1A114P
and Ant1V289M on mitochondrial function in the mouse
C2C12 myotube cells [86]. Exogenous Ant1 mutant proteins
were confirmed to be localized on the mitochondrial inner
membrane. However, no significant differences on oxygen
consumption, ATP synthesis, total cellular ATP level, CATR
sensitivity, or mtDNA content were detected between the
cells expressing the mutant and wild type Ant1. Of inter-
est, mitochondria of A114P-, but not V289M-, expressing
myotubes were found to have a reduced ADP/ATP exchange
rate and a slightly smaller ADP-induced depolarization.

Reduced ADP-induced depolarization suggests a defect in
ADP translocation. In addition, cells expressing the A114P
and V289M alleles showed abnormal translocator reversal
potential. They were switched to the ATPcytosol/ADPmatrix
exchange mode at a higher membrane potential. It was
speculated that mutant Ant1 is more prone to invert the
direction of ADP/ATP exchange even at the membrane
potential still in the physiological range for ATP synthesis.
This may lead to increased ATP and nucleotide imbalance in
the mitochondrial matrix. Importantly, this phenotype is not
caused by loss of function, because the ADP/ATP exchange
rate in Ant1-silenced myotubes showed different properties.

Whether altered nucleotide transport is the pathogenic
mechanism of Ant1-induced diseases is still inconclusive.
The study of Aac2A137D in yeast provided some useful
information. Aac2A137D is equivalent to the humanAnt1A123D
mutation, which does not cause ophthalmoplegia in a
homozygous patient but share other common symptoms
with adPEO patients including hypertrophic cardiomyopa-
thy, mild myopathy, ragged muscle fibers, exercise intol-
erance, lactic acidosis, and accumulation of mtDNA dele-
tions. Yeast cells expressing only Aac2A137D are respiratory
deficient as they do not grow on nonfermentable carbon
sources [81]. The in vitro reconstitution assay showed that
Aac2A137D completely lacks the ability to transport ATP or
ADP. This provides strong evidence that mtDNA deletions
in the Ant1A123D patient arise independently of nucleotide
transport.The yeast 𝑎𝑎𝑐2𝐴137𝐷 cells have a low viability, which
is suppressed by ROS scavengers. This supports the idea that
the mutant is vulnerable to oxidative stress and anti-ROS
treatments may be a potential therapeutic strategy [81].

6. The Proteostatic Stress Model

More recent studies in yeast supported the idea that aac2
alleles resembling the human pathogenic ant1 mutations
may interfere with general mitochondrial biogenesis in a
dominant manner [87, 88]. It was shown that yeast cells
coexpressing the mutant aac2 alleles and the wild type
AAC2 exhibit reduced cellular respiration, suggesting that
the electron transport chain is severely damaged. In a yeast
strain that overexpresses 𝑎𝑎𝑐2𝐴128𝑃, mitochondria showed
dramatic depolarization as well as swelling and disintegration
of mitochondria. More importantly, when cells expressing
only one chromosomally integrated copy of 𝑎𝑎𝑐2𝐴128𝑃 were
incubated at 25∘C, cell growth is inhibited on glucose
medium. Yeast is well known for its ability to grow on
fermentable carbon sources without mitochondrial respira-
tion. The growth inhibition strongly suggests that expression
of the mutant Aac2 interferes with general mitochondrial
biogenesis. Furthermore, when two copies of 𝑎𝑎𝑐2𝐴128𝑃,
𝑎𝑎𝑐2
𝑀114𝑃, 𝑎𝑎𝑐2𝐴106𝐷, or 𝑎𝑎𝑐2𝐴137𝐷 were intergraded into

the genome, the frequencies of respiratory-deficient petite
colonies on glucose medium are greatly increased. This
observation recapitulates the mtDNA instability phenotype
in human adPEO. Petite frequencies are further increased
when cells are grown on raffinose plus galactose medium
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which stimulates respiration. Concomitantly, cell viability is
dramatically reduced.

Additional phenotypes supported the model that expres-
sion of the mutant Aac2 causes general mitochondrial dam-
age [88]. Firstly, the expression of mtDNA-encoded protein,
Cox2p, is reduced in the aac2 mutants. Secondly, yeast cells
expressing the four aac2 mutant alleles are intolerant to 𝜌𝑜
condition. The 𝜌𝑜-lethality phenotype is an indication of low
membrane potential. Cells lose viability when membrane
potential is further reduced by the loss of mtDNA. Thirdly,
these aac2 mutants are also hypersensitive to the chem-
ical uncoupler CCCP, consistent with the low membrane
potential model. Fourthly, cells coexpressing themutant aac2
and wild type alleles have a diminished respiratory control
ratio (RCR), which indicates uncoupled respiration. These
data support the model that the mutant Aac2 may cause
general stress on the membrane, which leads to defects in
respiratory complex biogenesis, membrane uncoupling, loss
of ion homeostasis, and the inhibition of cell growth.

Since 𝑎𝑎𝑐2𝐴137𝐷 completely lacks nucleotide transport
activity but exhibits similar phenotypes as other mutant
aac2 alleles, these results suggest that mitochondrial damage
is independent of ADP/ATP exchange. Further evidence
came from the analysis of the double mutants combining
𝑎𝑎𝑐2
𝐴128𝑃 with mutations in the Arg252–254 triplet which

mitigates adenine transport function [89]. It was found that
the arginine mutations barley affects the inhibition of cell
growth by the 𝑎𝑎𝑐2𝐴128𝑃 allele. Mitochondrial damage is
therefore independent of nucleotide transport. In summary,
the data suggested that the mutant Aac2 proteins primarily
damage the inner membrane, which consequently affects
mitochondrial biogenesis. The loss of mtDNA integrity is
likely a consequence of membrane stress.

The global mitochondrial damage model is supported by
another study from El-Khoury and Sainsard-Chanet using
the filamentous fungi Podospora anserina as a model system
[90]. The A114P, L98P, and V289M alleles were introduced
into theP. anserinaANT1 ortholog,PaANT.The threemutant
strains showed a delayed and reduced rate of germination,
a slow vegetative growth rate, and other somatic and sex-
ual defects. In P. anserina, lifespan is a good indicator of
mtDNA integrity. The three mutant strains were suggested
to accumulate mtDNA deletions as they showed dramatically
reduced lifespan in certain mating type (mat−). Interestingly,
short lifespan caused by A114P and L98P mutations, but
not V289M, was suppressed by the rmp1-2 allele, which
is one of the two naturally occurring alleles of rmp1. The
rmp1 gene is associated with the timing of death and linked
to the mat locus tightly. The results indicated that the
lifespan in the A114P and L98P mutants is dependent on
whether it has the rmp1-1 or the rmp1-2 allele, but not the
mating type. Further studies suggested that premature cell
death is independent of mtDNA instability. Mutant strains
also exhibited decreased ROS production and mitochondrial
inner membrane potential, which could not be suppressed by
the rmp1-2 allele.

Another important finding in the yeast model is that
the missense aac2 alleles are all synthetically lethal with

the disruption of the YME1 gene, which encodes a chap-
erone/protease on the inner membrane for degradation of
misfolded proteins. This observation strongly suggests that
proteostatic stress on the membrane may be responsible for
the global mitochondrial damage and the inhibition of cell
growth [88].

7. Ant Mutations Induce Degenerative
Cell Death

The Chen group found that mitochondrial damage by the
mutant aac2 alleles causes aging-dependentDCD [89].When
yeast cells heterozygous for 𝐴𝐴𝐶2/𝑎𝑎𝑐2𝐴128𝑃 were individ-
ually spotted on complete glucose medium by micromanip-
ulation, a subfraction of cells formed barely visible micro-
colonies [87, 89]. The microcolonies contain 2,000∼4,000
cells that fail to divide and to produce proliferating lineages.
It appears that cells can divide for up to 12∼13 generations
before complete growth arrest. The delayed loss of the ability
to proliferate is termed degenerative cell death (DCD). DCD
is likely initiated by membrane stress-induced mtDNA loss
(Figure 3). As the aac2 mutants are 𝜌𝑜-lethal, mtDNA loss
therefore causes cell death. Cells can continue to divide for
limited cell generations aftermtDNA loss, probably reflecting
either progressive accumulation of cellular factors that inhibit
cell division or a dilution of mitochondrial factors that are
essential for cell viability. This is supported by pedigree
analysis showing that in haploid cells coexpressing AAC2
and 𝑎𝑎𝑐2𝐴128𝑃, the degenerative mother cell consistently pro-
duces degenerative daughter cells. The daughter cells likely
inherit the permanently damaged mtDNA from the mother
cell which causes cell death. Interestingly, DCD caused by
𝑎𝑎𝑐2
𝐴128𝑃 is aging dependent. Replicatively aged mother

cells have increased DCD. Approximate half of the founding
mother cells have their first degenerative daughter cells after
9∼11 cell divisions [89], which is a mid-age onset given that
the median lifespan of most Saccharomyces cerevisiae strains
is about 25 generations.

To understand the mechanism of DCD, much effort
has been invested to identify pathways that suppress the
degenerative process. It was found that geneticmanipulations
that reduce cytosolic protein synthesis remarkably suppress
DCD [89]. For instance, RPL6B encodes a component of 60S
ribosomal subunit and its disruption is expected to reduce
cytosolic protein synthesis. By meiotic analysis, 𝑎𝑎𝑐2𝐴128𝑃-
expressing segregants produce small and sectoring colonies
indicative of DCD, whereas cells harboring both 𝑎𝑎𝑐2𝐴128𝑃
and 𝑟𝑝𝑙6𝐵Δ form regular colonies as the wild type. Other
genes that suppress in the samemanner includeGRP1 (encod-
ing a G-protein-coupled receptor upstream of the protein
kinase A pathway), REI1 (involved in ribosomal biogenesis),
TOR1 and SCH9 (encoding kinases in the TOR signaling
pathway). DCD is also suppressed by cycloheximide, an
inhibitor of cytosolic protein synthesis, which further sup-
ports the model that reduced cytosolic protein synthesis
suppresses mitochondrial degeneration and DCD [89]. In
P. anserina, premature cell death and mtDNA instability
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Figure 3: Schematic diagram showing the proteostatic stress model
for the pathogenic mechanism of Ant1-induced degenerative cell
death.This model predicts that the mutant Ant induces proteostatic
stress on the mitochondrial inner membrane, which interferes
with general mitochondrial biogenesis and the maintenance of
membrane potential, followed by mtDNA destabilization. The
severe membrane damage and mtDNA destabilization collectively
contribute to degenerative cell death. Degenerative cell death is
suppressed by reduced cytosolic protein synthesis which improves
global proteostasis. Stars indicate the localization of mutations.

induced by ANT1mutations are suppressed by a mutation in
the AS1 gene encoding a ribosomal protein [90].

Expression of the 𝑎𝑎𝑐2𝐴128𝑃 allele shortens the replicative
lifespan of yeast cells in a dominant-negativemanner, and the
shortened lifespan is corrected by the disruption of RPL6B,
REI1, and SCH9 [89]. This observation supports an epistatic
interaction between mitochondrial inner membrane stress
and cytosolic protein homeostasis in the control of replicative
lifespan. A role of mitochondria in aging and lifespan control
is well established [91, 92]. It has been extensively docu-
mented that adaptive mitochondria-to-nucleus signaling via
the retrograde-response pathway increases cell’s lifespan (for
review, see [93]). It remains unknown whether 𝑎𝑎𝑐2𝐴128𝑃-
induced mitochondrial damage triggers an adaptive adjust-
ment of cytosolic protein homeostasis during replicative
aging.

8. Conclusions and Prospects

The pathogenic mechanism of Ant1-induced human diseases
is not fully settled. Studies using yeast cells have indicated that
the mutant Ant1 may gain a novel property to affect global
mitochondrial biogenesis in addition to a potential effect
on nucleotide homeostasis. The mutant Ant either directly
uncouples the respiration or indirectly compromises protein
homeostasis on the membrane which subsequently affects
mitochondrial biogenesis. The severe inner membrane dam-
age is manifested by DCD. DCD is initiated by inner mem-
brane damage, followed by mtDNA loss and progressive loss
of cell viability because of 𝜌𝑜-lethality. These characteristics
distinguish it from currently described forms of cell death in
yeast including apoptosis and necrosis. Ant-induced DCD is
suppressed by reduced cytosolic protein synthesis. This find-
ing strongly suggests that proteostatic stress may play a role

in cell degeneration (Figure 3). Future studies are required to
understand the mechanism of Ant-induced membrane stress
and its contribution to aging-dependent cell degeneration.
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Côrte-Real, “ADP/ATP carrier is required for mitochondrial
outer membrane permeabilization and cytochrome c release in
yeast apoptosis,”Molecular Microbiology, vol. 66, no. 3, pp. 571–
582, 2007.

[52] C. Pereira, S. Chaves, S. Alves et al., “Mitochondrial degradation
in acetic acid-induced yeast apoptosis: the role of Pep4 and the
ADP/ATP carrier,” Molecular Microbiology, vol. 76, no. 6, pp.
1398–1410, 2010.

[53] H. Pereira, F. Azevedo,A. Rego,M. J. Sousa, S. R. Chaves, andM.
Corte-Real, “The protective role of yeast Cathepsin D in acetic
acid-induced apoptosis depends on ANT, (Aac2p) but not on
the voltage-dependent channel (Por1p),” FEBS Letters, vol. 587,
no. 2, pp. 200–205, 2013.

[54] B. H. Graham, K. G. Waymire, B. Cottrell, I. A. Trounce, G. R.
MacGregor, and D. C. Wallace, “A mouse model for mitochon-
drial myopathy and cardiomyopathy resulting from a deficiency
in the heart/muscle isoform of the adenine nucleotide translo-
cator,” Nature Genetics, vol. 16, no. 3, pp. 226–234, 1997.

[55] E. Z. Jordens, L. Palmieri,M.Huizing et al., “Adenine nucleotide
translocator 1 deficiency associated with Sengers syndrome,”
Annals of Neurology, vol. 52, no. 1, pp. 95–99, 2002.

[56] J. D. Sharer, “The adenine nucleotide translocase type 1 (ANT1):
a new factor in mitochondrial disease,” IUBMB Life, vol. 57, no.
9, pp. 607–614, 2005.

[57] J. A.Mayr, T. B. Haack, E. Graf et al., “Lack of themitochondrial
protein acylglycerol kinase causes sengers syndrome,” The
American Journal of HumanGenetics, vol. 90, no. 2, pp. 314–320,
2012.

[58] K. A. Strauss, L. Dubiner, M. Simon et al., “Severity of car-
diomyopathy associated with adenine nucleotide translocator-1
deficiency correlates with mtDNA haplogroup,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 110, no. 9, pp. 3453–3458, 2013.

[59] G. W. Padberg, P. W. Lunt, M. Koch, and M. Fardeau, “Diag-
nostic criteria for facioscapulohumeral muscular dystrophy,”
Neuromuscular Disorders, vol. 1, no. 4, pp. 231–234, 1991.

[60] C. Wijmenga, J. E. Hewitt, L. A. Sandkuijl et al., “Chromosome
4q DNA rearrangements associated with facioscapulohumeral
muscular dystrophy,” Nature Genetics, vol. 2, no. 1, pp. 26–30,
1992.

[61] D. Gabellini, M. R. Green, and R. Tupler, “Inappropriate gene
activation in FSHD: a repressor complex binds a chromosomal
repeat deleted in dystrophicmuscle,”Cell, vol. 110, no. 3, pp. 339–
348, 2002.

[62] S. M. van der Maarel and R. R. Frants, “The D4Z4 repeat-
mediated pathogenesis of facioscapulohumeral muscular dys-
trophy,”TheAmerican Journal of Human Genetics, vol. 76, no. 3,
pp. 375–386, 2005.

[63] R. J. L. F. Lemmers, P. J. van der Vliet, R. Klooster et al.,
“A unifying genetic model for facioscapulohumeral muscular
dystrophy,” Science, vol. 329, no. 5999, pp. 1650–1653, 2010.

[64] D. Gabellini, G. D’Antona, M. Moggio et al., “Facioscapulo-
humeral muscular dystrophy in mice overexpressing FRG1,”
Nature, vol. 439, no. 7079, pp. 973–977, 2006.

[65] D. Laoudj-Chenivesse, G. Carnac, C. Bisbal et al., “Increased
levels of adenine nucleotide translocator 1 protein and response
to oxidative stress are early events in facioscapulohumeral
muscular dystrophymuscle,” Journal ofMolecularMedicine, vol.
83, no. 3, pp. 216–224, 2005.

[66] B. Clemencon, M. Babot, and V. Trezeguet, “Themitochondrial
ADP/ATP carrier (SLC25 family): pathological implications of
its dysfunction,”Molecular Aspects of Medicine, vol. 34, no. 2-3,
pp. 485–493, 2013.

[67] M. le Bras, A. Borgne-Sanchez, Z. Touat et al., “Chemosensi-
tization by knockdown of adenine nucleotide translocase-2,”
Cancer Research, vol. 66, no. 18, pp. 9143–9152, 2006.



10 Oxidative Medicine and Cellular Longevity

[68] R.Moreno-Sanchez, S. Rodriguez-Enriquez, A.Marin-Hernan-
dez, and E. Saavedra, “Energymetabolism in tumor cells,” FEBS
Journal, vol. 274, no. 6, pp. 1393–1418, 2007.

[69] M.-F. Giraud and J. Velours, “The absence of the mitochondrial
ATP synthase 𝛿 subunit promotes a slow growth phenotype of
rho- yeast cells by a lack of assembly of the catalytic sector F

1
,”

The European Journal of Biochemistry, vol. 245, no. 3, pp. 813–
818, 1997.

[70] X. J. Chen and G. D. Clark-Walker, “Specific mutations in
𝛼 and 𝛾-subunits of F1-ATPase affect mitochondrial genome
integrity in the petite-negative yeast Kluyveromyces lactis,”
EMBO Journal, vol. 14, no. 13, pp. 3277–3286, 1995.

[71] X. J. Chen and G. D. Clark-Walker, “Themitochondrial genome
integrity gene, MGI1, of Kluyveromyces lactis encodes the 𝛽-
subunit of F

1
-ATPase,” Genetics, vol. 144, no. 4, pp. 1445–1454,

1996.
[72] X. J. Chen and G. D. Clark-Walker, “The petite mutation in

yeasts: 50 years on,” International Review of Cytology, vol. 194,
pp. 197–238, 2000.

[73] A. Chevrollier, D. Loiseau, P. Reynier, and G. Stepien, “Adenine
nucleotide translocase 2 is a key mitochondrial protein in can-
cer metabolism,” Biochimica et Biophysica Acta, vol. 1807, no. 6,
pp. 562–567, 2011.

[74] K. Buchet and C. Godinot, “Functional F
1
-ATPase essential

in maintaining growth and membrane potential of human
mitochondrial DNA-depleted 𝜌∘ cells,” Journal of Biological
Chemistry, vol. 273, no. 36, pp. 22983–22989, 1998.

[75] J. Kaukonen, J. K. Juselius, V. Tiranti et al., “Role of adenine
nucleotide translocator 1 in mtDNAmaintenance,” Science, vol.
289, no. 5480, pp. 782–785, 2000.

[76] L. Napoli, A. Bordoni, M. Zeviani et al., “A novel missense
adenine nucleotide translocator-1 gene mutation in a greek
adPEO family,” Neurology, vol. 57, no. 12, pp. 2295–2298, 2001.

[77] H.Komaki, T. Fukazawa,H.Houzen, K. Yoshida, I. Nonaka, and
Y. Goto -I, “A novel D104G mutation in the adenine nucleotide
translocator 1 gene in autosomal dominant progressive external
ophthalmoplegia patients withmitochondrial DNAwithmulti-
ple deletions.,” Annals of Neurology, vol. 51, no. 5, pp. 645–648,
2002.

[78] G. van Goethem, B. Dermaut, A. Löfgren, J.-J. Martin, and C.
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Uroporphyrinogen decarboxylase (Hem12p) and transketolase (Tkl1p) are key mediators of two critical processes within the cell,
heme biosynthesis, and the nonoxidative part of the pentose phosphate pathway (PPP). The redox properties of both Hem12p
and Tkl1p from Saccharomyces cerevisiae were investigated using proteomic techniques (SRM and label-free quantification) and
biochemical assays in cell extracts and in vitrowith recombinant proteins.The in vivo analysis revealed an increase in oxidized Cys-
peptides in the absence of Grx2p, and also after treatment with H

2
O
2
in the case of Tkl1p, without corresponding changes in total

protein, demonstrating a true redox response. Out of three detectable Cys residues in Hem12p, only the conserved residue Cys52
could be modified by glutathione and efficiently deglutathionylated by Grx2p, suggesting a possible redox control mechanism
for heme biosynthesis. On the other hand, Tkl1p activity was sensitive to thiol redox modification and although Cys622 could
be glutathionylated to a limited extent, it was not a natural substrate of Grx2p. The human orthologues of both enzymes have
been involved in certain cancers and possess Cys residues equivalent to those identified as redox sensitive in yeast. The possible
implication for redox regulation in the context of tumour progression is put forward.

1. Introduction

During the initiation and progression of any disease state
there is a shift in the metabolic programming within the
cell. The increasing accuracy and availability of genomic,
proteomic and systems biology approaches have allowed
researchers to identify and understand how specific
metabolic pathways are deregulated as a result of a disease
state. The identification and modulation of key proteins,
located at crucial junctions that can control metabolic flow,
would offer promising therapeutic candidates for a number
of disease states [1]. Saccharomyces cerevisiae, due to its large
number of mammalian homologues and gene similarity
together with ease of manipulation, has proved a model

organism for basic research into the metabolic functions and
regulation of particular proteins [2, 3].

One common basic characteristic to all types of cancers
is reprogramming of energy metabolism to generate ATP
through intense glycolytic flux with enhancement of lactate
production and decreased respiration rate in spite of oxygen
availability, a phenomenon known as “the Warburg effect”
[3, 4]. Today we know that this metabolic adaptation is
not due to mitochondrial damage since under certain cir-
cumstances cancer cells can switch back to respiration and
grow faster. S. cerevisiae experiences the “Crabtree effect,” the
ability to repress respiration and oxidative phosphorylation in
response to glucose and changing to respiratory metabolism
when glucose availability decreases, a behavior resembling
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that of cancer cells [5]. The prevailing paradigm is that
cancer cells achieve a compromised balance between energy
production and synthesis of macromolecules from glycolytic
precursors [6] and the regulatory mechanisms behind this
peculiar behavior are a hot topic in cancer research. S.
cerevisiae could prove particularly suitable asmodel organism
to study the regulatory key points governing this metabolic
remodeling [3].

Iron serves as a cofactor for a wide variety of cellular
processes, including oxygen transport, cellular respiration,
the tricarboxylic acid (TCA) cycle, lipid metabolism, syn-
thesis of metabolic intermediates, gene regulation, and DNA
replication and repair [7]. Complex biosynthetic pathways
are used for the assembly of Fe-porphyrin (Heme) and Fe–
S clusters, essential cofactors of a large number of important
enzymes. Alterations in iron homeostasis underlie many
human diseases, including Friedreich’s ataxia, hereditary
hemochromatosis, aceruloplasminemia, Parkinson’s disease,
microbial pathogenesis, and cancer, as well as aging [8].

Our understanding of many of the known metabolic dis-
orders concerning iron and its relationship to the mitochon-
dria comes directly from yeast studies [7]. These pathways
are tightly regulated due to the potential for the excessive
production of reactive oxygen species (ROS) as a result of
electron leakage. ROS are necessary for normal cell function
and signalling, essentially by reversible redox modifications
of specific cysteine residues on key proteins. This offers a
quick and effective means for controlling a wide and diverse
range of biological functions within the cell, whether by
direct modulation of the catalytic sites, facilitating cofactor
or substrate binding thus modulating their conformation or
regulatory role [9]. The reversible oxidation and reduction
of protein thiols by disulfide oxidoreductases with conserved
active sites, such as thioredoxins (Trx’s) and glutaredox-
ins (Grx’s), can alter the functions of enzymes, receptors,
transporters, and transcription factors [10]. The formation
of protein mixed disulfides with glutathione (protein-SSG)
is a specific form of redox modification called glutathiony-
lation whose reversibility or deglutathionylation is primary
catalyzed by Grx’s [11]. Aberrant regulation of protein glu-
tathionylation/deglutathionylation reactions due to changes
in glutaredoxin activity can disrupt both apoptotic and
survival signaling pathways [12].

A recent report demonstrated increases in ROS in human
lung cancer cells caused the oxidation of a Cys358 of pyruvate
kinase M2. As a consequence, glucose flux was diverted into
the PPP to generate reducing power for antioxidant defenses
[13]. Using a redox proteomic approach, we had previously
identified this conserved cysteine residue in the yeast isoform
of pyruvate kinase as redox sensitive in response to oxidative
stress (OS) [14]. We confirmed that reversible redox mod-
ification of specific Cys residues of key glycolytic proteins
allows a redirection of energymetabolites towards the PPP for
NADPH production and antioxidant defense, as described
earlier for glyceraldehyde-3-phosphate dehydrogenase [15–
17]. In a subsequent redox shotgun proteomic screen using
wild type (WT) yeast and a strain lacking the oxidoreduc-
tase glutaredoxin 2 (Grx2p), uroporphyrinogen decarboxy-
lase (Hem12p) and transketolase (Tkl1p) were detected as

containing reversibly oxidized Cys residues only in the strain
lacking Grx2p, indicating they are involved in thiol disulfide
exchange [18]. In the approach, proteins were tryptic digested
and peptides containing reversibly oxidized Cys residues
were affinity purified and analysed by MS/MS. The clear
differences in the redox state of specific Cys residues of
Hem12p and Tkl1p suggest that theymay be direct or indirect
targets of Grx2p. These proteins were selected for further
analysis on the basis of their crucial roles in metabolism
within the cell, as described above, and to clarify their redox
properties.

In the nonoxidative part of the PPP, transketolase is a key
enzyme that is located at the metabolic junction between the
glycolytic and the PPP, which makes it an ideal candidate
for the regulation of metabolic flux (Figure 1(a)). Its role is
widespread across all life kingdoms as it also plays a similar
role in the Calvin Cycle in plants. The PPP is essential for
the production of NADPH, ribulose 5-phosphate needed for
nucleotide biosynthesis, and erythrose 4-phosphate needed
for aromatic amino acid biosynthesis.The reactions catalyzed
by Tkl1p are essential for the diversion of the glycolytic
metabolic flux toward biosynthetic pathways, which are espe-
cially active in rapidly proliferating cells. Not surprisingly,
transketolase activity is increased in tumour cells [19].

Cancer therapies are increasingly being focused on the
biochemistry of cancer cells as opposed to their genetic
origins [20], hence understanding of regulatory mechanisms
is essential to effectively target these cells [21].

Uroporphyrinogen decarboxylase, Hem12p, is involved
in the 5th step of heme biosynthesis in the cytosol, before
biosynthesis is completed within mitochondria (Figure 1(b))
[22]. Beside its well-known roles in oxygen transport, elec-
tron transfer, and peroxide metabolism, heme is central to
oxygen sensing in many living organisms and plays a signal-
ing role in a wide array of biological processes [23]. Altered
heme expression and accumulation of heme intermediates,
are responsible for a number of diseases generally referred to
as porphyrias. Defects in the activity of the humanorthologue
of Hem12p, UroD, are associated with hepatoerythropoietic
porphyria [24]. Overexpression of UroD has been recently
demonstrated in tumour biopsies of patients with head and
neck cancer [25].

In this study we characterized the redox properties of
these enzymes from an in vivo experiment in S. cerevisiae
and after exposure to H

2
O
2
. Hem12p and Tkl1p contain

specific Cys residues that are redox sensitive, but yet they
differ in their response to OS. To further investigate their
properties in vitro we produced recombinant versions of
these proteins and characterized their redox properties by
traditional biochemical assays in combination with high-
resolution proteomics to both identify and quantify the
oxidative modifications on specific Cys residues.

2. Material and Methods

2.1. Materials. All reagents and chemicals were obtained
from Sigma unless stated and were of analytical grade or
above. The buffer used throughout unless stated was 50mM
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Figure 1: Metabolic positioning of Tkl1p and Hem12p. (a) Transketolase (Tkl1p) catalyses a number of reactions in the PPP, linking
energy metabolism, antioxidant response, and biosynthesis of nucleic acids and aromatic amino acids. (b) Uroporphyrinogen decarboxylase
(Hem12p) catalyses the 5th step in heme biosynthesis before biosynthesis is completed within mitochondria. Heme biosynthesis is closely
linked to oxygen tension and iron homeostasis. ALA, 5-aminolevulinic acid; Urogen, Coprogen, and Protogen stand for uroporphyrinogen,
coproporphyrinogen, and protoporphyrinogen, respectively. Other abbreviations are those usually employed for common metabolites.

Tris-Cl, pH 8.0. Recombinant Hem12p and Tkl1p were
produced by Abyntek Biopharma S.L. (Spain). Proteins were
overexpressed in E. coli using synthetic DNA with codon
optimization, C-terminal tagged with poly-histidine, and
purified by affinity capture on Ni-Sepharose.

2.2. Strain, Growth Conditions, and Analysis of the “Thiol
Redox Peptidome”. S. cerevisiae strains used for redox
peptidome analysis were CMML235 (WT), MATa, ura3-
52, leu2Δ1, his3Δ200, and MML44 (ΔGrx2), CML235 +
grx2::LEU2, a kind gift from Professor E. Herrero, University
of Lleida, Spain [27]. Cells were grown on YPD medium at
30∘Cuntil exponential phase (optical density of∼1 at 600 nm)
and were treated (or not) with 1mM H

2
O
2
for 30min.

Shaking was set at 180 rpm and 1.5 L conical flasks containing
250mL of media were used. Cells from three independent
biological replicates were harvested and the reversibly oxi-
dized Cys containing peptides were isolated and identified
as described previously [14, 18]. Briefly, in cell extracts
free thiols were initially blocked with N-ethylmaleimide
(NEM), and reversibly oxidized thiols were then reduced
and subsequently labelled with thiol specific, biotin-HPDP.
Proteins were tryptic digested and those peptides containing
reversibly oxidized Cys residues were affinity purified on
avidin Sepharose and analysed by MS/MS. These peptides
were used to identify proteins and to map the reversibly
oxidized cysteines.

2.3. Mass Spectrometry Analysis. Initial mass spectrometry
analysis was performed as before [18]. Samples containing

the affinity purified peptides were subjected to complete
evaporation in a Speedvac centrifuge and then suspended in
20𝜇L of 5% acetonitrile/2% formic acid. 5𝜇L was used for
the analysis in a Surveyor HPLC-LTQ Orbitrap XL (Thermo,
USA) instrument equippedwith a nanospray source. Peptides
were trapped and cleaned in an Agilent 300SB-C18 5 ×
0.3mm trap column (Agilent Technologies, Germany) at a
flow rate of 10 𝜇L/min of 5% acetonitrile/0.1% formic acid for
15min and then resolved in a Biobasic-18 100 × 0.075mm
column (Thermo, USA) at a flow rate of 0.3 𝜇L/min postsplit-
ting for 60min using an acetonitrile gradient, supplemented
with 0.1% formic acid, from 5 to 40%. The spray voltage and
the capillary temperature of the MS were set to 2.0 kV and
170∘C, respectively. Over the total analysis time, one Full Scan
in FT mode at resolution 30000@400m/z in the range 400–
1500m/z followed by fiveCID activatedMS/MS in dependent
mode corresponding to the five most abundant masses, was
acquired. Dynamic exclusion was set to on.

For MALDI-TOF/TOF analysis peptides were desalted
and concentrated by using 𝜇C-18 ZipTip columns (Millipore)
and directly loaded onto the MALDI plate using 𝛼-cyano
hydroxycinnamic acid as the matrix. Mass analysis of pep-
tides of each samplewas performedwith aMALDI-TOF/TOF
(4800, AB Sciex) mass spectrometer using 𝑚/𝑧 range up to
10,000, with an accelerating voltage of 20 kV. Spectra were
internally calibrated with peptides from trypsin autolysis (M
+ H+= 842.509, M + H+= 2211.104). Dynamic modifications
included for Cys residues included NEM, glutathionylation,
oxidation (–SOH), dioxidation (–SO

2
H), and trioxidation (–

SO
3
H).
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2.4. Label-Free Quantification. The relative quantification
of detected Cys containing peptides was performed from
affinity purified reversibly oxidized tryptic peptides from
cell extracts and separately from recombinant proteins using
Progenesis software (Version 3.0, Nonlinear Dynamics, UK),
a label-free quantification programme for MS data [28].
The data from 3 independent replicates of the MS scans
and MS/MS spectra were transformed to peak lists with
Progenesis LC-MS using a proprietary algorithm and then
stored in peak lists comprising m/z and relative abundance
that show significant differences in the peak areas of parent
ions using an ANOVA (𝑃 value < 0.05) analysis within the
programme. One sample was set as a reference, and the
retention times of all other samples within the experiment
were aligned to this sample. In the case of the recombinant
proteins after different treatments, the relative oxidation state
of the Cys residues was calculated by taking the sum of the
abundance of the Cys containing peptide with appropriate
modification and normalising it against the abundance of the
whole protein, that is, the relative abundance of all peptides
detected corresponding to that protein. This is explained in
more detail in Supplementary Information.

A selective reaction monitoring (SRM) experiment with
appropriate proteotypic peptides for Hem12p and Tkl1p was
performed to determine if there were significant differences
in their concentrations between yeast strains. Initially, the
recombinant proteinswere diluted, tryptic digested, and anal-
ysed in a triple quadrupole mass spectrometer (4000 QTrap,
ABI Sciex). The diluted proteins and their peptides were
quantified using Progenesis label-free quantification (Figure
S1). Five proteotypic peptides and appropriate transitions
were selected from http://www.SRMatlas.org/ [29], for each
recombinant protein. The major transition for each peptide
was used in a SRM analysis for the relative abundance of each
protein in WT and ΔGrx2 yeast strains. Two independent
biological replicates of the yeast strains were analyzed by
positive ion ESI LC-MS2 on a triple quadrupole mass spec-
trometer (4000 Qtrap, ABI Sciex). Samples were cleaned on
a Zorbax 300SB-C18, 5mm × 0.3mm trap column (Agilent
Technologies) for 5min at a flow rate of 10 𝜇L/min and 95%
solvent A (solvent A: 0.1% formic acid on water; solvent B:
0.1% formic acid on acetonitrile). Peptides were separated
in gradient mode using a flow rate of 300 nL/min over a
75 𝜇m × 150mm Biobasic C18 column (Thermo). Gradient
was as follows: 60min from 5% to 40% B, 10min from 40% to
65% B. Eluted peptides were directly electrosprayed into the
mass spectrometer at ESI voltage = 2800V. The instrument
was set up to cycle through all SRM transitions, followed by
one enhanced resolution scan (ER) of the most prominent
mass and one enhanced product ion scan (EPI, with Q0
trapping activated and scan rate of 1000 amu) of the selected
mass. For SRM transitions, Q1 resolution was set to high
(resolution = 2500, FWHM = 0.4Da at m/z = 1000) and
Q3 resolution was set to unit (resolution = 1700, FWHM =
0.6Da at m/z = 1000). Dwell time for all MRM transitions
was set to 50ms. Specific instrument settings were as follows:
Declustering Potential (DP) = 100, EP = 10, Curtain Gas
(CUR) = 10, CAD gas = 12, Interface Heater Temperature
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Figure 2: Scheme for recombinant protein redox analysis. (1) Pro-
teins are initially reduced with TCEP and an aliquot is removed and
blocked with NEM; (2) the remaining protein is glutathionylated
with a high concentration of GSSG, and an aliquot is removed
and any remaining free thiols are blocked with NEM; (3) the
protein aliquots removed are desalted and incubated with the
Grx2p system and newly formed free thiols are blocked with NEM.
Aliquots prepared are used for analysis by MS/MS and free thiol
determinations using DTNB.

(IHT) = 80∘C. Peak detection and automatic quantification
methods were built using Analyst 1.4.2 software (AB Sciex).
To ensure correct peak identification and quantification, peak
detection was inspected visually for coelution, similar shape,
and for retention order.

2.5. In Vitro Redox Interconversion. In vitro redox conver-
sion of recombinant proteins was performed as described
previously [30] and outlined in Figure 2. Briefly, recom-
binant protein was initially reduced with 50𝜇M TCEP
(tris(2-carboxyethyl)phosphine) for 30min; the mixture
was incubated with 20mM GSSG or dieosinediglutathione
(DiEGSSG) or Tris buffer for controls at 37∘C for 30min.
After incubation, excess GSSG was removed by Zeba spin
Desalting Columns (Thermo). In the case of Tkl1p, thiamine
pyrophosphate (TPP) and MgCl

2
were maintained in the

buffer and subsequently added to themixture after any desalt-
ing procedures. For deglutathionylation, following treatment
with GSSG, the proteins were incubated with Grx2p mix
containing, 5 nM yeast recombinant Grx2p [31], 0.4mM
NADPH, 0.75mM GSH, and 80 nM glutathione reductase
(GR) (all Sigma). Remaining reduced thiol groups were
subsequently blocked with NEM at all stages. Aliquots of the
mixture containing 10 𝜇M of protein were subjected to 12%
SDS-PAGE electrophoresis under nonreducing conditions.
Gels were stained with Coomassie R-250 and duplicate gels
were transferred to nitrocellulose membranes and reversibly
stained with Ponceau S to ensure complete transfer. Mem-
branes were blocked with 2% BSA in tris buffered saline
containing 0.5% tween (TBS-T) and incubated with primary
antibody anti-GSH (Virogen, Watertown, USA) using a
dilution of 1 : 1500. Membranes were washed with TBST
and incubated with secondary goat anti-mouse (Sigma) at
a concentration of 1 : 4000 and the chemiluminescent signal
was detected by using a LAS-3000 camera (Fujifilm, Tokyo).

Free thiol content of proteins was estimated using Ell-
man’s reagent (5,5-dithiobis-2-nitrobenzoic acid, DTNB) at
412 nm in Tris buffer pH 8.0 [32]; measurements were
performed from three independent preparations. MS/MS
analysis of recombinant proteins was performed as described
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Table 1: Label-free MS quantification of reversibly oxidised Cys residues of Hem12p and Tkl1p using Progenesis. Peptides detected in a
shotgun proteomic screen of reversibly oxidised Cys residues using the redox affinity enrichment approach in WT and ΔGrx2 yeast strains
±1mMH2O2. Units are arbitrary for intensity of parent ions.

Protein and Cys peptide Peak intensity of oxidized Cys peptide (arbitrary units)
WT WT + H2O2 ΔGrx2 ΔGrx2 + H2O2

Tkl1p (Cys622)
LSVLPDNVPIMSVEVLATTCWGK 2.3 22.9∗∗ 9.5 58.5∗∗

Hem12p (Cys26)
VERPPCWIMR 5.0 7.0 30.0∗ 23.2

∗Hem12p had a sixfold increase in the detection of reversibly oxidised Cys26 in the ΔGrx2 strain compared to WT (𝑃 = 0.0042). ∗∗Tkl1p was increased in
both strains after H2O2 treatment and more significantly in the ΔGrx2 strain; this peptide was detected with 𝑧 = 2 (𝑃 = 0.00471) and 𝑧 = 3 (𝑃 = 0.0109).
Peak intensities are given in arbitrary units ×104 (Tkl1p) and ×103 (Hem12p).

with separate aliquots of the protein mixtures digested with
sequencing grade trypsin (Promega) and stored at −70∘C.

2.6. Fluorescent Deglutathionylation. DiEGSSG was from
IMCO Ltd (Stockholm, Sweden) and a kind gift from Profes-
sor Arne Holmgren, Karolinska Institute, Sweden. This glu-
tathione disulfide derivative has low fluorescence due to self-
quenching, while the reduced eosin-glutathione (eosin-GSH)
has high fluorescence. Protein concentrations of recombinant
proteins were determined using absorbance at 280 nm and
the appropriate molar extinction coefficient for each pro-
tein (BSA = 43824M−1 cm−1, Hem12p = 58900M−1 cm−1,
and Tkl1p = 88240M−1 cm−1). Proteins were incubated
with excess DiEGSSG and labelling with eosin-GSH was
monitored using the molar extinction coefficient of eosin
isothiocyanate (EITC) at 525 nm (=56000M−1 cm−1). 1 𝜇M
of fluorescently labelled protein was incubated with “Grx2p
mix” as above for over 5min. Kinetic measurements were
recorded over 5min in a Synergy HT (Bio-Tek) 96-well fluo-
rescence plate reader with excitation at 485 nm and emission
528 nm. Positive control used was BSA labelled with eosin-
GSH with complete Grx2p system (IMCO, Sweden) and
negative control was a duplicate but lacking Grx2p system.
Deglutathionylation activity by Grx2p was determined from
three independent redox interconversion preparations for
each recombinant protein and also measured in duplicate.

2.7. Transketolase Activity. Activity was determined by oxida-
tion of NADH at 340 nm over 5min in a coupled reaction as
described previously [33]. Briefly the reaction mixture con-
taining xylulose 5-phosphate (2mM), TPP (10 𝜇M), MgCl

2

(1.2mM), triosephosphate isomerase (1 unit), glyceraldehyde
phosphate dehydrogenase (1 unit), NADH (10 𝜇M), and
ribose 5-phosphate (10mM)was allowed to equilibrate before
the addition of 1.5𝜇Mof transketolase treatedwith orwithout
different sulfhydryl reagents. When Tkl1p ± GSSG treated
with 1mM NEM was analysed, the reagent was carried over
into the assaymixture at a final concentration of 0.01mM, but
this concentration of NEM hadminimal effect on the activity
of the enzyme. Duplicate preparations were performed for
Tkl1p and Tkl1p + GSSG, activity was measured in triplicate,
and statistics were performed using two tailed paired Stu-
dent’s 𝑡-test.

3. Results

3.1. Redox Analysis of the Proteome: Relative Quantification
of the Reversibly Oxidized Cys Residues from Protein Extracts
of Cell Cultures Reveals that Hem12p and Tkl1p Are Redox
Sensitive Proteins. Reversibly oxidizedCys containing tryptic
peptides of cell extracts from both WT and ΔGrx2 and after
exposure to 1mM H

2
O
2
for 30min were affinity purified,

analysed, identified by MS/MS, and relatively quantified
using the label-free quantification programme Progenesis
LC-MS (Table 1). In the case of Hem12p, only Cys26 was
detected as reversibly oxidized in cell extracts and there was
no significant change in the signal intensity of the parent
ion of the peptide containing Cys26 after H

2
O
2
treatment,

yet there was a sixfold increase in the amount of reversibly
oxidized Cys26 parent ion in the ΔGrx2 strain.

In the case of Tkl1p only one of the two Cys residues,
Cys622, could be detected. The tryptic peptide containing
reversibly oxidized Cys622 was detected with a higher abun-
dance in the ΔGrx2 strain but more significantly in both
strains after H

2
O
2
treatment. We relatively quantified the

proteins between strains using SRM to confirm that the
increase in the detection of the Cys redox peptides was due
to oxidation of the Cys residue and not to an increase in the
protein concentrations. Table 2 lists the proteotypic peptides,
the appropriate transitions used for each peptide, and the
ratio of detection between strains. Despite some variability
on the behaviour of the proteotypic peptides and transitions
selected, it is clear that a change in protein total concentration
cannot account for the significant increase in abundance
of the oxidized Cys peptides detected in the ΔGrx2 strain
compared to WT. According to these results, both Hem12p
and Tkl1p showed a true redox response on their Cys residues
upon H

2
O
2
treatment and/or Grx2p depletion.

A striking increase in the oxidized form of Cys-peptides
was the common response of both enzymes to the absence of
Grx2p, suggesting they could be prone to glutathionylation
[11]. To check this possibility, we prepared the recombinant
forms of Hem12p and Tkl1p and studied the glutathione
dependent redox interconversion in vitro by both redox
proteomic and biochemical strategies. A scheme for the
strategy employed is outlined in Figure 2. Proteins were
initially reduced using a trace of the thiol reductor TCEP
and glutathionylated using a high concentration of oxidized
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Table 2: SRMquantification ofHem12p and Tkl1p inWT andΔGrx2 yeast strains. Proteotypic peptides and transitions used for SRM analysis
and relative quantification are shown. Peak intensity is given in arbitrary units ×104. SRM was performed with two independent biological
replicates.

Proteotypic peptide Q1 (𝑚/𝑧) Q3 (𝑚/𝑧) Fragmentation Peak intensity
WT ΔGrx2

Uroporphyrinogen decarboxylase
VTLQGNLDPGVMYGSK 839.93 838.41 2+/y8 2.35 1.66
DAEIASEITIQPVR 771.41 1113.63 2+/y10 1.87 ND
YIVNFGHGTHPFMDPDVIK 1094.04 1061.53 2+/y9 3.32 ND
NPEDLQTVLDYK 717.86 979.55 2+/y8 5.16 6.33
QMIEAFGGGK 519.26 665.33 2+/y7 2.42 ND

Transketolase
FFGFTPEGVAER 678.83 757.39 2+/y7 9.70 4.10
QNLPQLEGSSIESASK 844.43 1332.66 2+/y13 0.63 0.18
SFVVPQEVYDHYQK 580.29 653.81 2+/y10 9.41 6.63
ANSGHPGAPLGMAPAAHVLWSQMR 819.41 919.49 2+/y7 0.22 0.23
SLPNIQVWRPADGNEVSAAYK 772.40 938.46 2+/y9 0.28 0.21

ND not detected.

glutathione (GSSG), a strategy widely employed by many
groups [34, 35]. The proteins were desalted to remove excess
GSSG and subsequently incubated with the Grx2p system
(Grx2p, glutathione reductase (GR),NADPH,GSH) tomoni-
tor deglutathionylation. Aliquots are taken at each stage with
remaining free thiols blocked with NEM before analysis by
MS/MS.

3.2. Hem12p: Cys52 of Hem12p Can Be Glutathionylated and
Subsequently Deglutathionylated by Grx2p In Vitro. Treat-
ment of Hem12pwith GSSG produced a glutathionylated ver-
sion of the protein as detected initially in a preliminary anal-
ysis by Immunoblotting (not shown). Following the scheme
outlined in Figure 2, we obtained 3 samples of the protein:
(1) fully reduced, (2) GSSG treated (glutathionylated), and (3)
incubated with a Grx2p system (theoretically deglutathiony-
lated). Tryptic digestion of these samples, analysis byMS/MS,
and quantification of the total protein and individual peptides
containing Cys confirmed the identification of the glu-
tathionylated Cys residues (Figures 3 and 4). In this analysis,
the most susceptible identifiable residue to glutathionylation
is Cys52 and incubation with the Grx2p system resulted in
almost complete deglutathionylation of the residue. Hem12p
contains 6 Cys residues within 5 tryptic peptides, where 1
peptide contains 2 Cys residues (Figure 5). We detected 4
of the 5 peptides, the remaining peptide containing 2 Cys
residues being nonamenable to MS/MS detection due to size
or amino acid composition (peptide containing Cys126 did
not fragment well and was not included in analysis). Reduced
Hem12p had an average free thiol content of 4.5 𝜇M/𝜇M
protein and Hem12p treated with GSSG had an average
free thiol content of 1.25 𝜇M/𝜇M protein as determined by
titration with DTNB, indicating that ≈3Cys residues were
oxidized per proteinmolecule.Therefore, we also cannot rule
out (de)glutathionylation of Cys270/271 or Cys126.

Inspection of the extracted ion chromatograms for the
Cys52 peptide confirmed that the parent ion containing

1 2 3 1 2 3 1 2 3
Cys26 Cys52 Cys356

Hem12p progenesis redox quantification
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Figure 3: Redox interconversion of Hem12p. Hem12p was initially
reduced with TCEP followed by either incubation with NEM
(sample 1), incubation with GSSG followed by NEM (sample 2),
incubation with GSSG followed by Grx2p system, and then NEM
(sample 3). Progenesis quantification of modified thiol groups was
carried out using the signal intensity of parent ions for the treated
recombinant protein. Recombinant protein quantification for each
treatment is normalized to all peptides detected and quantified for
the recombinant protein (see Supplementary Information available
online at http://dx.doi.org/10.1155/2013/932472 for further descrip-
tion of the method).

the glutathione moiety is almost completely reduced after
incubation with Grx2p system (Figure 4).

In a separate assay to confirm deglutathionylation by
Grx2p, we used a fluorescent GSSG moiety (DiEGSSG),
where fluorescence is quenched when it is part of a disulfide
and fluorescence is liberated in the form of eosin-GSH [36].
We labelled Hem12p with this reagent and calculated, using
appropriate molar extinction coefficients, that for every mole
of Hem12p, there was ∼1.5 moles of fluorescent glutathione
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Figure 4:MS analysis of recombinantHem12p. (a) Representative extracted ion chromatograms (XIC) of peptideNNRDFFQTCRwithCys52
of Hem12p (a) reduced, (b) +GSSG, (c) +Grx2p system. Traces in the upper panels correspond to the reduced peptide followed by alkylation
with NEM (+125); traces in red in the lower panel correspond to the peptide glutathionylated (+305). (d) Fragmentation spectra of the parent
ion in reduced state (+NEM) and (e) with GSH are presented.

attached. We monitored the activity of the deglutathiony-
lation of Hem12p in the presence of the Grx2p system by
the increase in fluorescence, showing the same rate as the
reference protein, glutathionylated BSA (Figure 6). These
results demonstrate that glutathionylated Cys52 in uropor-
phyrinogen decarboxylase is a substrate for Grx2p.

Unfortunately, we were unable to source or produce the
reagents necessary to measure the activity of this enzyme,
but from previous studies it was shown that the activity of
Hem12p from S. cerevisiae is at a maximum in the presence

of reducing agents such as dithiothreitol, and inhibited by
sulfhydryl agents [37]. Together these results would suggest
that the glutathionylation and subsequent reversible redox
dependent control would provide an excellent means for
the cell to protect this constitutively expressed enzyme and
provide a mechanism for the control of heme biosynthesis
dependent on the prevailing redox environment.

3.3. Tkl1p: Reversible Oxidation of Cys622 of Tkl1p Is an
Oxidative Stress Response. Tkl1p contains two Cys residues.
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Cys159 is part of the active site with a role in TPP binding
and highly conserved across different species [38]. As shown
in Table 1, the relative abundance of the peptide containing
reversibly oxidized Cys622 was highest in H

2
O
2
treated cells,

with the ΔGrx2 strain having the highest signal intensity.

When recombinant Tkl1p was analysed it was not
detected as glutathionylated in a preliminary analysis bywest-
ern blotting following the same scheme outlined in Figure 2
(not shown). The tryptic peptide containing Cys159 is 77
amino acids long and we were unable to detect this peptide,
either by electron spray MS/MS or MALDI-TOF/TOF. We
also attempted to detect this Cys residue using alternative
proteases and again were unable to detect a peptide contain-
ing Cys159. Cys622-containing peptide was only detected in
its reduced state, with a tenfold lower intensity of the reduced
peptide after GSSG treatment than when it was treated with
TCEP. Extracted ion chromatograms of the reduced peptide
are presented in Figure 7(a) and their quantitative analysis in
Figure 7(b). The decrease in the amount of reduced peptide
is quantitatively comparable to the increase in the oxidized
peptide in extracts of cell cultures after H

2
O
2
exposure (see

Table 1). However, the oxidized form of the peptide could not
be identified at this point.

The published structure of S. cerevisiae Tkl1p (PDB:
1GNS) with TPP cofactor, E4-P and Ca2+, indicates it is
a homodimer and that the Cys622 detected by our redox
proteomic approach is accessible in the dimer (Figure 8(a)).
Incubation of the enzyme with TPP is necessary for correct
folding and activity, with the number of accessible free thiol
groups dependent onTPPbinding [39]. Intersubunit contacts
are confined to the N-terminal and intermediate domains,
whereas C-terminal domains have few contacts and their
packing is very loose with a large “tunnel” at the interface.
Moreover, the C-terminal domain does not contribute to TPP
and substrate binding, but a possible regulatory role for this
domain was proposed [40]. Cys622 of both subunits is in a
loop at the interface, with their –SH side chains pointing away
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from each other and separated by ≈9 Å [41]. In the crystal
structure, the Cys622 residue is surrounded by positively
charged amino acids. According to the structure of the dimer,
the distance between the nonconserved Cys622 and the
active site is >30 Å, which would normally prohibit a direct
influence on the catalytic mechanism. Cys622 is ∼4 Å from
Arg491 (Figure 8(b)), which could stabilize a possible thiolate
at Cys622 and is preceded by two Thr residues (Thr620 and
Thr621), favourable to the formation of a stable sulfenic acid
on Cys622 [42].

Using electron spray ionisation and MS/MS we were
unable to detect the Cys622 tryptic peptide with glutathione
or as a sulfenic acid (or further oxidation states). However,
analysis by MALDI-TOF/TOF allowed the detection of the
peptide containing Cys622 in the sulfenic acid form (+16Da),
and with a mass difference of +305Da, corresponding to
glutathionylation after GSSG treatment (Figure S2).

Comparison of the enzymatic activity of reduced Tkl1p
and treatedwithGSSG surprisingly resulted in higher activity
of the enzyme after GSSG treatment (Figure 7(c)). Treatment
of the reduced Tkl1p with NEM resulted in a significantly
lower activity of the enzyme indicating that free thiols are
needed for activity. However, pretreatment of the enzyme
with GSSG protected against almost complete inactivation as
compared to NEM alone. Preincubation of the enzyme with
DTT did not significantly alter the activity of the enzyme
and had little effect on the activity of Tkl1p treated with
GSSG (Figure 7(c)). Consistent with this result, estimation
of the free thiol content of the reduced protein and of that
subsequently treatedwithGSSG failed to show any significant
differences (not shown). Moreover, incubation of the enzyme
with DiEGSSG resulted in partial glutathionylation with ∼
0.35 moles of the fluorescent moiety for every mole of Tkl1p.
As to be expected the fluorescent deglutathionylation of the
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(a) (b)

Figure 8: Positioning of Cys622 in the structure of the Tkl1p molecule. Structure of Tkl1p with bound TPP, E4P, and Ca2+. (a) Subunit of
homodimer, distance between cys622 and cys159 of active site from either subunit is too large for intradisulfide. (b) Interphase between
subunits of homodimer, distance between cys622 of homodimers is 9.68 Å; Cys622 is close to bothThr and Arg residues, which can favour a
thiolate and formation of sulfenic acid. Figures were prepared from structure PDB 1NGS using the free software DeepView [26].

treated enzyme by the Grx2p system as measured by an
increase in fluorescence was ∼10-fold lower than for Hem12p
or the positive control BSA (Figure 6).

Together these results suggest that treatment of the
enzyme with GSSG results in a conformational change
accompanied by limited glutathionylation of Cys622 and
marked enhancement of the enzymatic activity.This indicates
that glutathionylation is probably not a natural redox modifi-
cation of this enzyme. However, the plant orthologue of this
enzyme has previously been identified as a Trx target [43] and
our results would suggest that the protein is involved in a thiol
disulfide exchange mechanism.

4. Discussion

Cys residues due to their various oxidation states can influ-
ence the activity of enzymes, whether they form part of the
catalytic site, involved in cofactor binding or allosteric mod-
ulation [9, 44]. Proteomics has developed into a powerful tool
not only for the detection and identification of proteins, but
recent advances have allowed the identification and quantifi-
cation of posttranslational modifications on specific residues
of redox proteins [45]. In a previous shotgun proteomic
screen to detect potential Grx2p protein targets two proteins,
Hem12p and Tkl1p, were identified as containing reversibly
oxidized Cys residues in a ΔGrx2 strain but not in the
corresponding WT [18]. Both proteins function at critical
junctions in iron regulation and biosynthetic metabolism,
respectively. In this study we applied proteomic approaches
to characterise the redox properties of these proteins and
confirm targets of thiol disulfide exchange with Grx2p.

Cys26 of Hem12p is located inside a characteristic uro-
porphyrinogen decarboxylase sequence signature, UROD 1,
which, according to the literature and modelling, is placed

near the catalytic site and involved in substrate binding [46]
(see Figure 5). In the ΔGrx2 yeast strain there was a 6-
fold increase in the abundance of reversibly oxidized Cys26,
yet SRM showed that overall protein abundance did not
change significantly between strains, indicating the reversible
oxidation was a true redox posttranslational modification
in response to the lack of Grx2p. However, this cysteine
residue was not sensitive to GSSG treatment of the enzyme
in vitro, suggesting that the redox change observed in vivo
could follow a different mechanism. Whether another thiol
oxidoreductase is involved would be an interesting matter for
further research.

Hem12p-Cys52 is involved in substrate binding and is
highly conserved across species but is not essential for
catalytic activity [28]. In the recombinant protein, Cys52
could be glutathionylated and deglutathionylated in vitro,
indicating it is a model substrate for deglutathionylation by
Grx2p. These results further strengthen the links between
glutaredoxins and the tight control of iron homeostasis
within the cell. Hem12p is a constitutive protein that catalyses
the 5th step in heme biosynthesis in the cytosol before synthe-
sis is completed within the mitochondria. Heme biosynthesis
needs to be tightly regulated within the cell to prevent
overproduction of toxic porphyrins and is correlated to
oxygen tension within the yeast cell [23]. The biosynthesis
of Fe/S clusters is also tightly coordinated with that of heme,
and in yeast deletion of genes important for Fe/S assembly
negatively affects heme synthesis [47]. The glutaredoxin
family of proteins has been clearly implicated in iron control
with the monothiols Grx3p, Grx4p, and Grx5p playing key
roles in iron regulation [27, 48, 49]. We previously detected
changes in iron homeostasis in strains lackingGrx2p [18].The
potential covalent regulation of the activity of the constitutive
enzyme Hem12p by thiol disulfide exchange would provide
a rapid means to control heme biosynthesis as a function



Oxidative Medicine and Cellular Longevity 11

of cytosolic or mitochondrial redox state as compared to
a slower control mechanism carried out by transcriptional
regulation at other points in the pathway.

Cys622 of Tkl1p is highly sensitive to redox changes; its
oxidized form increases> 4-fold induced by the lack ofGrx2p
and> 6-fold byH

2
O
2
in vivo, without any increase in the total

amount of the protein. Only a relatively low proportion of the
recombinant protein could be glutathionylated in vitro and
we could only detect one of the two Cys containing tryptic
peptides within the protein. Interestingly, preincubation of
the protein with GSSG affects the activity of the enzyme
and protects deactivation by the sulfhydryl reagent NEM,
indicating a thiol protective effect. These results support a
thiol disulfide exchange mechanism controlling the activity
of the protein, but our results suggest that it is not a
natural direct target of Grx2p. Transketolase is an ideal
node for redox control within the cell. Its activation under
oxidative conditions would be coherent with diversion of
metabolic flux toward the PPP to provide reducing power
for antioxidant defense systems. Moreover, the products of
transketolase reaction form starting points for several other
biosynthetic pathways, thus redistributing the fate of glucose
derivedmetabolites towardsmacromolecular building blocks
for cellular proliferation (see Figure 1(a)).

Using a redox proteomics approach we have shown that
Cys296 of yeast pyruvate kinase, located at the allosteric acti-
vator domain, was sensitive to oxidative conditions and we
suggested a role in adaptation to oxidative stress [14]. Similar
behaviour of the equivalent Cys358 in human pyruvate kinase
PKM2 was subsequently demonstrated to be the basis of a
redox regulatory mechanism for metabolic remodelling that
allowed cancer cells to resist oxidative stress and prolifer-
ate [13]. In the same way, the redox sensitivity of human
uroporphyrinogen decarboxylase and transketolase may be
worthy of study. The two cysteines of Hem12p identified
here as being redox sensitive, Cys26 and Cys52, have their
counterpart residues Cys35 and Cys59 in UROD, the human
orthologue (see Figure 5). Similarly, the human transketolase
is rich in cysteine residues some of which may be prone
to reversible oxidation with influence on enzyme function-
ality. Incidentally, overexpression of the human orthologue
URODhas been associatedwith diseases involving porphyrin
metabolism and cancer [25] and enhancement in the activity
and concentration of TKLT1 are highly correlated with rate of
tumour growth in a variety of cancers [50].

The redox properties of yeast Hem12p and Tkl1p
described here could have an impact on the knowledge
of redox regulatory mechanisms in all life kingdoms. For
instance, the plant orthologues of these two enzymes have
been identified as Trx targets in chloroplasts and Chlamy-
domonas [43]. Regulation of plant enzymes by thiol-disulfide
exchange mediated by thioredoxin pioneered the work in
the field [51]. Recently, glutathionylation and nitrosylation
have also been demonstrated to operate in plants, with
“redoxins” performing a crucial role [52]. In the case of
uroporphyrinogen decarboxylase, redox regulation would
have an influence on the biosynthetic pathways for siroheme
and chlorophyll where the later has to be regulated by

light/darkness fluctuations through the redox state of the
chloroplast [53].

5. Conclusions

The results presented herein demonstrate that Tkl1p and
Hem12p from yeast are sensitive to changes in the cellular
redox homeostasis and uncover striking redox properties
of these important enzymes involved in iron homeostasis
and antioxidant and biosynthetic metabolism.These findings
could reach beyond yeast to enlightenmetabolic remodelling
mechanisms involving their human counterparts. The door
is now open to further work in this direction to describe the
molecular, physiological, and pathological insights in depth.
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A. Bárcena, “Shotgun redox proteomics identifies specifically
modified cysteines in key metabolic enzymes under oxidative
stress in Saccharomyces cerevisiae,” Journal of Proteomics, vol. 72,
no. 4, pp. 677–689, 2009.

[15] C. M. Grant, K. A. Quinn, and I. W. Dawes, “Differential pro-
tein S-thiolation of glyceraldehyde-3-phosphate dehydrogenase
isoenzymes influences sensitivity to oxidative stress,”Molecular
and Cellular Biology, vol. 19, no. 4, pp. 2650–2656, 1999.

[16] V. Ravichandran, T. Seres, T. Moriguchi, J. A.Thomas, and R. B.
Johnston Jr., “S-thiolation of glyceraldehyde-3-phosphate dehy-
drogenase induced by the phagocytosis-associated respiratory
burst in blood monocytes,” Journal of Biological Chemistry, vol.
269, no. 40, pp. 25010–25015, 1994.

[17] I. Schuppe-Koistinen, P. Moldeus, T. Bergman, and I. A. Cotg-
reave, “S-Thiolation of human endothelial cell glyceraldehyde-
3-phosphate dehydrogenase after hydrogen peroxide treat-
ment,” European Journal of Biochemistry, vol. 221, no. 3, pp.
1033–1037, 1994.

[18] B. McDonagh, C. A. Padilla, J. R. Pedrajas, and J. A. Barcena,
“Biosynthetic and iron metabolism is regulated by thiol pro-
teome changes dependent on glutaredoxin-2 andmitochondrial
peroxiredoxin-1 in Saccharomyces cerevisiae,” Journal of Biolog-
ical Chemistry, vol. 286, no. 17, pp. 15565–15576, 2011.

[19] B. Comı́n-Anduix, J. Boren, S. Martinez et al., “The effect of
thiamine supplementation on tumour roliferation: a metabolic
control analysis study,” European Journal of Biochemistry, vol.
268, no. 15, pp. 4177–4182, 2001.

[20] J. Watson, “Oxidants, antioxidants and the current incurability
of metastatic cancers,” Open Biology, vol. 3, no. 1, Article ID
120144, 2013.

[21] C. I. Kobayashi and T. Suda, “Regulation of reactive oxygen
species in stem cells and cancer stem cells,” Journal of Cellular
Physiology, vol. 227, no. 2, pp. 421–430, 2012.

[22] I. U. Heinemann, M. Jahn, and D. Jahn, “The biochemistry of
heme biosynthesis,”Archives of Biochemistry and Biophysics, vol.
474, no. 2, pp. 238–251, 2008.

[23] L. Zhang and A. Hach, “Molecular mechanism of heme signal-
ing in yeast: the transcriptional activator Hap1 serves as the key
mediator,” Cellular and Molecular Life Sciences, vol. 56, no. 5-6,
pp. 415–426, 1999.

[24] G. H. Elder and A. G. Roberts, “Uroporphyrinogen decarboxy-
lase,” Journal of Bioenergetics and Biomembranes, vol. 27, no. 2,
pp. 207–214, 1995.

[25] E. Ito, S. Yue, E. H. Moriyama et al., “Uroporphyrinogen
decarboxylase is a radiosensitizing target for head and neck
cancer,” Science Translational Medicine, vol. 3, no. 67, p. 67ra7,
2011.

[26] N. Guex and M. C. Peitsch, “SWISS-MODEL and the Swiss-
PdbViewer: an environment for comparative protein model-
ing,” Electrophoresis, vol. 18, no. 15, pp. 2714–2723, 1997.
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Eukaryotic cells contain dynamicmitochondrial filaments: they fuse and divide. Here we summarize data on the proteinmachinery
driving mitochondrial dynamics in yeast and also discuss the factors that affect the fusion-fission balance. Fission is a general stress
response of cells, and in the case of yeast this response appears to be prosurvival. At the same time, even under normal conditions
yeast mitochondria undergo continuous cycles of fusion and fission. This seems to be a futile cycle and also expensive from the
energy point of view. Why does it exist? Benefits might be the same as in the case of sexual reproduction. Indeed, mixing and
separating of mitochondrial content allows mitochondrial DNA to segregate and recombine randomly, leading to high variation
in the numbers of mutations per individual mitochondrion.This opens a possibility for effective purifying selection-elimination of
mitochondria highly contaminated by deleterious mutations.The beneficial action presumes a mechanism for removal of defective
mitochondria. We argue that selective mitochondrial autophagy or asymmetrical distribution of mitochondria during cell division
could be at the core of such mechanism.

1. Introduction

Almost all eukaryotic cells harbormitochondria—the distant
descendants of endosymbiotic alphaproteobacteria (see [1]
for review). In most types of eukaryotic cells, mitochondria
are organized in complex reticular structures with dynami-
cally changing topology. Changes of the structures are usually
referred to asmitochondrial dynamics.These changes include
events of mitochondria fission and fusion, as well as active
transport of individual filaments. Importantly, defects of
mitochondrial dynamics are associated with defects inmech-
anisms of mitochondrial DNA (mtDNA) maintenance [2].
Thismakes the baker’s yeast Saccharomyces cerevisiae a useful
tool for studies of mitochondrial dynamics mechanisms.
Importantly, in contrast to most of animal cells, yeasts are
able to proliferate without a functional respiratory chain
and ATP-synthase. Such cells still have basal mitochondrial

morphology, membrane potential, and metabolic activities.
Moreover, yeast cells lacking mitochondrial DNA can be
easily cultivated in medium containing a fermentable carbon
source (e.g., glucose). This allowed performing several large-
scale screenings aimed at identification of genes involved in
mitochondrial dynamics and maintenance of reticular mito-
chondrial morphology [2, 3]. It was found that proteins
involved in the molecular mechanisms of mitochondrial
fusion and fission in yeast have many similarities to such
mechanisms in animals (see [4] for review). The molecular
mechanisms of mitochondrial fusion, fission, and movement
were reviewed in detail recently [4–8].

In this review we briefly discuss these mechanisms focus-
ing on the role of mitochondrial dynamics in cell physiology
under stressful and normal conditions using an example of
Saccharomyces cerevisiae yeast cells.
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2. Mitochondrial Dynamics: Mechanisms and
Stress Response

Mitochondrial fission is an active process organized by
several proteins (see [9] for review). The key role is played by
GTPase Dnm1p, which is capable of oligomerization on the
lipid surface: it was shown that Dnm1p forms ∼80 nm spirals
on liposomes [10, 11]. A subsequent GTP hydrolysis results
in a conformational change of Dnm1p, constriction of the
spirals, and fission of the lipid vesicles [11]. Fis1p is localized
at the outer membrane of mitochondria and recruits Dnm1p
on the mitochondrial surface by means of adaptor proteins:
Caf4p and its paralog Mdv1p [12]. It was shown that during
membrane scission Dnm1p-dependent constriction is
accompanied by longitudinal tension of lipid vesicles [13].
This implies that mitochondrial movement along the cyto-
skeleton could be an important factor for mitochondrial
fission. Interestingly, for some stressful conditions fission of
mitochondrial reticulumwas observed even in the absence of
theDNM1 gene. Kitagaki and colleagues [14] have shown that
high (15%) concentration of ethanol facilitates fission of yeast
mitochondria even on Δdnm1 background. Possibly, severe
changes in ion composition of cytoplasm and mitochondrial
matrix or significant change in mitochondrial lipid compo-
sition leads to mechanical division of mitochondria into
small compartments. Indeed, most of the protocols of
mitochondria isolation do not allow preserving native struc-
ture of mitochondrial reticulum.

Mitochondrial fusion in yeast is orchestrated by another
set of proteins including Fzo1p, Mdm30, Ugo1p, and Mgm1p.
Studies on isolated mitochondria show that the process of
fusion occurs in several stages [15, 16]: docking of mitochon-
dria and fusion of the outer membranes followed by fusion of
the inner membranes (Figure 1). Docking of mitochondria in
yeast is controlled by outer membrane protein Fzo1p. Fzo1p
is a GTPase [17] that forms trans-dimers allowing anchoring
of separate mitochondrial vesicles. According to the model
of Anton and colleagues [16], this process requires GTP
binding,whereas hydrolysis ofGTP allowsmoving to the next
stage—fusion of the outer membranes. While mitochondrial
fusion requires GTP, Meeusen and McCaffery [15] have
shown that the rate of mitochondrial fusions could be as
high as 50% of the maximum level with energy regeneration
system in the absence of exogenous GTP. This indicates
that low concentration of endogenous GTP is sufficient to
maintain physiological rates of mitochondrial fusion. At
the same time, the uncoupler FCCP (Carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone) and the ionophore
valinomycin were found to be effective inhibitors of fusion
of isolated yeast [15] and human [18] mitochondria. Accord-
ingly, FCCP [19] and also other uncouplers and inhibitors
of respiratory chain were found to induce mitochondrial
reticulum fission in various human cell lines (see [20] for
review). Another important factor regulating mitochondrial
fusion is cellular redox state. Very recently, it was shown
that docking of mitochondria is regulated by the ratio of
reduced/oxidized glutathione: GSSG induces the generation
of disulphide-mediated mitofusin oligomers and in this way
promotes fusion [21]. It was found that C684A mutation

Fission

Mdv1, Fis1
Dnm1, Caf4,

Docking (i)
Fzol, Ugo1Inner

membrane
fusion (iii)

Mgml (?)
Ysp2 (?)

Outer membrane
fusion (ii)

Mdm30, Ugo1

Fusion

Figure 1: Proteins driving the cycle of mitochondrial fusion and
fission. Mitochondrial fusion starts with the docking mediated by
Fzo1 and Ugo1. Docking is followed by the outer membrane fusion
mediated byMdm30 and Ugo1.The inner membrane fusion is likely
to be dependent on Mgm1 and Ysp2. Caf4, Mdv1 and Fis1 make a
platform for fission which is being executed by Dnm1 oligomers.

of cysteine in Mfn2 inhibits mitochondrial fusion, pointing
to a role of this residue in oligomerization of mitofusin
and docking of mitochondria [22]. As S. cerevisiae genome
contains a homolog of Mfn2, FZO1, the redox-dependent
mechanism of regulation is likely to be conserved also in
yeast. At the same time, treatment of human cells with hydro-
gen peroxide [22] or treatment of yeast cells with the drug
amiodarone that induces endogenous formation of reactive
oxygen species [23] causes mitochondrial fission.This appar-
ent contradiction could be explained by the fact that high
concentration of hydrogen peroxide inhibits the respiratory
chain, thus counteracting the stimulating effect on mito-
chondria fusion [24]. Another explanation is based on the
importance of the lipid composition for mitochondrial
fusion; the inactivation of genes encoding enzymes of mito-
chondrial biosynthesis of lipids, phosphatidylethanolamine
and cardiolipin (PSD1 and CRD1, correspondingly), inhibits
mitochondrial fusion [25, 26]. Therefore, peroxidation of
cardiolipin induced by hydrogen peroxide could also retard
mitochondrial fusion.

To conclude this part, it should be noted that stresses gen-
erally tip the mitochondrial dynamics towards fission. This
is not surprising; local damage to fused mitochondria might
depolarize the whole cellular mitochondrial content [27].
In other words, cells with fissed mitochondria seem to be
more resistant to stresses; at least a minor fraction of the
mitochondrial vesicles might be lucky to escape the damage.
In theory, a cell with fragmented mitochondria is as resistant
as the one with separated mitoplasts surrounded by an intact
outer membrane. We have recently shown that such mor-
phology can be observed in Δysp2 cells in stationary phase
[28]. The YSP2 gene was previously discovered as a genetic
factor that decreases resistance to amiodarone and acetic
acid [29]. This is consistent with a possible role of Ysp2p in
mitochondrial inner membrane fusion (Figure 1).
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3. Role of Mitochondrial Dynamics under
Normal Conditions

It must be noted that mitochondrial fusion and fission not
only happen under stress, but also constantly occur under
normal conditions. This is true not only for yeast cells, but
also for cells of higher organisms. Both processes consume
energy. Thus the question arises about the biological role of
these processes under stress-free conditions.

It has been suggested that fusion-fission cycle can main-
tain high quality of mitochondrial protein components,
keeping mitochondrial vesicles with low membrane poten-
tial out of the process of fusion into the mitochondrial
reticulum and their consequent elimination by mitophagy
(mitochondria-specific autophagy; see [30] for review). This
filtering will keep the average quality of the mitochondrial
respiratory chain on a constant level and work against ROS-
induced protein damage but will not affect mtDNA quality if
segregation of proteins and mtDNA is independent during
fusion-fission process. However, since mtDNA is a subject
to high mutation rate [31], the effective purifying selection
which eliminates de novo deleterious mutations is required
to maintain the quality of mtDNA. Thus, it has been pro-
posed that the fusion-fission process can not only select
mitochondria on the level of phenotypes (proteins), but also
contribute to preferential elimination of mtDNA with dele-
terious mutations [32]. However, the functional link between
mitochondrial phenotypes (protein components) and geno-
types (mtDNA) is necessary for establishment of this kind of
selection on a genetic level. For example, low mitochondrial
membrane potential needs to be determined by deleterious
mutations in mtDNA. There are two not mutually exclu-
sive ways to develop such phenotype-genotype linkage. The
first is purely mechanistic and based on passive membrane
colocalization of mtDNA and proteins encoded by the
mtDNA. Indeed, the innermembrane proteins were shown to
have significantly lower mobility than proteins localized in
the outer membrane [33]. Thus the local quality of the mito-
chondrial membrane is expected to be linked to the quality
of the neighboring mtDNA attached to the membrane. This
membrane linkage will lead to the formation of fissed mito-
chondria with correlated quality of phenotypes and geno-
types, making a “fusion quality filter” effective in elimination
of mtDNA with deleterious mutations (see [34] for review).

The second mechanism is based on active expression of
mtDNA in fissed mitochondria and subsequent incorpora-
tion of newly synthesized proteins into mitochondrial mem-
brane, so that genotype fitness influences phenotype fitness.
This scenario does not depend on passive inheritance of
mtDNA in complex with their protein products but requires
long periods of existence of fissed mitochondria sufficient
for incorporation of newly synthesized proteins into the
mitochondrial membrane. The mechanism of purification of
mitochondria frommutant copies of DNA during the fusion-
fission process resembles themechanism proposed to explain
the existence of sexual reproduction (mutational determinis-
tic hypothesis; [35, 36]).The fusion-fission process (as well as
genetic recombination) restores high variability in the num-
bers of mutant mtDNAs per mitochondrial vesicle (number

mutations
Random

Without

Elimination
of mtDNA

Mitochondrial
proliferation

mtDNA

Recombination
provides recovery
of fully functional
mtDNA

Severely mutated
mtDNA eliminated
by mitophagy
or via
asymmetrical
distribution
between mother
and daughter cells

fission/fusion
and recombination

With
fission/fusion

and recombination

Figure 2: Hypothetical scheme illustrating how the mitochon-
drial fusion-fission cycle helps to maintain mitochondrial DNA.
Rearrangements of the DNA induced by mitochondrial fission-
fusion and recombination result in appearance of mutation-free
mitochondrial genomes. Removal of genomes with high levels of
deleterious mutations inhibits the high rate of mtDNA damage (see
text for details).

of deleterious mutations per offspring), making selection
more effective (Figure 2). Indeed, elimination of the minimal
numbers of mitochondrial vesicles maximally contaminated
by mutant mtDNA will keep the heteroplasmy level low and
will be energetically less expensive than elimination of large
numbers of moderately contaminated mitochondria. The
mutational deterministic hypothesis depends on high muta-
tion rate and a negative epistasis between deleterious muta-
tions [35–37]. Since both parameters are poorly known for
the mitochondrial genome, future experimental studies are
required to test the importance of the mechanism.

The relative influence of the first (passive) and the second
(active) mechanisms on the maintenance of the mtDNA
quality during the fusion-fission process depends on the
frequency of fusion-fission events and the rate of mtDNA
transcription and translation, and thus they can be different
in various cells.

Is there any experimental evidence that mitochondrial
dynamics counterbalance the high rate of deleterious muta-
tion accumulation in yeast? It was recently shown that the
FIS1 and MDV1 genes appear to be involved in maintenance
of heteroplasmy in diploid yeast cells acquired after mat-
ing of haploids cells with different mitochondrial markers
[38]. Although the authors did not observe this effect in
Δdnm1/Δdnm1 diploid, the results indicated that mitochon-
drial dynamics affect redistribution of different variants of
the mitochondrial genome. The knockouts of genes involved
in mitochondrial dynamics increase the chance of petite
mutation in yeast. Petitemutation refers to inability of growth
on medium with a nonfermentable carbon source (ethanol,
glycerol, etc.), and it is usually associated with deletions or
complete loss of mtDNA (see [39] for review). The inactiva-
tion of a fusion protein-encoding gene (FZO1) results in quick
degradation of the mitochondrial genome [40], whereas the
deletions of fission genesDNM1 or FIS1, while increasing rate



4 Oxidative Medicine and Cellular Longevity

of petite mutation, still allow maintenance of the functional
copies of mtDNA in the cells.

To draw parallels between sexual reproduction and
fusion-fission dependent recombination of mtDNAs one
should consider the ways of elimination of nonfunctional
mitochondria. Apparently, the functional mtDNA could out-
compete the damaged one by advantages in replication.
Although the opposite situation is described in the literature
as suppressive petitemutation [41], the latter is not a common
case. An alternative explanation comes from experiments
with human cell lines. In 2008, Twig and colleagues [42]
showed that after fission mitochondria can depolarize and
get targeted to an autophagosome. The process of selective
elimination of mitochondria unable to maintain their own
transmembrane potential was called mitophagy. Mitophagy
attracted a lot of attention because the mutations in PINK1
and Parkin (involved in marking the malfunctioning mito-
chondria for mitophagy) were found to be linked to Parkin-
son disease (see [43, 44] for review). It was suggested that
mitophagy is necessary for quality control of mitochondria,
to remove damaged protein complexes [8] or damaged
mtDNA [32]. There are no homologs of PINK1 or Parkin
in Saccharomyces cerevisiae. However, certain conditions,
including nitrogen starvation or rapamycin treatment, induce
selective mitochondrial autophagy in Atg32-dependent man-
ner. Atg32 is located on the outer mitochondrial membrane
and initiates the assembly of the autophagic complex which
includes several ubiquitin ligases and adaptor proteins [45,
46]. Moreover, treatment of cells with mitochondrial respira-
tory chain inhibitors Antimycin A or KCN triggers a general
increase of autophagy [47]. Intriguingly, this increase was
shown to be Atg32 dependent [47]. Recently, it was shown
that mitophagy indeed plays a role in maintaining mitochon-
drial quality in yeast [48].

Interestingly, it was shown that mitochondrial fission is
not a necessary prerequisite for mitophagy in yeast [49]. This
underscores the importance the “futile” fission-fusion cycle;
the mitophagy of fully fused mitochondria can be lethal for
the cells (yeast cannot live without mitochondria).

Another possible way to removemtDNAwith deleterious
mutations relies on asymmetrical division of yeast cells (see
[50] for review). It was shown that a complex molecular
mechanism (based on the polarisome) fulfills bud-to-mother
transport of damaged macromolecules in yeast cells [51].
Moreover, it was recently reported that mitochondria with
higher rate of superoxide production are retained in the
mother cells [52]. Such selective retention is not surprising
because actin cables anchor mitochondria via Mmm1p and
Mdm10p [53], which in turn form a protein complex span-
ning both mitochondrial membranes and being capable of
binding mtDNA (see [54] for review). The machinery
responsible formother-bud distribution ofmitochondria also
includes mitochondrial anchor in the mother cell (cortical
protein Num1 [55] and myosin-related motor which moves
mitochondria towards the bud (Myo2, [56]). Possibly, mul-
tiple rounds of asymmetrical distribution of malfunctioning
mitochondria lead to a decrease of mtDNA stability in
replicatively old cells. In accordance with this hypothesis, it

was shown that the chances of petite mutation significantly
increased with replicative age [57].

Replicatively old yeast cells demonstrate slower growth
and increased chance of viability loss [58]. Some authors
argue that the death of a replicatively old mother cell could
be an active process similar to apoptosis of mammalian cells
[59]. Therefore, if asymmetrical redistribution of mitochon-
dria indeed exists, damaged mtDNA is constantly eliminated
by replicative aging.

Is there any evidence linking yeast replicative aging
and mitochondrial dynamics? Recently it was found that
replicatively old yeast cells harbor fissed mitochondria with
decreased transmembrane potential [60]. Earlier Scheckhu-
ber and colleagues [61] showed that replicatively aged yeast
cells have fissed mitochondria and that the deletions of
either DNM1 or FIS1 genes provide a certain increase in S.
cerevisiae lifespan. Indeed, mitochondrial dynamics appear
to be necessary for asymmetrical redistribution of mitochon-
dria. Theoretically, if the dynamics are lost due to mutations,
then the old mother cells of the mutants gain some advantage
over the wild type ones carrying accumulating copies of
damagedmtDNA.However, this benefit is obviously canceled
by a moderate decrease in competitive fitness of the mutant
cells; high-throughput screening [62] has shown a decrease
in competitive fitness of strains lacking FIS1, CAF4, DNM1,
or FZO1 compared to the wild type strain.

4. Conclusions

To conclude, it appears that mitochondrial dynamics in yeast
play different roles under stress and under normal conditions
and normal aging. A single onset of fission followed by
recovery of the reticulum seems to be required for the stress-
resistances. Alternatively, multiple “futile cycles” of fusion
and fission contribute to maintenance of mitochondrial
genomes in the long term under stress-free conditions.
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In Saccharomyces cerevisiae, mitochondrial morphology changes when cells are shifted between nonfermentative and fermentative
carbon sources. Here, we show that cells of S. cerevisiae grown in different glucose concentrations display different mitochondrial
morphologies.Themorphology ofmitochondria in the cells growing in 0.5%glucosewas similar to that ofmitochondria in respiring
cells. However, the mitochondria of cells growing in higher glucose concentrations (2% and 4%) became fragmented after growth
in these media, due to the production of acetic acid; however, the fragmentation was not due to intracellular acidification. From a
screen of mutants involved in sensing and utilizing nutrients, cells lacking TOR1 had reduced mitochondrial fragmentation, and
autophagy was found to be essential for this reduction. Mitochondrial fragmentation in cells grown in high glucose was reversible
by transferring them into conditioned medium from a culture grown on 0.5% glucose. Similarly, the chronological lifespan of cells
grown in high glucose medium was reduced, and this phenotype could be reversed when cells were transferred to low glucose
conditioned medium. These data indicate that chronological lifespan seems correlated with mitochondrial morphology of yeast
cells and that both phenotypes can be influenced by factors from conditioned medium of cultures grown in low glucose medium.

1. Introduction

Mitochondria are important organelles whose primary func-
tion is to synthesize ATP, but they also play important roles
in many cellular processes including apoptosis and aging [1–
4]. Due to their dynamic nature, the number and shape of
mitochondria in a cell are variable depending on the growth
conditions of the cell [5–7].

In Saccharomyces cerevisiae, the morphology of mito-
chondria is under the influence of the availability of oxygen
and the nature of the carbon source for growth. Under
anaerobic conditions, very small mitochondria known as
promitochondria are observed. These are devoid of respi-
ratory pigments and import ATP to perform the remain-
ing essential metabolic functions [8]. On the other hand,
enlarged tubular structures are found in aerobically grown

cells [9]. S. cerevisiae cells respire in the absence of glucose,
and these cells have a similar mitochondrial morphology
to those observed in stationary phase cells where many
small, round mitochondria are the dominant form [6, 10].
High glucose concentrations promote calcium and mitogen
protein kinase-mediated activation of mitochondrial fission
and stimulate reactive oxygen species production [11].

Restriction of glucose intake extends the cellular lifespan
in a manner similar to caloric restriction [12, 13]. Alterna-
tively, inhibition of nutrient signaling pathways by deletion of
theTOR1 gene or addition of rapamycin to growthmedia also
extends both replicative and chronological lifespan (CLS)
in S. cerevisiae [14, 15]. One of the downstream processes
under regulation by the TOR pathway is autophagy, which is
activated upon starvation or inhibition of TOR signaling [16].
Autophagy is conserved in all eukaryotic cells [17, 18] and it
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is important during starvation because it not only removes
damaged organelles, but it also provides nutrients by recy-
cling cellular constituents [19–21]. There is also increasing
evidence that autophagy may play a role in lifespan extension
in Caenorhabditis elegans, Drosophila melanogaster, and S.
cerevisiae [22–24], especially during caloric restriction [25].

In neonatal rat ventricular myocytes, a high glucose con-
centration induced cell death via mitochondrial fragmenta-
tion possibly due to increased production of reactive oxygen
species (ROS) [1]. Despite this interest in ageing, nutrients,
and mitochondrial morphology, it remains to be determined
whether there is any correlation between mitochondrial
morphology and chronological ageing in S. cerevisiae over a
wide range of glucose concentrations. We, therefore, inves-
tigated the mitochondrial morphology of yeast cells grown
in different concentrations of glucose and sought to identify
functions that are important in maintaining mitochondrial
structure at elevated levels of glucose.

2. Materials and Methods

2.1. Yeast Strains, Media, and Growth Conditions. All S. cere-
visiae strains used were derived from BY4743 (MATa/MAT𝛼
his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 met15Δ0/MET15 LYS2/lys2Δ0
ura3Δ0/ura3Δ0). Yeast strains were grown aerobically at
30∘C in YPD (1% yeast extract, 2% peptone, and 2% glu-
cose) or in synthetic complete medium SC (0.17% Difco
yeast nitrogen base without amino acids and ammonium
sulfate, 0.5% ammonium sulfate and 0.79 g/L amino acids
mixture) supplemented with the indicated concentration
of carbon source. The concentrations of amino acids used
were according to [26]. For visualization of mitochondria,
strains were transformed with the plasmid pUC35-ACO1-
GFP and pUC35-CIT1-Dsred (gift from Professor Trevor.
Lithgow, Monash University, Melbourne, VIC, Australia).
Yeast strains harboring the plasmid pUC35-ACO1-GFP
were grown in SC medium lacking uracil. For antibiotic
selection, nourseothricin (ClonNAT, Werner BioAgents) or
hygromycin B (Sigma-Aldrich) were added to a final con-
centration of 100mg/L and 300mg/L, respectively. Starter
cultures were prepared by inoculating a single colony into
1.5mL SC medium and incubating overnight at 30∘C. The
starter culture was then diluted to OD

600
0.1–0.15 in 2mL

fresh SC medium in a 10mL tube for microscopic exami-
nation or 10mL in a 50mL tube for CLS and incubated at
30∘C with shaking throughout the experiment. At the indi-
cated intervals, 20 𝜇L culture was removed for microscopic
examination and 100 𝜇L for serial dilution and spotting on a
YPD plate. Five 𝜇L of undiluted culture and of each dilution
was spotted onto a YPD plate and incubated for 2-3 d at 30∘C.
Conditioned medium was prepared by growing the cells in
SC medium containing different concentrations of glucose
for 48 h and collecting the supernatant by centrifuging at
1800×g for 5min. For media exchange experiments, the cells
were grown for 6 h before pelleting and resuspending in the
indicated conditioned media unless otherwise stated. The
morphology of mitochondria was observed 2 h after media
exchange.

2.2. Measurement of Oxygen and Glucose Consumption. The
rate of oxygen consumption was monitored using a standard
3mL Clark-type oxygen electrode. The system was con-
nected to a PowerLab data acquisition and analysis system
(ADInstruments). Culture (2mL) at the indicated time points
was transferred to the chamber maintained at 30∘C with
constant stirring, and oxygen content was monitored for at
least 10min. For glucose consumption, the concentration of
glucose in the supernatant wasmeasured at 6, 24, 48, and 72 h
after inoculation using an automated glucose analyzer (YSI
2300 STAT Plus Glucose & Lactate Analyzer).

2.3. Microscopy. Mitochondrial morphology was observed
using an Olympus BX60 fluorescence microscope at 100×
magnification. An aliquot 5–10 𝜇L of sample was taken at
indicated times, andmicrographs of the cells with representa-
tivemorphologywere taken at room temperature.The images
were acquired using IP lab software, and Adobe Photoshop
was used to adjust the image size and the brightness and
contrast. To determine the percentage of cells with totalmito-
chondrial fragmentation within a population, the cells were
grown for three days. An aliquot of sample was examined
at indicated time points. The percentage of cells showing
no visible tubular mitochondrial structure was determined
by direct microscopic examination. For each assay at least
350 cells were counted, and the data are the mean of three
independent experiments.

2.4. Gas Chromatography-Mass Spectrometry (GC-MS) Anal-
ysis. The GC-MS analysis was carried out using the Thermo
Scientific DSQ II Single Quadrupole GC/MS at the Bio-
analytical Mass Spectrometry Facility (BMSF), University
of New South Wales. The samples were analyzed by GC-
MS with the split injection mode and split ratio of 1 : 10.
Carrier gas was helium at a constant flow rate of 1.5mL/min.
The inlet temperature was maintained at 240∘C. GC oven
temperature was held at 70∘C for 1min and then ramped
to 140∘C at 15∘C/min where it was held for a further min.
Mass spectrometrywas carried out in positive ionmode using
electron ionization and the mass spectra recorded within 41–
74 amu.

2.5. Measurement of Intracellular pH. Intracellular pH was
determined by the method of Brett et al. [27]. Strain BY4743
was transformed with pCB901YpHc containing the pHluorin
gene (gift from Professor Rajini Rao, Johns Hopkins Uni-
versity School of Medicine, Baltimore) and pUG35 (non-
pH sensitive GFP). The cells were grown in different glucose
concentrations for 24 hours, and the intracellular pHwas ana-
lyzed using a FACSCanto II (BDBiosciences).Thefluorescent
signals were collected at two different channels: Alexa Fluor
488 (488 nm) and AmCyan (405 nm). A calibration curve
of the ratio of fluorescent intensities of 405/488 nm versus
pH was obtained as follows. Sample (50𝜇L) was diluted in
1mL of medium containing 50mM MES, 50mM HEPES,
50mM KCl, 50mM NaCl, 0.2M ammonium acetate, 10mM
NaN
3
, 10mM 2-deoxyglucose, 75 𝜇M monensin, and 10 𝜇M

nigericin, titrated to eight different pH values within the
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range of 5.0–8.0. The background was subtracted using the
cells with pUG35, and the value of 405/488 was calculated
using FlowJo software for each individual pH. The intracel-
lular pH of the cells growing in different concentrations of
glucose was estimated by comparing the ratio of fluorescent
intensities of 405/488 nm obtained for the cells with the
calibration curve.

2.6. Measurement of Intracellular Acetate. The intracellular
acetate concentration was measured for cells of the wild
type and the Δatg1mutant grown in different concentrations
of glucose for 24 hours using the commercial kit from R-
Biopharm (Cat. no. 10148261035) according to the manufac-
turer’s instructions.

2.7. Dihydroethidium (DHE) Staining and FACS Analysis.
Staining with DHE (Molecular Probes) was performed as
described by [28]. Briefly, cells (500 𝜇L) were stained with
5 𝜇g/mL final concentration of DHE for 10min and analyzed
using a FACSort (BDBioscience). Analysis was performed for
20,000–30,000 cells per sample. All analyses were performed
twice independently.

3. Results

3.1. Mitochondrial Morphology Changes in Response to Differ-
ent Glucose Concentrations. In order to determine whether
increasing glucose concentration also has an effect on mito-
chondrial structure and how this correlates with cellular lifes-
pan in S. cerevisiae, we monitored the changes in mitochon-
drial morphology in S. cerevisiae cells growing in calorie-
restricted (0.5%) and high glucose conditions (2% and 4%).
S. cerevisiae cells were transformed with an aconitase-GFP
fusion construct,ACO1-GFP, and expression of GFPwas used
to visualizemitochondrial structure.The use of this construct
has been verified in [29].

To ensure that mitochondrial morphology was examined
at a similar growth phase, the growth of wild-type cells
expressing ACO1-GFP in the different levels of glucose was
monitored (Figure 1). A similar growth rate was observed for
all glucose conditions and cells reached stationary phase at
a comparable time. The final yields of these three levels of
glucose culture were also similar.

Having determined the growth states of the cultures
in the three glucose conditions, changes of mitochondrial
morphology were examined. Cells were grown in synthetic
medium (SC) containing 0.5%, 2%, or 4% glucose, and after
17 h growth, as cells entered the diauxic shift, mitochondrial
morphology was examined using fluorescence microscopy.
Remarkable differences in mitochondrial morphology were
observed in response to changing glucose concentrations
(Figure 2(a)). Under the standard laboratory condition with
2% glucose as a carbon source, mitochondria appeared as
elongated tubular structures. However, in media containing
0.5% glucose, mitochondria displayed a highly branched,
short-rod morphology similar to that observed in cells grow-
ing by respiration in ethanol medium [3]. In the highest level
of glucose tested (4%),mitochondria displayed a partial bead-
thread structure with very few connections and branches.

Time (h)
0 12 24 36 48 60 72

0.1

1

10

0.5% glucose
2.0% glucose

4.0% glucose

Ab
so

rb
an

ce
 at

6
0

0
nm

Figure 1: Growth of BY4743 overexpressing ACO1-GFP plasmid in
SC medium supplemented with different concentrations of glucose.
An overnight culture of cells in SC medium was diluted to an initial
absorbance at 600 nm of 0.1 in fresh SC medium containing the
glucose concentration indicated and the cultures incubated at 30∘C
with shaking.The cell concentration was estimated at intervals. Data
are from a single experiment.

Observations using a CIT1-DsRed construct instead of the
ACO1-GFP construct also produced the same result, indicat-
ing that the effect of glucose concentrations onmitochondrial
morphologywas independent of the use of the aconitase-GFP
fusion (data not shown).

The difference in mitochondrial morphologies between
cells grown in 2% glucose and 4% glucose was independent
of osmotic stress, since addition of an equivalent molar
concentration of sorbitol to 2% glucosemediumdid not affect
the mitochondrial appearance (data not shown).

Having observed the characteristic mitochondrial mor-
phology associated with glucose levels, we monitored the
change of mitochondrial morphology in cells grown in
0.5%, 2% or 4% glucose media for 24, 48 and 72 hours
(Figure 2(a)). Furthermore, to assess the structural changes
of mitochondria, the percentage of cells in the population
displaying total mitochondrial fragmentation, in which only
punctate mitochondria with complete absence of tubular
mitochondria within an individual cell, was determined
(Table 1).

Cells grown in 2% or 4% glucose displayed an increased
heterogeneity in mitochondrial morphology with time,
showing a progression towards punctate fragmented struc-
tures over 72 hours (Figure 2(a)). After 24 hours of growth,
the culture grown in 4% glucose had the highest number of
cells with totally fragmented mitochondria (10%) followed
by those grown in 2% glucose (7%) and 0.5% glucose (2%)
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Figure 2: Mitochondrial morphologies of S. cerevisiae grown in different concentrations of glucose. (a) BY4743 wild-type cells transformed
with an ACO1-GFP fusion construct were grown for 72 hours in three different concentrations of glucose (0.5%, 2%, and 4%), and the
morphology of mitochondria was observed at the indicated times using a fluorescent microscope.Themicrographs shown are representative
of the population. Scale bar: 5𝜇m. (b)The rates of oxygen consumption of these cells were alsomeasured at the initial 6 hours after inoculation
and at 12 hours intervals throughout the 72 hours time course. Data are the mean of three separate cultures in parallel. Error bars indicate the
standard deviation.
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Table 1: The percentage of wild-type and mutant cells showing completely fragmented mitochondrial morphology in cultures incubated in
three different concentrations of glucose (0.5%, 2%, and 4%) at the times indicated.

Strain 0.5% glucose 2% glucose 4% glucose
24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

Wild type 1.6 (0.7) 2.4 (0.9) 2.2 (1.2) 6.5 (0.8) 36.0 (1.1) 63.6 (4.3) 10.7 (2.1) 38.2 (7.5) 66.2 (6.7)
Δdnm1 0.8 (1.3) 0.8 (0.9) 2.9 (1.2) 1.3 (1.5) 22.4 (1.0) 45.1 (1.3) 3.6 (1.5) 29.5 (2.2) 67.5 (1.9)
Δfis1 n.d. n.d. n.d. 1.8 (1.1) 7.3 (2.1) 30.2 (1.5) 6.3 (0.8) 13.3 (1.2) 63.2 (5.7)
Δtor1 1.0 (1.0) 0.9 (0.3) 1.5 (0.7) 6.1 (0.3) 8.2 (1.1) 36.7 (0.9) 11.3 (1.2) 27.0 (1.0) 41.4 (1.0)
Δgpa2 1.7 (0.6) 1.2 (0.4) 4.9 (0.6) 6.3 (0.6) 39.7 (3.7) 67.7 (1.7) 5.6 (1.6) 34.7 (1.0) 54.8 (1.0)
Δsnf3 1.9 (0.4) 3.8 (0.5) 6.0 (0.7) 5.5 (0.7) 32.9 (3.1) 47.7 (2.3) 8.5 (1.9) 71.2 (4.2) 75.4 (5.4)
Δrgt2 n.d. n.d. n.d. 5.3 (1.9) 28.8 (3.6) 50.7 (2.6) 8.3 (2.2) 22.7 (2.9) 72.4 (6.2)
Δpde1 0.8 (0.7) 1.0 (0.4) 1.3 (1.2) 11.9 (1.5) 60.0 (2.0) 78.4 (1.6) 16.3 (3.1) 61.7 (2.2) 70.5 (2.9)
Δpde2 4.8 (0.1) 3.8 (0.9) 9.3 (4.3) 6.8 (1.5) 56.1 (5.4) 84.6 (1.7) 16.6 (4.8) 48.0 (8.4) 68.1 (2.9)
Δuth1 3.1 (1.7) 2.9 (0.4) 6.8 (3.0) 7.5 (2.2) 37.0 (4.4) 54.9 (2.6) 14.0 (3.3) 34.0 (7.5) 63.0 (5.1)
Δatg32 n.d. n.d. n.d. 8.2 (1.7) 27.6 (2.8) 50.1 (4.2) 9.3 (1.5) 60.2 (1.6) 68.4 (4.3)
Δatg1 14.8 (5.2) 8.0 (0.7) 12.0 (1.7) 14.4 (1.4) 57.7 (1.0) 74.6 (0.8) 13.0 (2.2) 60.5 (7.2) 74.4 (0.5)
Wild type + rapamycin1 2.8 (0.2) 3.2 (0.3) 4.2 (0.7) 3.9 (0.6) 6.2 (1.3) 12.0 (0.9) 5.6 (1.5) 7.6 (1.0) 14.9 (0.9)
Δuth1 + rapamycin1 2.5 (0.6) 2.6 (0.8) 2.1 (0.4) 2.5 (0.7) 3.6 (0.5) 5.9 (0.7) 3.8 (0.9) 6.1 (0.5) 17.2 (1.6)
Δatg1 + rapamycin1 7.4 (0.5) 10.1 (1.5) 13.5 (1.6) 9.0 (0.4) 30.8 (1.4) 62.5 (0.9) 12.9 (0.8) 31.1 (1.8) 67.4 (0.7)
1Wild-type cells or mutants were grown in the presence of 10 nM rapamycin.
∗The fis1Δ strain used in these experiments has been shown to also carry a mutation in the WHI2 gene which rescues the mitochondrial respiratory defect
caused by FIS1 deficiency, but which also causes a failure to suppress cell growth during amino acid deprivation [29].
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Figure 3: Glucose consumption of S. cerevisiae growing in 0.5%,
2%, and 4% glucose. Glucose in the culture medium was measured
at intervals after incubation of the cells in SC medium containing
glucose at 0.5% (closed squares), 2% (closed circles), or 4% (open
circles). The measurements were performed on three separate
cultures grown in parallel, and error bars indicate the SEM.

(Table 1). The percentages of cells with totally fragmented
mitochondria grown in 4% and 2% glucose increased to 64%
and 66%, respectively, after 72 hours. However, cells under
caloric restriction showed an average of less than 3% of the

population with total mitochondrial fragmentation at that
time.

We monitored respiratory rate under the above condi-
tions to determine whether this affected the morphology
of mitochondria. Maximal respiratory activity was observed
in cells after 12 hours of growth in 0.5% glucose medium
(Figure 2(b)). This respiration peak coincided with the
presence of highly branched mitochondrial morphology
observed in 0.5% glucose-grown cells. However, respiratory
activity in these cells decreased from 24 hours to a low
level at 72 hours, yet the highly branched mitochondrial
morphology was maintained throughout the 72 hours time
course. Therefore, a high rate of respiration was not required
to maintain the highly branched mitochondrial morphology
in these cells. On the other hand, the respiratory activity of
4% glucose-grown cells was relatively low and underwent a
gradual decrease throughout the 72 h incubation. Since total
mitochondrial fragmentation was observed in 4% glucose-
grown cells as early as 24 hours of growth, decreasing the
respiratory activity could not be the cause of the onset of
mitochondrial fragmentation in the presence of high glucose
levels.

Glucose concentrations were measured in the super-
natant collected from the different media at intervals
throughout growth.The level of glucosewas close to zero after
24 hours of growth in medium originally supplemented with
0.5% and 2% glucose, while cells consumed approximately
half of the glucose in 4% glucose medium (Figure 3). These
data indicate that there was no correlation between the
concentration of glucose remaining in the medium and the
progression of mitochondrial fragmentation.

Together, the above data showed that neither growth state
nor respiratory rate, and the rate of glucose consumption
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correlated with mitochondrial fragmentation observed in
high glucose concentrations. We then further investigate the
cause of early mitochondrial fragmentation in cells grown at
high glucose concentrations (2% and 4%) by analyzing the
mitochondrial morphology of cells lacking genes involved in
maintaining mitochondrial morphology.

3.2. Progression of Mitochondrial Fragmentation in High Glu-
cose Is Independent of Mitochondrial Fission. Mitochondrial
morphology is modulated by a delicate balance between
mitochondrial fission and fusion, and in S. cerevisiae, deletion
of theDNM1 gene involved inmitochondrial fission increases
replicative lifespan [4]. We therefore determined whether
the mitochondrial fragmentation observed in cells grown
in a high level of glucose was regulated by factors affecting
mitochondrial fission by examining mutant strains (dnm1Δ
and fis1Δ) with known defects in the fission process.The fis1Δ
strain used in these experiments has been shown to also carry
a mutation in the WHI2 gene which rescues the mitochon-
drial respiratory defect caused by FIS1 deficiency, which also
causes a failure to suppress cell growth during amino acid
deprivation [30]. The mutant cells were transformed with
the ACO1-GFP construct and grown in 2% or 4% glucose
medium under the same condition described above.

The dnm1Δ mutant defective in mitochondrial fission
was expected to show a reduced level of mitochondrial
fragmentation [4]; however, when grown in 4% glucose, it
displayed fragmentation comparable to that of the wild type
(Table 1, see also Supplementary Figure S1 available online
at http://dx.doi.org/10.1155/2013/636287). A slight reduction
in the percentage of dnm1Δ cells that harbored fragmented
mitochondria was observedwhen cells were grown in 2% glu-
cose. Nevertheless, mitochondrial fragmentation progressed
in the dnm1Δ strain under the high glucose conditions. Cells
lacking FIS1 also showed a reduction in the percentage of
cells containing mitochondrial fragmentation when grown
in 2% glucose. However, similarly to dnm1Δ, mitochondrial
fragmentation was observed when fis1Δ cells were grown in
4% glucose, resulting in 63% of cells containing completely
fragmented mitochondria. These results indicated that mito-
chondrial fragmentation was unavoidable when cells were
grown in 4% glucose, even in cells defective in mitochondrial
fission. Hence, mitochondrial fragmentation observed in
high glucose levels was independent ofmitochondrial fission.

Cells deleted for the mitochondrial fusion gene FZO1
lack mitochondrial DNA and had severely deformed mito-
chondria in both glucose concentrations examined, and it
was therefore difficult to determine whether there was any
involvement of mitochondrial fusion in the fragmentation of
mitochondria using this mutant.

3.3. Inhibition of TOR Signaling Pathway Reduces Mitochon-
drial Fragmentation. Since nutrient availability might play a
greater role than mitochondrial fission processes in modu-
lating mitochondrial fragmentation when cells were grown
at high glucose concentration, we examined mutant strains
lacking genes involved in glucose sensing (SNF3, RGT2),
glucose metabolism (HXK2, GPA2, PDE1, and PDE2), and

general nutrient sensing (TOR1). Mutant cells transformed
with the ACO1-GFP construct were grown in 2% or 4%
glucose medium as described above.

Mutants with a deletion affecting glucose sensing or
glucose metabolism showed 50% to 84% of cells with totally
fragmented mitochondria morphology after 72 hours of
growth in either 2% or 4% glucose (Table 1). Among the
mutants screened, only cells lacking the TOR1 gene showed
a substantial reduction in the percentage of cells with totally
fragmented mitochondria when grown in 2% or 4% glucose
(Table 1; Supplementary Figure S2). Mitochondrial fragmen-
tation of tor1Δmutant cells was 42% and 37%when cells were
grown in 4% glucose and 2% glucose, respectively, after 72
hours. As an alternative approach to genetic manipulation
of the TOR pathway, the wild-type cells were treated with
10 nM rapamycin to inhibit both TOR1 and TOR2 gene
products. Cells treated with rapamycin showed an even
greater reduction in total mitochondrial fragmentation than
in the tor1Δ strain, with only 12% to 15% of the cells showing
totally fragmented mitochondria when the cells were grown
for 72 hours in 2% or 4% glucose media containing 10 nM
rapamycin, respectively (Table 1; Supplementary Figure S3).
Hence, deletion of TOR1 only partially suppressedmitochon-
drial fragmentation while inhibition of the TOR pathway by
rapamycin, which also inhibits TOR2, further repressed the
extent of mitochondrial fragmentation during cell growth in
high glucose levels.

3.4. Autophagy Is Required to ResistMitochondrial Fragmenta-
tion Caused by Volatile Glucose Metabolites. Since mitochon-
drial fragmentation occurred after cells had grown in media,
we tested whether cells grown in different concentrations
of glucose excreted metabolites are capable of stimulating
mitochondrial fragmentation. In order to test this hypothesis,
conditioned medium (in which cells had been grown in 0.5%
or 4% glucose for either 24 hours or 48 hours) was collected
and then used to replace the growth medium of cells grown
either to exponential (6 hours) or stationary phase (48 hours).

The conditionedmedium that was initially supplemented
with 4% glucose (4% glucose, 48 hours) contained substances
that caused mitochondrial fragmentation in exponential
phase cells, regardless of the glucose concentration of the
medium in which the cells were pregrown (Figure 4). Mito-
chondrial fragmentation was observed as early as 2 h after
transfer into this medium. Fragmentation also occurred for
stationary phase cells pregrown in medium containing 2%
and 4% glucose. In contrast, stationary phase cells pregrown
in 0.5% glucose were resistant to mitochondrial fragmen-
tation induced by the same medium. It was hypothesized
that mitochondrial fragmentation was prevented in these
cells because nutrients became depleted, and autophagy was
activated earlier than in the other growth regimes.

In order to investigate the involvement of autophagy in
resistance to conditioned medium-induced mitochondrial
fragmentation, the autophagy mutant strains Δuth1, Δatg1,
and Δatg5 were grown to stationary phase in medium
containing 0.5% glucose and then transferred into the con-
ditioned medium (4% glucose, 48 hours). The mitochondria
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Figure 4: Conditioned medium from S. cerevisiae grown in 4% glucose triggered mitochondrial fragmentation, which was delayed by
autophagy. (a) The wild-type cells pregrown to exponential phase for 6 hours in 0.5%, 2%, and 4% glucose to exponential phase were
transferred to the 4% conditionedmedium (4%48 h) or 0.5% conditionedmedium (0.5%48 h), andmitochondrialmorphologywas observed.
(b) The wild-type cells grown to stationary phase for 48 hours in 0.5%, 2%, and 4% glucose, then transferred to the 4% conditioned medium
(4% 48 h) or 0.5% conditioned medium (0.5% 48 h), and mitochondrial morphology was observed. (c) Mutants affected in autophagy (Δatg1
and Δuth1) were grown to stationary phase as under (b), and mitochondrial morphology was observed. Scale bar: 5𝜇m. The micrographs
shown are representative of the populations. Note: the micrograph for the Δuth1mutant transferred into 4% 48 h represents the morphology
of half the population of the cells, and the inset represents that of the other half of the population.
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of the Δatg1 and Δatg5 mutants became fragmented, but not
those of the mitophagy mutant Δuth1. These results indi-
cated that general autophagy was important for conferring
resistance to the metabolites that stimulated mitochondrial
fragmentation and that starvation may be able to delay mito-
chondrial fragmentation. Indeed, delayed fragmentation was
observed in the cells growing in 10-fold diluted SC medium
containing 2% glucose compared to the cells growing in
normal SC medium with 2% glucose (data not shown).

Since conditioned medium (4% glucose, 48 hours)
appeared to contain a substance that stimulated fragmen-
tation of mitochondria, it was analysed further. Treatment
with diluted spent medium did not cause mitochondrial
fragmentation in S. cerevisiae pregrown in any of the glucose
concentrations (Figure 5(a)), indicating that the effect was
probably not due to the physical disturbance of changing
the medium but due to the concentration of the glucose
metabolites present. These cells maintained tubular mito-
chondrial structure for at least 62 hours after themediumwas
exchanged. In addition, vacuum evaporation of the condi-
tionedmedium rendered it unable to stimulatemitochondrial
fragmentation (Figure 5(a)) indicating that the stimulatory
substance/s were volatile. Interestingly, mitochondrial frag-
mentation stimulated by the conditioned medium was found
to be reversible once the medium was removed (Figure 5(b)).

3.5. The Observed Mitochondrial Fragmentation Was Not due
to Intracellular Acidification. Since the metabolite(s) respon-
sible for mitochondrial fragmentation was(were) volatile,
we analysed all of the 48 hours conditioned media (0.5%
glucose, 2%glucose, and 4%glucose) by gas chromatography-
mass spectrometry. Three volatile substances with higher
concentrations in the 4% glucose-conditioned medium were
detected: acetic acid, ethanol, and 2,3-butanediol (Supple-
mentary Table S1). Of the three compounds, acetic acid was
the only one that resulted in mitochondrial fragmentation
when separately added to the cells (Supplementary Figure
S4).

Mitochondrial fragmentation triggered by acetic acid
treatment could be due to intracellular acidification caused by
release of protons or to accumulation of acetate. In addition
to acetic acid, benzoic acid and 2,4-dinitrophenol (2,4-DNP)
also triggered mitochondrial fragmentation (Figure S1). One
feature that is common to these three compounds is their
ability to lead to acidification within the cells, and therefore
we analyzed the intracellular concentration of acetate and
intracellular pH of cells grown in different glucose concentra-
tions.The intracellular level of acetate was higher in the wild-
type cells growing in 2% and 4% glucose than those growing
in 0.5% (See Supplementary Table S2). The intracellular pH
of the cells grown in different concentrations of glucose was
measured using the pH-sensitive GPF probe pHluorin. No
significant correlation between intracellular pH and mito-
chondrial fragmentation was found (Supplementary Figure
S5). Although mitochondrial fragmentation was already
established in 2% and 4%glucose-grown cells within 24 hours
of inoculation (Table 1), the intracellular pH of these cells was
similar to that of 0.5% glucose-grown cells at that time.These

results indicated that intracellular acidification was unlikely
to be responsible for triggering mitochondrial fragmentation
and that acetate or some metabolite derived from it is more
likely to be responsible.

3.6. Autophagy Is Required to ReduceMitochondrial Fragmen-
tation. One of the many cellular processes regulated by the
TOR pathway is autophagy, which recycles damaged proteins
and organelles and makes amino acids and other essential
metabolites to the cell [31] available. To determine whether
autophagy plays a role in the reduction of mitochondrial
fragmentation under high glucose conditions, amutant strain
defective for initiation of autophagy (atg1Δ) was transformed
with ACO1-GFP construct to examine mitochondrial frag-
mentation (Table 1).

Cells deleted for ATG1 displayed higher percentages
(approximately 75% after 72 hours incubation) of mito-
chondrial fragmentation than the wild type, indicating
that autophagy acts to reduce the onset of mitochondrial
fragmentation in 2% and 4% glucose-grown cells. Since
autophagywas important inmaintainingmitochondrialmor-
phology under these conditions, cells lacking genes affecting
mitochondrial-specific autophagy,ATG32 [32, 33], andUTH1
[34] that is also affected in cellular ageing [35], were analyzed.
Surprisingly, deletion of UTH1 or ATG32 did not affect mito-
chondrial fragmentation compared to that in the wild-type
cells, indicating that mitochondrial-specific autophagy alone
did not substantially suppress mitochondrial fragmentation.
However, general autophagy, involving ATG1 appears to play
a vitally important role for reducing mitochondrial fragmen-
tation under higher glucose conditions since deletion ofATG1
elevated the fragmentation of mitochondria seen in cells
grown on higher glucose levels.

Subsequently, we checked whether the TOR pathway
regulated the function of autophagy in reducing mitochon-
drial fragmentation. The autophagy mutants were treated
with rapamycin, and total mitochondrial fragmentation was
examined. A reduction of mitochondrial fragmentation in
rapamycin-treated uth1Δ was observed (Table 1), which was
consistent with the finding that deletion of UTH1 did not
have an impact on mitochondrial fragmentation and that the
suppression effect of rapamycin observed was independent
of UTH1. In the atg1Δ mutant, although treatment with
rapamycin reduced mitochondrial fragmentation compared
to the untreated mutant cells, the level of mitochondrial
fragmentation remained much higher than in rapamycin-
treated wild-type cells. Hence, rapamycin inhibition of the
TOR pathway led to suppression of mitochondrial fragmen-
tation, but this was largely dependent on the presence of
a functional autophagy pathway. Therefore, it is likely that
autophagy functions downstream of the TOR pathway in
maintaining mitochondria in a nonfragmented state.

3.7. Role of Autophagy in Mitochondrial Fragmentation
Induced by Glucose Metabolites. Having identified a cellular
process that is able to preventmitochondrial fragmentation in
cells grown in high glucose concentrations, we next examined
what triggered mitochondrial fragmentation in these cells.
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Figure 5: Reversibility of conditioned medium-induced mitochondrial fragmentation. (a) The mitochondria of the wild-type cells grown in
2% glucose did not fragment when they were transferred into diluted (4% 48 h dilu) and evaporated (4% 48 h evap) conditioned media (4%
glucose, 48 hours). Mitochondria were observed at 2 hours, 20 hours, and 62 hours after media exchange. Only the micrographs taken at
20 hours after medium exchange are shown. (b) Mitochondrial fragmentation of the wild-type cells grown in 2% glucose was triggered by
the 4% conditioned medium (+4% 48 h). Cells were grown in the 4% conditioned medium for 24 hours before transferring into the 0.5%
conditioned medium (+0.5% 48 h). The morphology of mitochondria was observed 2 hours after transfer. Scale bar: 5𝜇m.The micrographs
shown are representative of the populations.

Mitochondria are the major site of reactive oxygen species
(ROS) production, and an elevation of ROS could be one
of the causes of mitochondrial fragmentation. We examined
the levels of superoxide anion by DHE staining of cells
growing in 0.5%, 2%, and 4% glucose over a 72 h time course
and flow cytometry analysis to determine whether elevation
in superoxide levels was correlated with the occurrence of
mitochondrial fragmentation.

Cellular superoxide levels increased over time regardless
of the concentration of glucose, as shown in Figure 6. Cells
grown in 0.5% glucose had the highest superoxide level
after 24 hours growth, which is consistent with the fact that
respiratory activity was the highest for these cells at that time
(Figure 2(b)). After 72 h incubation, cells grown in 4%glucose
had the highest level of superoxide followed by those grown
in 2% glucose and then those grown in 0.5% glucose. It is
therefore unlikely that an increase in ROS level triggered
mitochondrial fragmentation during cell growth, since the
onset of elevated levels of ROS in 0.5% glucose-grown cells
did not lead to mitochondrial fragmentation.

Since fragmentation occurred 24 hours after inoculation
in media, we analyzed whether the glucose metabolites
accumulated in the medium during growth stimulated mito-
chondrial fragmentation. To test this hypothesis, conditioned
medium (in which cells were grown for either 24 hours
or 48 hours) originating from 4% glucose or 0.5% glucose
medium was collected and then was used to replace the

growthmediumof cells grown to either exponential (6 hours)
or stationary phase (48 hours).

The 48 hours conditioned medium that was initially
supplemented with 4% glucose (4% conditioned medium)
contained substances that caused mitochondrial fragmenta-
tion in wild-type cells in exponential phase, regardless of
the glucose concentration of the medium in which cells
were pregrown (Figure 4(a)). For instance, mitochondrial
fragmentation was observed as soon as two hours after
transferring cells into the 4% conditioned medium. This
fragmentation was also found for stationary phase wild-type
cells pregrown in medium containing 2% or 4% glucose
(Figure 4(b)). In contrast, the stationary phase cells pregrown
in 0.5% glucose did not display fragmented mitochondria
after transfer into the 4% conditioned medium (Figure 4(b)).
We hypothesized that the early nutrient depletion in 0.5%
glucose-grown cells activated autophagy leading to resistance
to induction of mitochondrial fragmentation.

In order to investigate the involvement of autophagy
in this mitochondrial fragmentation process, the atg1Δ and
uth1Δ autophagy mutants were grown for 48 hours in 0.5%,
2%, and 4% glucose and then transferred into the condi-
tioned media (Figure 4(c)). Mitochondrial fragmentation
was observed in the atg1Δ mutant cells, including those
pregrown in 0.5% glucose, after transfer into the 4% glucose
conditioned medium. On the other hand, uth1Δ cells pre-
grown in 0.5% glucose medium were partially resistant to 4%
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Figure 6: ROS levels in S. cerevisiae at 24 h, 48 h, and 72 h of growth. Wild-type cells grown in 0.5%, 2%, and 4% glucose were collected at
the indicated times and stained with 5 𝜇g/mL DHE to detect superoxide radicals. Fluorescence intensities were analyzed by flow cytometry.
(a) The clear and filled histograms represent the cells without and with DHE, respectively. (b) Percentage cells showing elevated ROS levels
at each incubation time for cells grown in 0.5% glucose (clear rectangles), 2% glucose (lighter grey rectangles), and 4% glucose (darker grey
rectangles). Data are the averages from two independent experiments; bars indicate the range of data obtained.

conditioned medium-induced mitochondrial fragmentation
(approximately 50% of the total population displayed tubular
mitochondria). These results indicated that activation of
general autophagy during starvation played an important
role in conferring resistance to those metabolites present
in the conditioned medium that stimulated mitochondrial
fragmentation.

Conversely, wild-type cells transferred into 0.5% condi-
tionedmedium displayed tubular mitochondria independent
of the growth phase and the level of glucose in which the cells
were pregrown (Figure 4(c)). The fragmented mitochondria
in the atg1Δ, and uth1Δ mutants also returned to a tubular
structure after cells were transferred into 0.5% conditioned
medium, although these cells required a longer time for
recovery.

The effects seen using 4% conditioned medium to stimu-
late fragmentation of mitochondria were not due to the phys-
ical disturbance of changing the medium.When conditioned
medium was removed and fresh medium was supplemented
to cells, there was no fragmentation in cells pregrown in
any of the glucose concentrations used. Interestingly, mito-
chondrial fragmentation stimulated by the 4% conditioned
medium was found to be reversible once the medium was
replaced by the 0.5% conditioned medium (Figure 5). The
reversible nature of the process indicated that the cells were
not yet committed to any deleterious effects that may result
from mitochondrial fragmentation.

3.8. Mitochondrial Fragmentation and Chronological Lifes-
pan. The above results demonstrated that S. cerevisiae cells
grown in high glucose concentrations not only possessed

fragmented mitochondria but also showed higher levels
of oxidative stress than those grown in calorie-restricted
conditions. It is well known that S. cerevisiae cells that are
restricted in their calorie intake have longer chronological
and replicative lifespans [36, 37], that maintenance of the
morphology of mitochondria is important for cell survival
since the mutants that preserve tubular mitochondrial struc-
ture (such as Δdnm1) live longer than the wild-type cells
[4], and the mutants that progress early to mitochondrial
fragmentation have shorter lifespan [38]. This led us to
investigate whether reversing fragmentation of mitochondria
of cells grown in 2% and 4% glucose would extend their
lifespan.

Since mitochondrial fragmentation in 4% or 2% glucose-
grown cells could be reversed in 0.5% conditioned medium
(Figure 5(b)) and vice versa (Figure 5(a)), we determined
whether chronological lifespan (CLS) could also be reversed
in the same way. Cells were grown in 0.5%, 2%, or 4% glucose
for 48 hours and then transferred into conditioned media as
shown in Figure 6, and their CLS were assessed.

As expected, cells grown in 0.5% glucose had an extended
CLS compared to those grown in higher glucose concen-
trations (Figure 7). Interestingly, their lifespan was short-
ened when these cells were transferred into 4% conditioned
medium. On the other hand, the lifespan of cells grown in
4% glucose medium was extended following their transfer
into 0.5% conditioned medium. Burtner et al. [39] have also
shown that the CLS was reversible by substituting spent
growth medium in a similar way. Here, we show that the CLS
of S. cerevisiae varied depending on the type of medium into
which cells were exchanged and that this correlated with the
reversible changes in mitochondrial morphology.
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Figure 7:The shortened chronological lifespan of S. cerevisiae cells grown in higher concentrations of glucose can be reversed without genetic
manipulation. Wild-type cells were grown in media containing 0.5%, 2%, and 4% glucose for 48 hours and exchanged into the conditioned
media originally supplemented with 0.5% (0.5% 48 h) or 4% (4% 48 h) glucose. Cell viability was assessed by spotting diluted cultures onto
YPD plates at indicated times and compared with that of the cells without any media exchange (no change).

4. Discussion

Mitochondrial morphology is dynamic and responds to
changes in a cell’s physiology andmetabolism.This morphol-
ogy is modulated by the balance between fusion and fission
processes [5, 40, 41]. However, factors such as apoptotic
signals or oxidative stress cause an imbalance between these
two processes resulting in fragmentation of mitochondria
to a punctate morphology [6, 26, 42, 43], and this altered
morphology occurs on induction of cell death and during
ageing of cells [44]. Here, we have shown that mitochondrial
morphology of S. cerevisiae changes depending on the con-
centration of glucose in the medium and that high glucose
availability triggers mitochondrial fragmentation in yeast.
This process is largely independent of mitochondrial fission
ormitochondrial respiratory activity, instead reflecting nutri-
ent sensing mechanisms involving the TOR pathway via the
general autophagy process that it modulates. Early onset of
respiratory activity correlated with an increased level of ROS
in cells grown in low glucose levels as expected, but it is
unlikely that mitochondrial damage caused by an increasing
level of ROS is a trigger for mitochondrial fragmentation
since cells grown in low glucose were respiring, produc-
ing relatively high levels of ROS (superoxide anion) yet
maintained their mitochondrial structure during prolonged
incubation.

To investigate possiblemechanisms involved inmaintain-
ing the mitochondrial structure, a set of deletion mutants
was examined for the phenotype of reduced mitochondrial
fragmentation in the presence of higher concentrations of
glucose.Themutant lackingTOR1was the only one examined
that repressed mitochondrial fragmentation under higher
glucose levels (2% and 4%). Wild-type cells treated with
rapamycin also displayed nonfragmented mitochondria for
a prolonged period under these conditions. Together, these
results demonstrated that regulation of the TOR pathway
plays amajor role in themaintenance ofmitochondrial struc-
ture. Both caloric restriction and inhibition of TOR delayed
fragmentation in an autophagy-dependent manner since
deletion of the ATG1 gene led to an increased fragmentation
under both conditions. Interestingly, selective elimination of
damaged mitochondria by mitophagy in response to mito-
chondrial dysfunction [36] by mutating the UTH1 or ATG32
genes did not affect the fragmentation of mitochondria
observed in higher glucose-grown cells. Hence, the protective

effect of autophagy is most likely by modulation of nutrient
status, or elimination of cellular damage to components other
than mitochondria, since they are degraded only by selective
autophagy [45]. It is possible that the early low level of
ROS observed in respiring cells in 0.5% glucose condition
may have activated autophagy to maintain mitochondrial
structure under this condition [46].

The importance of autophagy in cellular lifespan exten-
sion is highlighted by the demonstration of its importance in
C. elegans during dietary restriction [25] and that autophagy
and amino acid homeostasis are required for extended CLS
in S. cerevisiae [24]. Autophagy is necessary for rapamycin-
induced lifespan extension [47]. Induction of autophagy by
spermidine also increases longevity in yeast, flies, and human
cells [48]. Based on our data, the prevention or delay of the
onset ofmitochondrial fragmentation by autophagymay play
an important role in lifespan extension.

It is interesting that both the fragmentation of mitochon-
dria and the shortening of CLS of cells grown in high glucose
condition are reversible. Fragmented mitochondria in cells
were able to return to a tubular morphology, and the cellular
lifespan was extended when high glucose medium was
replaced by the conditioned medium originating from cells
grown on low glucose. The reversibility with respect to CLS
has also been shown [39]. For mitochondrial morphology
this change occurred within 2 hours of replacement. This
reversibility of mitochondrial fragmentation is dependent on
general autophagic processes. Further study on the composi-
tion of the conditioned media and comparison between the
one that shortens lifespan and the one that lengthens may
reveal which factor(s) present in the medium cause early cell
death. These results further point to the correlation between
mitochondrial morphology and chronological lifespan in S.
cerevisiae, which has relevance to the effects of glucose and/or
caloric restriction on cell aging.
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Over the past decade, the baker’s yeast Saccharomyces cerevisiae has proven to be a useful model system to investigate fundamental
questions concerning the pathogenic role of human proteins in neurodegenerative diseases such as Parkinson’s disease (PD).
These so-called humanized yeast models for PD initially focused on 𝛼-synuclein, which plays a key role in the etiology of PD.
Upon expression of this human protein in the baker’s yeast Saccharomyces cerevisiae, the events leading to aggregation and the
molecularmechanisms that result in cellular toxicity are faithfully reproduced.More recently, a similarmodel to study the presumed
pathobiology of the 𝛼-synuclein interaction partner synphilin-1 has been established. In this review we will discuss recent advances
using these humanized yeast models, pointing to new roles for cell wall integrity signaling, Ca2+ homeostasis, mitophagy, and the
cytoskeleton.

1. Introduction

Parkinson’s disease (PD) is the most prevalent neurodegen-
erative movement disorder in elderly people. The clinical
features of this disease include motor deficits such as resting
tremor, rigidity, bradykinesia, and postural instability. These
symptoms result from the selective and progressive loss of
dopaminergic neurons in the substantia nigra pars compacta
and the presence of fibrillary cytoplasmic inclusions called
Lewy bodies. Although early studies mainly addressed envi-
ronmental factors as the cause of neuronal demise, these
days the involvement of genetic risk factors is the main
focus of many studies. At present 18 genetic loci (designated
PARK1-18) have been associated with the development of
PD, including the autosomal dominant 𝛼-synuclein, LRRK2,
and Omi/Htra2 and the autosomal recessive Parkin, PINK1,
DJ-1, and ATP13A2 [1]. 𝛼-Synuclein was the first gene
that was found to play a role in the pathogenesis of PD.
Beside the missense mutations A53T, A30P, and E46K [2–4],
duplications and triplications of this gene have been shown
to result in parkinsonism [5–7]. In addition, aggregated 𝛼-
synuclein was identified as the major component of Lewy

bodies in the brains of sporadic PD patients [8]. The presy-
naptic protein synphilin-1, which has been identified as an
𝛼-synuclein interaction partner using the yeast-two-hybrid
system [9], was also found to be a Lewy body constituent
[10]. Since the discovery of 𝛼-synuclein as a key player in
PD, a diverse research community has evolved, focusing on
the molecular properties of this protein, and its interac-
tion partner synphilin-1, and the cellular dysfunction that
underlies 𝛼-synuclein-mediated pathology. A whole range of
model systems have been developed to study the different
levels and aspects of𝛼-synuclein and synphilin-1 dysfunction.
Studies in the classical animal models, like transgenic mice,
Drosophila melanogaster, and Caenorhabditis elegans, have
been able tomodel the in vivo aspects of the disease. However,
mechanistic aspects of a disease often emerge from studies
at the cellular and subcellular level. To this end, usually,
mammalian cell lines are used, but recently also the budding
yeast Saccharomyces cerevisiae has manifested itself as a
valuablemodel to provide insight into themechanisms of PD.
Recent new findings in yeast models expressing 𝛼-synuclein
led to new roles for cell wall integrity signaling, intracellular
Ca2+ buildup, and mitophagy, underscoring the usefulness
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and power of a yeast model to uncover new aspects of PD
pathology.

2. Humanized Yeast Models

At first sight it might not seem very obvious to use a simple
and unicellular organism such as yeast to study a complex
brain disorder like PD. Indeed, the budding yeast has its
limitations, as it cannot recapitulate the complex cellular
interactions occurring in the human brain. Likewise, proteins
and pathways required for the development of multicellular
organisms, are not represented in yeast. Still, yeast cells
possess strong similarities to human cells. Around 60% of the
yeast genes show sequence homology to a human orthologue
[11], and of the human disease-related genes, over 25% have a
close homologue in yeast [12]. Importantly, yeast and human
cells share fundamental aspects of eukaryotic cell biology. In
many cases, yeast has even been the model system where
these cellular processes and the genetic components compris-
ing them have been elucidated. This allows a number of key
processes, which are of particular interest to PD pathology,
to be efficiently investigated in the well-understood yeast
model. These include the mechanisms of protein folding,
quality control and degradation, the components involved in
the secretory pathway and vesicular trafficking, the study of
mitochondrial dysfunction and oxidative stress, and even the
mechanisms of cell death and survival. Finally, yeast models
also possess several clear advantages compared to higher
model organisms [13]. Budding yeast cultures show a rapid
growth, with a doubling time of 1,5 to 3 hours. This allows a
fast and easy scale-up,which is profitable for high-throughput
genetic and small-molecule screens. Yeast is readily amenable
to many different genetic modifications. Easy DNA transfor-
mation and the availability of a host of selectable markers
allow the introduction of multiple self-replicating plasmids.
Moreover, stable and highly specific introduction of genes,
modifications, and markers in the genome, through intro-
duction of DNA sequences by homologous recombination, is
highly efficient in yeast. Finally, what makes yeast especially
attractive is an extensive set of high-throughput tools that
lend themselves to a systematic and genome-wide analysis
of particular cellular processes or screenable phenotypes.
These include not only comprehensive collections of yeast
mutants with gene deletions [14], hypomorphic alleles, and
conditionally repressible promoters [15], but also plasmid
libraries that allow the study of gene overexpression [16] or
systematic localization studies using the yeast GFP-fusion
collection [17]. Using these high-throughput techniques in
combination with recombinant expression of components
implicated in the development of PD, the yeast model can be
used to identify genes that positively and negatively regulate
important processes linked to PD pathology, like protein
aggregation and cellular toxicity.

3. Yeast Models for 𝛼-Synuclein
and Synphilin-1

It has already been a decade since yeast was used for the first
time as a model to study 𝛼-synuclein toxicity [18]. In this

study, the intracellular localization of wild type and mutant
𝛼-synuclein fused to green fluorescent protein was visualized
in yeast cells. At low expression levels, the wild type andA53T
mutant fusion proteins accumulate at the plasma membrane,
consistent with the affinity of 𝛼-synuclein for phospholipids
[19]. However, upon increased expression, their localization
shifted from the plasma membrane towards cytoplasmic
aggregates (Figure 1(a), left panel). This coincided with an
increase in toxicity reflected in a reduced growth of the
yeast cells expressing these human proteins. A30P mutant 𝛼-
synuclein on the other handdisplayed a cytosolic localization,
and a minor toxic effect could only be seen upon multicopy
expression. Since the description of this initial model, several
other groups have taken advantage of the potential that the
yeastmodel system offers to study PD-related features. Beside
studies concentrating on a specific cell biological process, also
genome-wide screens have been conducted to identify genes
and processes that modulate 𝛼-synuclein-induced toxicity in
yeast. These studies demonstrate that 𝛼-synuclein interferes
with a broad range of processes to exert its toxicity, like
membrane binding, protein quality control and autophagy,
Ca2+ andMn2+ transport, protein phosphorylation, vesicular
trafficking and recycling, and cell death and aging [20–23].

The protein-protein interaction between 𝛼-synuclein and
synphilin-1 has originally been described using the yeast-two-
hybrid system. Hence, the yeast model can probably also be
used to study the functional interactions between these two
proteins. In a humanized yeast model, a dsRed-synphilin-
1 formed aggregates in about 30% of the cell population
(Figure 1(a), right panel) [24]. This is much more than an
𝛼-synuclein-eGFP fusion, which induces aggregate forma-
tion in only 2% of the cells. However, when coexpressed,
synphilin-1 induced a sixfold increase in the amount of
cells with 𝛼-synuclein aggregates. When fluorescently tagged
synphilin-1 and 𝛼-synuclein formed inclusions in the same
cell, they would often colocalize, still, aggregates containing
only one of the two proteins could also be found. The path-
ways leading to synphilin-1 or 𝛼-synuclein aggregates how-
ever seem quite different. While soluble synphilin-1 is local-
ized mainly in the cytoplasm, its aggregates would form at
lipid droplets and detergent resistant membranes (DRMs). In
contrast, 𝛼-synuclein localizes mainly at the plasma mem-
brane, where its inclusions also initiate [18, 25], but it interacts
less with DRMs as compared to synphilin-1 [24].

3.1.TheReciprocal Relation between𝛼-Synuclein and theUbiq-
uitin-Proteasome System. Healthy cells rely on quality con-
trol mechanisms that monitor the proper folding of native
proteins and respond to damaged and misfolded proteins.
These include molecular chaperones that stabilize and refold
abberrant and damaged proteins and proteolytic systems
that eventually remove proteins beyond repair. Despite the
description of a decrease in proteasomal function in the
substantia nigra in PD [26] and an accumulation of ubiquitin
in Lewy bodies [27, 28], the precise role for the ubiquitin-
proteasome system (UPS) (dys)function in the development
of PD remains to be elucidated. For this reason the rela-
tionship between the ubiquitin-proteasome system and 𝛼-
synuclein was also studied in more detail in the yeast models
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Figure 1: Expression of 𝛼-synuclein and synphilin-1 in Saccharomyces cerevisiae. (a) Fluorescence microscopic visualization of wild type 𝛼-
synuclein-eGFP (left panels) and dsRed-synphilin-1 (right panels) fusion proteins expressed separately in wild type yeast cells. (b) and (c)
Quantification of viable cells (b) and DHE positive cells (c) in wild type yeast cells expressing wild type 𝛼-synuclein and synphilin-1 alone or
together. The strains were kept in culture for two weeks [24].

for PD. In their pioneering PD yeast model, Outeiro and
Lindquist [18] reported about the link between 𝛼-synuclein
toxicity and the ubiquitin-proteasome system by showing an
increase in ubiquitin accumulation and decreased proteaso-
mal function in yeast cells expressing 𝛼-synuclein. This 𝛼-
synuclein-mediated proteasome impairment in yeast is not
caused by changes in the individual peptidase activities of the
proteasome or by the amount of available proteasome com-
plexes [29]. Instead, impairment of the proteasome coincided
with an altered proteasome composition. Next to the effect
of 𝛼-synuclein expression on proteasomal function, also the
inverse relation has been studied. The effect of proteasome
activity on 𝛼-synuclein behaviour was investigated using
the proteasomal inhibitor, lactacystin, or by the analysis of
yeast mutants deleted for proteasomal components. These
approaches demonstrated that malfunctioning of the protea-
some increases the accumulation of 𝛼-synuclein inclusions
[25, 30] and enhances 𝛼-synuclein toxicity [30, 31], indicat-
ing a role for the proteasome in 𝛼-synuclein degradation.

Such proteasomal degradation of 𝛼-synuclein most likely
occurs on the soluble form, since clearance of 𝛼-synuclein
aggregates by the yeast proteasome is negligible [32].

3.2. Autophagic Clearance of 𝛼-Synuclein Aggregates. When
the activity of the proteasome becomes compromised or
overwhelmed, misfolded proteins are directed to the autoph-
agic pathway for degradation. This pathway is well con-
served among eukaryotic cells and involves the lysosome in
mammalian cells and the vacuole in yeast. The observation
in higher eukaryotes that 𝛼-synuclein aggregates can be
removed by autophagy suggested a connection between
autophagy and the pathogenesis of PD [33–35].

Autophagy induction in both mammals and yeast has
previously been achieved by treatment with rapamycin, lead-
ing to the inhibition of the TOR kinase. Treating 𝛼-synuclein
expressing yeast cells with this autophagy-inducing drug
resulted in a significant decrease of 𝛼-synuclein inclusions
[25]. In a recent study, yeast cells expressed multiple copies
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of 𝛼-synuclein-GFP under an inducible GAL1-promotor,
allowing the study of the formation of 𝛼-synuclein aggre-
gates on galactose-containingmedium subsequent repression
of 𝛼-synuclein expression, and a chase of the aggregates
on glucose-containing medium [32]. This clearly showed
that, once neosynthesis of 𝛼-synuclein is switched off, yeast
cells can rid themselves of the formed aggregates within
hours, which also rescues the 𝛼-synuclein cellular toxicity.
This aggregate clearance seems to be mainly mediated by
autophagy, as evidenced by pharmacologic inhibition with
PMSF, which blocks vacuolar serine proteases, or via genetic
blockade in a yeast mutant for Atg1, a kinase essential for
the induction of autophagy. Furthermore, yeast Ypk9, the
ortholog of a lysosomal P-type ATPase (ATP13A2) was iden-
tified as a suppressor of 𝛼-synuclein toxicity, and overexpres-
sion of Ypk9 was shown to reduce intracellular 𝛼-synuclein
inclusions [22, 36]. In contrast with these studies reporting
on clearance of 𝛼-synuclein inclusions via the autophagic-
lysosomal pathway, it was observed that fluorescently tagged
wild type and A53T mutant 𝛼-synuclein are not able to enter
the vacuolar lumen in yeast and that expression of the native
proteins causes a defect in vacuolar fusion [23]. The A30P
mutant, on the other hand, did not affect vacuolar fusion and
was targeted to the vacuole via the endocytic pathway upon
overexpression of the 𝛼-synuclein toxicity suppressor Ypp1
[37].

3.3. Role of Mitochondrial Dysfunction and Mitophagy in
𝛼-Synuclein Toxicity. Mitochondria are not only the main
producers of cellular energy but are also considered to be
important regulators of neuronal functioning. Small irreg-
ularities in their normal function have been implicated
in the pathogenesis of various neurodegenerative diseases,
including PD. Early evidence for this came from observations
that administration of mitochondrial complex I inhibitors,
such as MPTP, rotenone, and paraquat, resulted in changes
reminiscent of those seen in PD [38–40]. Later studies
showed that several of the familial PD-associated proteins
are linked directly or indirectly to mitochondrial pathways
including PINK1, Parkin, DJ-1 and Omi/HtrA2 as reviewed
in [41]. In addition, increasing evidence suggests that mito-
chondrial function is also affected by𝛼-synuclein viamultiple
mechanisms. Interestingly, studies in yeast models identified
genes and compounds affecting mitochondrial function as
being critical mediators of 𝛼-synuclein toxicity [23, 42, 43].

Zabrocki and colleagues [23] performed a genetic screen-
ing by expressing an 𝛼-synuclein-eGFP-fusion protein in a
genome-wide collection of viable yeast deletion strains. This
screening retrieved 15 mutants that were deleted for a gene
involved in mitochondrial function or the oxidative stress
response. These included genes responsible for the induction
of the antioxidant response or involved in the actual removal
of the oxidating agents and a series of genes mediating the
degradation of misfolded mitochondrial proteins.

Subsequently, the importance of mitochondria in 𝛼-
synuclein toxicity was also demonstrated in postmitotic,
stationary phase yeast cells, via measurement of the so-called
chronological life span (CLS) [44]. Expression of wild type
and A53Tmutant 𝛼-synuclein in these aged yeast cells, which

rely on mitochondria for their energy production, induces a
strong increase in markers for reactive oxygen species (ROS),
apoptosis, and necrosis, eventually resulting in cell death.
This effect is not dependent on the main apoptotic players
or the unfolded protein response. Instead, in cells lacking
functional mitochondria (rho0), 𝛼-synuclein was not able to
exert this toxic effect and failed to induce cell death. In a
study by the group of Lindquist, a microarray analysis was
performed using a yeast model with 𝛼-synuclein overexpres-
sion [43]. This revealed a decrease in transcript levels of
genes involved in mitochondrial and respiratory functions
and an upregulation of transcripts related to oxidoreduc-
tase activities. Phenotypically, this manifested itself in an
abnormal mitochondrial morphology, which correlated with
a loss of mitochondrial membrane potential and a striking
increase in ROS production. As such, these data confirm that
𝛼-synuclein overexpression strongly affects mitochondrial
functions.

Increasing insight in the physiological function of the
familial risk genes PINK1 and Parkin has highlighted the
importance of mitochondrial dynamics, more specifically
their role in the regulation of the removal of damaged
mitochondria via mitophagy (reviewed in Imai and Lu
[45]). A recent study used the yeast PD model to examine
the link between 𝛼-synuclein toxicity and mitophagy in
chronologically aged yeast cells [46]. Expression of wild type
and A53T mutant 𝛼-synuclein in yeast was shown to induce
mitophagy. Moreover, the 𝛼-synuclein-mediated decrease in
chronological life span is even dependent on mitophagy,
since deletion of Atg32, a mitochondrial protein required
for initiation of mitophagy in yeast, alleviated 𝛼-synuclein
induced toxicity. This also correlated with lower ROS levels
in these atg32 deletionmutants upon 𝛼-synuclein expression.

Furthermore, the important role of mitochondria and
ROS was also demonstrated in small-molecule screens using
humanized yeast as a screening tool. A yeast strain overex-
pressing 𝛼-synuclein was used to screen a chemical library
for compounds that are able to relieve toxicity [43]. Four
1,2,3,4-tetrahydroquinolines could reduce the 𝛼-synuclein
toxicity at multiple levels, that is, by a reduction of the
formation of 𝛼-synuclein aggregates, restoration of vesicular
trafficking from ER to Golgi, and rescue of mitochondrial
abnormalities. Earlier, a similar screen for compounds allevi-
ating 𝛼-synuclein toxicity in yeast cells has been performed
by Griffioen et al. [42]. From a library of about 10.000
small molecules, two could rescue the growth defect caused
by 𝛼-synuclein overexpression, that is, epigallocatechin-3-
gallate (EGCG) and quercetin. These two compounds are
flavonoids with antioxidant properties, which are found in
large amounts in green tea.

3.4. 𝛼-Synuclein and Synphilin-1 Toxicity Is Sirtuin Depen-
dent. Sirtuins or Silence Information Regulators (SIRs) have
originally been discovered in yeast. They possess NAD-
dependent protein deacetylase activity, which plays a key
role in transcriptional silencing at genomic loci including the
mating-type locus, telomeres, and ribosomal DNA (rDNA)
[47, 48]. In yeast, Sir2 was shown to be required for the
increased mitotic life-span, that is, the number of times a cell



Oxidative Medicine and Cellular Longevity 5

can divide, upon calorie restriction [49]. This is in contrast
with its role in nondividing cells, where deletion of SIR2
extends chronological life span (CLS), that is, the cell viability
of a batch culture over a period of several weeks. Being evolu-
tionary conserved frombacteria to humans, sirtuinswere also
found to modulate aging in multicellular organisms such as
nematodes, fruit flies, and mice [50–52]. The association of
sirtuins with aging made these proteins of great interest for
researchers because of their potential as therapeutic targets
for age-related diseases such as Parkinson’s disease.

The CLS model is typically used to study aging in yeast.
In such cultures, expression of 𝛼-synuclein and synphilin-1
both induced a strong increase in ROS accumulation and a
concomitant decrease in cell survival (Figures 1(b) and 1(c))
[24]. However, in a sir2 deletion mutant, the toxicity induced
by 𝛼-synuclein expression was lowered while for synphilin-1
it was largely absent. This suggests that these disease-
associated proteins exert their effect via a Sir2-dependent
process, possibly involving the segregation of these proteins.

More recently, it was reported that Sir2 is an essential
mediator of 𝛼-synuclein toxicity in aged yeast cells via its
control of mitophagy [46]. The process of mitophagy, which
is required for wild type and A53T mutant 𝛼-synuclein to
execute its toxic effect, is blocked in a sir2 deletion mutant.

3.5. Phosphorylation of 𝛼-Synuclein. Most of the 𝛼-synuclein
found in Lewy bodies of PD patients is phosphorylated
at Ser129 [53]. A large amount of research has gone into
the elucidation of the role of Ser129 phosphorylation in
the processes of 𝛼-synuclein localization, aggregation, and
toxicity. Still, there is no clear consensus since studies in
animal models of PD have yielded conflicting results on the
role of Ser129 phosphorylation [54–56]. It has been shown
that Ser129 can be phosphorylated by several kinases, like the
polo-like kinases (PLK) 1 to 3, casein kinases (CK) 1 and 2, and
the leucine-rich repeat kinase 2 (LRRK2) [57–59]. The polo-
like kinases and casein kinases possess yeast orthologues,
allowing their study in this simple model system. Zabrocki
and coworkers [23] expressed 𝛼-synuclein in yeast mutants
deleted for the yeast casein kinases. Deletion of the plasma
membrane localized CK-1 kinases, Yck1 or Yck2, resulted
in decreased Ser129 phosphorylation and reduced toxicity
in yeast cells. Deletion of Yck3, a CK-1 kinase localized at
the vacuolar membrane influenced neither the 𝛼-synuclein
phosphorylation level nor its toxicity. However, Yck3 was
picked up as a component that, when overexpressed, reduced
the 𝛼-synuclein toxicity in yeast, indicating that the influence
of 𝛼-synuclein phosphorylation on toxicity might depend on
the subcellular localization of the kinase and the 𝛼-synuclein
substrate [22]. It should be noted however that biochemical
evidence that these yeast CK-1 kinases directly phosphorylate
𝛼-synuclein is still lacking. On the other hand, a recent study
also showed that deletion of Yck1 or Yck2 increased the 𝛼-
synuclein toxicity, while, similar to Yck3, overexpression of
Yck1 could partially alleviate the 𝛼-synuclein induced growth
defect [60].

Overexpression of Cdc5, the yeast polo-like kinase 2,
also rescues 𝛼-synuclein toxicity [22]. However, a detailed
analysis of the relationship between the Cdc5 kinase and

𝛼-synuclein toxicity in yeast gave quite surprising results [61].
For this kinase, good biochemical evidence was provided that
it directly phosphorylates the Ser129 residue. However, 𝛼-
synuclein was shown to be toxic to yeast cells but not because
it was phosphorylated at this residue. Instead, 𝛼-synuclein
inhibits the Cdc5 kinase from binding and activating Tus1,
a guanine nucleotide exchange factor for the small GTPase
Rho1, and thus disrupts the signaling cascade it controls,
the so-called cell wall integrity pathway. This MAP kinase
pathway is not only regulated through the cell cycle but is also
responsive to a number of external stressors that act upon the
cell wall [62].These results could be confirmed inmammalian
cells that, unlike yeast cells, do not have cell walls but do
contain similar PLK-Rho/Ras-MAPK signalingmodules that
are activated upon cell stress. In a neuroblastoma cell line, 𝛼-
synuclein expressionwas shown to cause an attenuated stress-
induced activation of the p38 and JNK MAP kinases, result-
ing in reduced cell viability [61]. These effects of 𝛼-synuclein
toxicity and impaired MAPK signaling were abolished in an
𝛼-synuclein mutant that cannot bind the mammalian polo-
like kinase 2.

3.6. Increased Intracellular Ca2+ Mediates 𝛼-Synuclein Toxic-
ity. Ca2+ is an important intracellular messenger that regu-
lates a variety of vital cell functions. Therefore, its levels are
tightly controlled in the cytoplasm, ER, and mitochondria.
Accumulating evidence points towards an important role for
Ca2+ imbalance in the pathogenesis of neurodegenerative
diseases such as PD [63, 64]. Although several of these
studies linked Ca2+to 𝛼-synuclein toxicity and aggregation,
the underlying mechanisms remain unclear [65–67]. Given
the high conservation of the regulation of Ca2+ homeostasis
between yeast and humans, yeast models were recently used
to investigate this matter [68]. Heterologous expression of 𝛼-
synuclein in yeast elicited an increase in cytosolic calcium
levels, which preceded a rise in oxidative radicals and even-
tually cell death. Systematic deletion of the calcium chan-
nels, buffering proteins, and sensors known from the yeast
genome pointed to a role for the Golgi-resident Ca2+/Mn2+
ATPase PMR1 (plasma membrane-related Ca2+ATPase1).
Its deletion decreased the 𝛼-synuclein-induced elevation in
cytoplasmic Ca2+ levels and also led to a strong decrease
in ROS production and subsequent cell death. Furthermore,
in the study of Büttner et al. [68], the PMR1 orthologues
in flies and nematodes were also shown to be required for
an 𝛼-synuclein induced Ca2+ increase, leading to loss of
dopaminergic neurons. A similar intracellular Ca2+ buildup
has recently been described in a transgenic mouse model,
where overexpression of 𝛼-synuclein seems to interfere with
cytosolic calcium clearance and buffering mechanisms [69].
Increased Ca2+ levels, leading to mitochondrial oxidative
stress, could provide an explanation for the preferential loss of
dopaminergic neurons of the substantial nigra pars compacta
in PD. Work by the group of Surmeier has shown that,
because of their specific dependence on L-type Ca2+ channels
for autonomous pacemaking, higher intracellular Ca2+ levels
render these cells specifically vulnerable to oxidative damage
[70, 71].
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3.7. Segregation of 𝛼-Synuclein and Synphilin-1 Aggregates.
Although aggregation of disease-associated misfolded pro-
teins such as 𝛼-synuclein and synphilin-1 has already been
scrutinized in a large number of studies, many fundamental
questions remain. Recently, the use of yeast to study the role
of the cytoskeleton as a transport route directed towards large
protein aggregates has become an important area of focus.
This research revealed that protein aggregates are not random
deposits of insolublematerial but are formed via an active and
regulated process, involving transport of small deposits along
components of the cytoskeleton, that is,microtubuli and actin
cables. In this respect, it has been observed that the so-called
aggresomes are formed by the convergence of small inclu-
sions at the centrosome viamicrotubuli-based transport [72].
These aggresomes are thought to be cytoprotective since they
can easily be removed via autophagy. Other studies provided
data suggesting that during yeast cell division, damaged and
aggregated proteins are asymmetrically segregated between
mother and daughter cells in a Sir2, polarisome, and actin-
cytoskeleton-dependent manner [73, 74].

When expressed in yeast, 𝛼-synuclein has been shown
to be initially localized at the plasma membrane [18, 25]. At
this site, the protein starts to form small aggregates, which
later evolve to larger cytoplasmatic inclusions. Synphilin-
1, on the other hand, starts out being dispersed in the
yeast cytoplasm and forms a number of small cytoplasmatic
aggregates, which evolve into one or a few large cytoplasmic
inclusions [24]. Interestingly, screening the genome-wide
collection of yeast deletion strains to identify mutants that
display enhanced inclusion formation of 𝛼 synuclein eGFP,
retrieved 24 mutants that are affected in genes involved in
tubulin, actin, and cytoskeleton functions. These include the
major components of the polarisome (Bni1, Pea2, Spa2, and
Sph1), which is a focal point of actin polymerisation during
yeast cell division as well as the GimC/prefolding complex,
which is required for efficient transfer and folding of newly
synthesized actin and tubulin by the chaperonin TriC/CCT
[23]. The outcome of this screen suggests that the transport
of 𝛼-synuclein aggregates might also be dependent on the
actin/polarity machinery [75]. Analysis of the synphilin-1
inclusions in yeast demonstrated that the large inclusions,
which were observed in stationary phase cells, correspond
to aggresomes [24]. In addition, it was found that synphilin-
1 inclusions localized to actin cables and actin patches.
Moreover, selective drug-induced disruption of the structure
of actin filaments andmicrotubuli by addition of, respectively,
Latrunculin-B and Benomyl, revealed that the transport of
synphilin-1 inclusions along actin cables is equally important
to prevent synphilin-1 toxicity as aggresome formation via
microtubuli-mediated transport. Furthermore, the observa-
tion that Sir2 is required for synphilin-1 to exert its toxic
effect together with its role to retain damaged and aggregated
proteins in the yeast mother cell suggests that Sir2 might also
be important for the segregation of synphilin-1 aggregates
in the described yeast PD model. Together, these findings
strengthen the role of the cytoskeleton and Sir2 in the trans-
port of synphilin-1 aggregates and point towards a possible
role of the elements of the cytoskeleton in the segregation of
𝛼-synuclein aggregates.

4. Concluding Remarks

Over the past ten years, several research groups have devel-
oped great expertise in uncovering the cellular aspects of
𝛼-synuclein toxicity using humanized yeast models. More
recently, a yeast model was also designed to study the pre-
sumed pathobiology of the 𝛼-synuclein interaction partner
synphilin-1.

Despite its limitations as a unicellular eukaryote, yeast can
faithfully reproduce key features of PD pathology. Moving
on from studying mere protein aggregation and growth
inhibition, these models now start to provide a tool to study
new features of the𝛼-synuclein induced-cellular toxicity. One
of the new advances that has been studied in yeast addresses
the role of an intracellular Ca2+ buildup upon 𝛼-synuclein
expression, mediated by the plasma membrane-related
Ca2+ATPase1.This Pmr1-induced Ca2+ increase appears to be
essential for𝛼-synuclein toxicity fromyeast to flies andnema-
todes. Furthermore, the yeast polo-like kinase 2, Cdc5, which
was thought to induce 𝛼-synuclein toxicity by phosphory-
lating Ser129, appears to be inhibited itself by 𝛼-synuclein,
leading to reduced cell wall integrity signaling. Similarly, an
𝛼-synuclein-induced reduction of PLK2 signaling, resulting
in inhibition of MAPK signaling, was also shown to increase
stress sensitivity in mammalian cells. Finally, yeast has given
some clues that 𝛼-synuclein-induced toxicity is dependent
on the process of mitophagy, which has recently also been
implicated in the PD pathology mediated by human PINK
and Parkin-1. These results demonstrate the usefulness of
humanized yeast models in uncovering new molecular and
cellular attributes of 𝛼-synuclein and synphilin-1 toxicity.

Acknowledgments

This work was supported by IWT Vlaanderen, the KU
Leuven Research Fund, and the Fund of Scientific Research
of Flanders (FWO).

References

[1] L. M. Bekris, I. F. Mata, and C. P. Zabetian, “The genetics of
Parkinson disease,” Journal of Geriatric Psychiatry and Neurol-
ogy, vol. 23, no. 4, pp. 228–242, 2010.

[2] M. H. Polymeropoulos, C. Lavedan, E. Leroy et al., “Mutation
in the 𝛼-synuclein gene identified in families with Parkinson’s
disease,” Science, vol. 276, no. 5321, pp. 2045–2047, 1997.
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mutation, E46K, of alpha-synuclein causes Parkinson and Lewy
body dementia,”Annals of Neurology, vol. 55, no. 2, pp. 164–173,
2004.

[5] M.-C. Chartier-Harlin, J. Kachergus, C. Roumier et al., “𝛼-
synuclein locus duplication as a cause of familial Parkinson’s
disease,” Lancet, vol. 364, no. 9440, pp. 1167–1169, 2004.
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