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Abstract 

 Iron is a redox active element that functions as an essential cofactor in 

multiple metabolic pathways, including respiration, DNA synthesis and translation. 

While indispensable for eukaryotic life, excess iron can lead to oxidative damage of 

macromolecules. Therefore, living organisms have developed sophisticated 

strategies to optimally regulate iron acquisition, storage and utilization in 

response to fluctuations in environmental iron bioavailability. In the yeast 

Saccharomyces cerevisiae, transcription factors Aft1/Aft2 and Yap5 regulate iron 

metabolism in response to low and high iron levels, respectively. In addition to 

producing and assembling iron cofactors, mitochondrial iron-sulfur (Fe/S) cluster 

biogenesis has emerged as a central player in iron sensing. A mitochondrial signal 

derived from Fe/S synthesis is exported and converted into an Fe/S cluster that 

interacts directly with Aft1/Aft2 and Yap5 proteins to regulate their 

transcriptional function. Various conserved proteins, such as ABC mitochondrial 

transporter Atm1 and, for Aft1/Aft2, monothiol glutaredoxins Grx3 and Grx4 are 

implicated in this iron-signaling pathway. The analysis of a wide range of S. 

cerevisiae strains of different geographical origins and sources has shown that 

yeast strains adapted to high iron display growth defects under iron-deficient 

conditions, and highlighted connections that exist in the response to both opposite 

conditions. Changes in iron accumulation and gene expression profiles suggest 

differences in the regulation of iron homeostasis genes. 
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Introduction 

 Iron is an essential micronutrient for all eukaryotic organisms because it 

functions as an essential redox cofactor in multiple processes, including cellular 

respiration, lipid biosynthesis, translation and amino acid biogenesis, DNA 

replication and repair, oxygen transport, photosynthesis or nitrogen fixation. 

However, iron redox properties can be deleterious when iron is present in excess 

because it can damage cells at the level of nucleic acids, proteins and lipids. For this 

reason, living organisms have developed complex strategies to modulate iron 

metabolism. The budding yeast Saccharomyces cerevisiae has been used as a model 

eukaryotic organism to study many aspects of iron homeostasis, including iron 

transport, distribution and regulation, and to decipher the molecular bases of 

multiple iron-related diseases (reviewed in Philpott et al. 2012; Sanvisens and Puig 

2011). 

Yeast cells respond to alterations in iron bioavailability by modifying the 

expression of multiple genes. Two transcription factors, Aft1 and Aft2 (Aft1/2), 

coordinate the activation of genes upon iron scarcity, whereas Yap5 regulates 

specific genes in response to excess iron (Philpott et al. 2012; Pimentel et al. 2012; 

Sanvisens and Puig 2011). The molecular mechanisms that yeast cells utilize to 

perceive and respond to iron fluctuations have only recently been addressed. 

These studies have uncovered an unanticipated role for the Fe/S cluster 

biosynthesis pathway in the regulation of iron homeostasis (for extended reviews, 

see Lill et al. 2014; Muhlenhoff et al. 2015; Outten and Albetel 2013). 

Mitochondrial Fe/S cluster assembly is an essential process conserved from yeast 

to humans that is required for the maturation of all Fe/S cluster-containing 

proteins. Briefly, inner membrane carriers Mrs3 and Mrs4 import iron into 
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mitochondria. Then the cysteine desulfurase complex Nfs1-Isd11 and frataxin 

facilitate the assembly of a [2Fe–2S] cluster on scaffold protein Isu1. The cluster is 

then transferred to apoproteins with the help of a dedicated chaperone system and 

monothiol glutaredoxin Grx5. The components that participate in these initial 

stages are the so-called “core Fe/S cluster proteins” because they are essential for 

the maturation of all Fe/S proteins. Specialized Fe/S components assist in the 

generation and insertion of [4Fe–4S] clusters into specific target apoproteins. A 

product of the core Fe/S cluster machinery is exported from mitochondria by 

conserved ABC transporter Atm1 within the mitochondrial inner membrane, and is 

then distributed to cytoplasmic and nuclear Fe/S cluster-containing proteins by 

the cytoplasmic Fe/S cluster assembly (CIA) machinery. In this minireview, we 

focus on recent findings about the mechanisms that S. cerevisiae utilizes to 

transmit cellular iron status, and place special emphasis on the effect that the 

mitochondrial Fe/S cluster synthesis pathway has on Aft1/Aft2 and Yap5 iron-

regulated transcription factors. 

 

Regulation of Aft1 and Aft2 in response to iron deficiency 

In response to iron deficiency, S. cerevisiae activates the expression of a 

group of 30 genes collectively known as the iron regulon (Table 1). Iron regulon 

members include genes involved in: (i) high-affinity iron acquisition in the plasma 

membrane (metalloreductases, inorganic and siderophore iron transporters); (ii) 

intracellular iron transport (iron importer into mitochondria, iron exporters from 

the vacuole); (iii) iron recycling (heme oxygenase); and (iv) metabolic remodeling 

that aims to optimize iron utilization (Cth1 and Cth2 mRNA-binding proteins; 

biotin transporter). All iron regulon members contain at least one “iron regulatory 
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element” (FeRE) within its promoter region, which is recognized by Aft1 and/or 

Aft2 transcription factors (Kaplan and Kaplan 2009). A recently solved crystal 

structure for Aft2 bound to DNA has demonstrated that this transcription factor 

recognizes the FeRE as a monomer through its WRKY-GCM1 Zn2+-binding domain 

(Poor et al. 2014). Under iron replete conditions, Aft1 (and probably Aft2) shuttles 

between the nucleus and the cytoplasm. Yet when iron becomes scarce, Aft1 

accumulates in the nucleus, binding FeREs and activating transcription 

(Yamaguchi-Iwai et al. 2002). When iron concentrations are adequate, nuclear 

export receptor Msn5 interacts with Aft1 and Aft2 promoting export from the 

nucleus (Ueta et al. 2007). However, Aft1 export from the nucleus is not absolutely 

necessary to inhibit its transcriptional function because Aft1 activity is still 

abolished by iron in msn5∆ cells, in which Aft1 is constitutively present in the 

nucleus (Ueta et al. 2012). Further work with various Aft1 mutants has 

demonstrated that the iron-induced dissociation from DNA is a crucial event in 

Aft1 regulation by iron (Ueta et al. 2012). Aft1 plays the predominant iron 

regulatory function, whereas Aft2 is dedicated to activate the genes involved in 

intracellular iron transport (Blaiseau et al. 2001; Rutherford et al. 2001). Thus 

aft1 cells display a severe growth defect under iron-limited conditions that is 

further exacerbated when the AFT2 gene is deleted (Blaiseau et al. 2001; 

Rutherford et al. 2001). 

Various observations have initially suggested that yeast cells, specifically Aft1 

and Aft2 transcription factors, perceive reductions in cytosolic iron concentrations 

(Fecyt) and respond accordingly by activating iron acquisition and mobilization 

genes. A delay in Aft1-mediated transcriptional activation is first observed when 

iron uptake increases or vacuolar iron storage diminishes (Chen et al. 2004). 
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Second, yeast mutants defective in mitochondrial Fe/S cluster biogenesis or efflux 

accumulate high iron levels in mitochondria and activate the iron regulon (Chen et 

al. 2002; Hausmann et al. 2008). By using a modified iron-dependent enzyme 

within the sterol biosynthetic pathway to determine Fecyt, Kaplan and colleagues 

conclude that decreasing Fe/S cluster synthesis activates the iron regulon, even in 

iron replete cells (Chen et al. 2004). These results demonstrate that yeast mainly 

responds to mitochondrial Fe/S cluster biogenesis rather than directly to Fecyt. 

Further studies have demonstrated that Aft1/2 regulation depends on core Fe/S 

cluster machinery, but does not require the late-acting factors implicated in the 

synthesis of [4Fe-4S] clusters (Rutherford et al. 2005). It has been proposed that 

tripeptide glutathione (GSH) plays an essential role in cellular iron metabolism, 

whereas its function in thiol redox control is secondary (Kumar et al. 2011). In fact 

cells with defects in glutathione biosynthesis accumulate iron in mitochondria, 

display defects in Fe/S cluster export from mitochondria and activate the iron 

regulon (Rutherford et al. 2005; Sipos et al. 2002). Since Fe/S cluster biosynthesis 

utilizes cytosolic iron as a substrate, this regulatory mechanism links the 

mitochondrial iron metabolism to cellular iron uptake. The relevance of 

mitochondrial Fe/S cluster assembly in cellular iron homeostasis is a conserved 

feature in many eukaryotes. For instance, mammalian cells regulate gene 

expression according to iron bioavailability through the Fe/S cluster status of 

cytosolic aconitase-related iron regulatory protein IRP1 (reviewed in 

Muckenthaler et al. 2008).  

Mitochondrial exporter Atm1 is essential for inhibiting the Aft1 and Aft2 

function, whereas the CIA machinery does not participate in Aft1/2 iron sensing 

(Hausmann et al. 2008; Rutherford et al. 2005; Ueta et al. 2012). Yeast Atm1 
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(ABCB7 in humans) is a conserved protein that exports a sulfur-containing 

compound produced by the core mitochondrial Fe/S cluster biogenesis system, 

which is necessary for the maturation of extra-mitochondrial Fe/S proteins and to 

communicate mitochondrial iron demands to Aft1/2 iron regulatory factors 

(Hausmann et al. 2008). However, it is not known whether the same molecule 

mediates both processes since the complete nature of this compound still remains 

elusive. Several hypotheses on the nature of this molecule are currently being 

considered. It is thought that this compound, denoted X-S, contains sulfur because 

sulfur donor Nfs1 is required for the process (Kispal et al. 1999; Muhlenhoff et al. 

2004). However, whether iron either forms part of the exported moiety to form an 

Fe/S cluster precursor or is incorporated into the cytosol is still to be deciphered. 

The elucidation of the crystal structure of yeast Atm1 and a bacterial ABC 

transporter homolog has recently shown that glutathione associates with the Atm1 

substrate binding cavity, which suggests that glutathione itself or a derivative may 

form part of the exported entity (Lee et al. 2014; Srinivasan et al. 2014). Transport 

experiments in inverted membrane vesicles have also shown that Atm1 can 

transport glutathione disulfide (oxidized GSH or GSSG) and glutathione trisulfide 

(GS-S-SG, which contains glutathione and an activated persulfide S0) in an ATP-

dependent manner (Schaedler et al. 2014). However, it is not obvious what is the 

physiological sense of consuming ATP to extract these glutathione derivatives from 

mitochondria because they can be synthesized in the cytosol (Lill et al. 2014). 

Various spectroscopic studies have suggested that a [2Fe-2S]2+ cluster coordinated 

to four glutathione molecules, [2Fe-2S](GS)42- could be a plausible physiological 

substrate of Atm1-type proteins. First, this glutathione coordinated Fe/S cluster is 

quite stable under physiological conditions; second, the [2Fe-2S]2+ core can 
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undergo a reversible exchange between the human apo-ISU Fe/S assembly protein 

and free glutathione; third, the human ISU protein stimulates the formation of 

[2Fe-2S](GS)42- from iron and sulfide ions in the presence of glutathione; fourth, 

flow cytometry and photometric iron assays have demonstrated that Atm1 

transports the coordinated cluster into proteoliposomes (Li and Cowan 2015; Li et 

al. 2015; Qi et al. 2012). Consistently with this hypothesis, other ABC transporters, 

including a bacterial Atm1 homolog, transport heavy metals chelated to 

glutathione or derivatives (Lee et al. 2014). Nonetheless, the exact identity of X-S 

and the presence of glutathione or iron in this compound still remain to be 

elucidated. Multidisciplinary studies will be fundamental to shortly answer this 

key question. 

Once inside the cytoplasm, the mitochondrial exported sulfur-containing 

molecule is transformed into a [2Fe-2S]2+ cluster that is inserted into two 

monothiol glutaredoxins, termed Grx3 and Grx4 (Grx3/4), in a CIA-independent 

manner (Figure 1) (Muhlenhoff et al. 2010). Multiple genetic and biochemical data 

have demonstrated the central role played by glutaredoxins Grx3/4 in iron 

distribution and sensing (Kumanovics et al. 2008; Muhlenhoff et al. 2010; Ojeda et 

al. 2006; Pujol-Carrion et al. 2006). Both glutaredoxins assemble as homodimers 

bridged by the [2Fe-2S]2+ cluster, which is also coordinated to two glutathione 

molecules (FIgure 1) (Muhlenhoff et al. 2010; Ueta et al. 2012). Grx3/4 belong to 

the multidomain family of monothiol glutaredoxins (the third one in yeast being 

mitochondrial Grx5) composed of an amino-terminal thioredoxin (TRX)-like 

domain and a carboxy-terminal glutaredoxin domain that provides the CGFS active 

site cysteines, which coordinate the [2Fe-2S]2+ cluster (Li et al. 2009; Li and Outten 

2012). Grx3/4 are homologous, but not totally redundant, as the deletion of either 
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gene produces mitochondrial iron accumulation (Pujol-Carrion et al. 2006). The 

Fe/S cluster in the [2Fe-2S] Grx3/4 complex can be used for the biogenesis of 

cytosolic and nuclear Fe/S proteins, and to communicate mitochondrial iron status 

to Aft1/2 transcription factors. In an initial iron trafficking step, the [2Fe-2S]-

bridged Grx3/4 complex, the sulfur-containing intermediate exported from 

mitochondria and the Tah18-Dre2 electron transport chain contribute to the 

assembly of a [4Fe-4S] cluster on the Cfd1-Nbp35 scaffold complex in the 

cytoplasm (reviewed in Lill et al. 2014). Whether Grx3/4 glutaredoxins transfer 

their [2Fe-2S]2+ cluster to Cdf1-Nbp35 to assemble the [4Fe-4S] center has not 

been ruled out.  Then other later-acting CIA targeting factors transfer the [4Fe-4S] 

cluster to specific extra-mitochondrial apoproteins. Regarding iron sensing, a 

combination of biochemical, biophysical and genetic data indicate that [2Fe-2S]-

bridged Grx3/4 homodimers interact with the BolA-like protein apo-Fra2 and lead 

to the formation of a [2Fe-2S]Fra2-Grx3/4 complex in which Fra2 substitutes one 

Grx3/4 monomer and one glutathione molecule (Figure 1) (Kumanovics et al. 

2008; Li et al. 2009). In vitro data have demonstrated that this is a 

thermodynamically and kinetically favorable process (Li et al. 2011a). Further data 

have indicated that, under iron-sufficient conditions, the [2Fe-2S] cluster is 

transferred from the Fra2-Grx3/4 complex to Aft1/2 transcription factors. As a 

result, Aft1/2 factors form [2Fe-2S]-bridged homodimers with decreased affinity 

for DNA that dissociate from their target promoters and transcription of the iron 

regulon decreases (Figure 1, dotted lines) (Poor et al. 2014; Ueta et al. 2012). 

Finally, Aft1/2 factors are exported to the cytoplasm via Msn5 exportin (Ueta et al. 

2007). It is still not clear whether the interaction between the Grx3/4 complex and 

Aft1/2 transcription factors occurs in the cytoplasm, in the nucleus, or in both 
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(Ojeda et al. 2006; Pujol-Carrion et al. 2006). Some studies have shown that Grx3 is 

predominantly cytoplasmic and that tethering Grx4 to the mitochondrial outer 

membrane does not relieve its inhibitory effect on Aft1, which suggests a 

cytoplasmic interaction. Nonetheless, a nuclear interaction is not ruled out because 

Grx3/4 can also localize to the nucleus (Kumanovics et al. 2008; Ojeda et al. 2006; 

Pujol-Carrion et al. 2006). The conserved cysteine residue at the Grx3/4 CGFS 

active site is required for iron incorporation and the interaction with Aft1 (and 

presumably Aft2), whereas the conserved CDC motif in Aft1/2 is necessary for 

their interaction with Grx3/4, Msn5 and the Fe/S cluster (Ojeda et al. 2006; Poor et 

al. 2014; Pujol-Carrion et al. 2006; Ueta et al. 2007; Ueta et al. 2012). Iron 

deficiency releases Aft1/2, which accumulates into the nucleus, binds to FeREs and 

activates the transcription of iron regulon genes (Figure 1, red continuous lines). 

Activation of the iron regulon is also observed in mutants at the conserved Aft1/2 

CDC motif (Aft1/2UP mutants) and in core mitochondrial Fe/S cluster synthesis and 

export mutants (Rutherford et al. 2005; Ueta et al. 2007; Yamaguchi-Iwai et al. 

1995). 

The role of Grx3/4 and Fra2 in iron sensing or regulation is conserved in 

many organisms, including other fungi and humans. In S. pombe, Grx4 forms a 

heterodimer with Fra2, which participates in the regulation of Fep4, the repressor 

of iron acquisition genes, to which it seems to bind in the nucleus (Jacques et al. 

2014). At the same time, Grx4 interacts in an iron-dependent and iron-

independent manner with Php4, a repressor of iron-dependent genes, whereas 

Fra2 might play a partial role in the process (Encinar del Dedo et al. 2015; Labbe et 

al. 2013). In humans, GRX3, which contains one TRX domain and two GRX domains, 

forms an heterotrimer with two BOLA2 molecules (the yeast Fra2 homolog) 
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bridged by two [2Fe-2S]2+ clusters, and participates in iron trafficking by 

transferring both clusters to apo-anamorsin (the yeast Dre2 homolog) (Banci et al. 

2015; Li et al. 2012a). In S. cerevisiae, an aminopeptidase P-like protein termed 

Fra1, participates in the iron sensing pathway by interacting with Fra2 and Grx3/4 

(Kumanovics et al. 2008). To our knowledge, no iron-related role has been 

described for the S. pombe (fra1+) and human (XNPEP1) homologs. 

Various observations suggest that in addition to the Fe/S signaling pathway, 

there may be a second mechanism that senses Fecyt and regulates the Aft1 function. 

First, the iron regulon is not completely active in fra1∆ and fra2∆ mutants, nor in 

strains defective in mitochondrial Fe/S cluster biogenesis (Kumanovics et al. 

2008). Second, iron depletion further augments Aft1 transcriptional activity in 

fra1∆, fra2∆ and Fe/S cluster mutants by increasing Aft1 binding to the FET3 

promoter (Kumanovics et al. 2008). Third, the iron regulon is induced when 

mitochondrial iron importers MRS3 and MRS4 are either deleted, which leads to 

reduced Fe/S synthesis, or overexpressed, which would cause cytosolic iron 

depletion while the Fe/S cluster system would be active (Muhlenhoff et al. 2003). 

Fourth, the mathematical modeling of yeast iron regulation also supports the 

implication of Fecyt as a regulatory sensor (Wofford and Lindahl 2015). These 

authors consider the possibility that Fecyt reacts in the cytoplasm with the sulfur-

containing compound exported from mitochondria to generate the Fe-S cluster, 

which binds to the Grx3/4 homodimer. Thus the dominant role in iron sensing 

would be played by the limiting factor, either Fecyt or X-S (Wofford and Lindahl 

2015). Therefore, a dual sensing regulation based on both mitochondrial Fe/S 

cluster biogenesis and Fecyt seems to control Aft1/2 in response to alterations in 
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iron bioavailability. In any case, further work is necessary to fully decipher the 

detailed sensing and regulatory mechanisms that control yeast iron homeostasis. 

Finally, it needs be remarked that, while a common way to measure the iron 

regulon expression consists in fusions of the FET3 promoter to the LacZ reporter, 

not all genes in the regulon are equally regulated by iron; e.g., under heme 

depletion, FET3 is repressed independently of iron levels because Aft1, which is 

bound to its promoter under low iron conditions, interacts with repressor Tup1 

and histone deacetylase Hda1, while other genes of the regulon, like ARN1 or FIT1, 

recruit Cti6 to overcome this repression (Crisp et al. 2006). 

 

Regulation of Yap5 in response to Fe excess. 

Yeast cells utilize various mechanisms to protect themselves from the 

deleterious effects of iron overload. Transcription factor Yap5 coordinates key 

responses to elevated iron levels by activating the expression of a few target genes 

upon iron overload. The first identified Yap5-target was CCC1, which encodes a 

transporter that mediates the import of excess cytosolic iron into the vacuole, the 

major iron storage and detoxifying organelle in yeast (Li et al. 2008). The relevance 

of the Ccc1 function under excess iron is highlighted by the extreme sensitivity of 

ccc1Δ mutants to high iron concentrations (Li et al. 2001). However, Yap5 is not 

the only transcription factor to regulate CCC1 expression since its mRNA levels are 

still up-regulated by iron in yap5Δ mutant cells by an unknown factor (Pimentel et 

al. 2012). Consistently with this, ccc1Δ strains are more sensitive to excess iron 

than yap5Δ mutants (Pimentel et al. 2012). Yap5 also activates the expression of 

three additional genes in response to elevated iron concentrations: GRX4, TYW1 

and CUP1 (Table 2; Li et al. 2011b; Pimentel et al. 2012). As described above, Grx4 
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monothiol glutaredoxin participates in the transmission of the mitochondrial iron 

signal that inactivates Aft1/2 transcriptional function upon iron sufficiency. 

Therefore, activation of GRX4 transcription by Yap5 has been proposed to 

contribute to inhibit the Aft1/2 function when iron levels rise. Accordingly, yap5Δ 

mutants display altered Aft1 nuclear localization and gene target expression 

patterns (Pimentel et al. 2012). Furthermore, TYW1 encodes a [4Fe-4S]-containing 

enzyme required for the biosynthesis of wybutosine-modified tRNA. Several lines 

of evidence have suggested that Tyw1 protects cells from iron toxicity by 

sequestering cytosolic free iron as protein-bound Fe/S clusters, but not through its 

nucleoside biosynthesis function (Li et al. 2011b). Finally, Yap5 activates the 

expression of cytosolic copper-binding metallothionein Cup1 to probably limit 

copper availability to Fet3, the multicopper ferroxidase component of the 

reductive high affinity iron uptake system. 

Yap5 belongs to a fungi-specific family of basic leucine zipper (bZIP) 

transcription regulators, composed of yeast of eight members, including the major 

oxidative stress regulator Yap1 (Rodrigues-Pousada et al. 2010). Unlike Aft1, the 

Yap5 protein localizes to the nucleus independently of cellular iron levels (Li et al. 

2008). Yap5 is composed of an amino-terminal bZIP DNA-binding domain and a 

carboxy-terminal activation domain. The DNA-binding domain allows constitutive 

Yap5 association with TTA(C/G)TAA consensus sequences within the promoter of 

its target genes (Li et al. 2008). Elegant genetic and biochemical studies have 

demonstrated that, similarly to Aft1/2 transcription factors, the Yap5 protein does 

not sense cytosolic iron levels, but is regulated instead by the Fe/S clusters 

synthesized in mitochondria (Figure 1) (Li et al. 2012b). Accordingly, Yap5 

activation is prevented in cells defective in mitochondrial Fe/S biogenesis (Li et al. 
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2012b). However, neither cytosolic Fe/S cluster machinery nor monothiol 

glutaredoxins Grx3/4 are required for Yap5 transcriptional activation upon iron 

overload (Figure 1) (Li et al. 2012b). Moreover, Yap5 regulation by iron occurs 

properly under anaerobic conditions and in cells with increased oxidants, which 

indicates that Yap5 specifically responds to Fe/S clusters rather than to oxidative 

stresses (Li et al. 2012b). The Yap5 activator region contains two nearby cysteine-

rich domains, known as n-CRD and c-CRD, that regulate its activity depending on 

iron availability. The mutagenesis of any of the four conserved cysteine residues 

within n-CRD strongly limits Yap5 iron-dependent transcription induction and 

causes iron sensitivity (Li et al. 2008). Further mutagenesis of the three conserved 

cysteine residues in c-CRD further exacerbates the Yap5 defect in iron-mediated 

transcriptional activation (Li et al. 2008). Therefore, iron promotes Yap5 

transcriptional activity through conserved cysteine residues in CRDs, but does not 

affect Yap5 DNA binding capacity. Recent biochemical and biophysical data have 

also demonstrated that a [2Fe-2S] cluster can stably bind to Yap5 n-CRD in vivo, 

whereas c-CRD probably associates with a second [2Fe-2S] cluster in a more labile 

fashion (Rietzschel et al. 2015). Despite their divergent Fe/S cluster-binding 

affinity, both CRDs significantly contribute to the Yap5 regulatory function 

(Rietzschel et al. 2015). In vitro studies have also demonstrated that Fe/S cluster-

binding to any of the CRDs induces a conformational change in the Yap5 activation 

domain, which probably triggers transcriptional activation (Rietzschel et al. 2015). 

Importantly, this Fe/S-binding motif seems conserved since transcription factor 

HapX from pathogenic fungi, such as Aspergillus fumigatus, utilize an n-CRD 

homologous to that of Yap5 to activate CCC1 expression upon iron excess (Gsaller 

et al. 2014). 
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Divergence of iron metabolism in yeast strains from different origins 

Iron homeostasis has been profoundly studied in laboratory S. cerevisiae 

strains, but very little is known about how yeast strains from different 

geographical origins and sources respond to alterations in iron bioavailability. 

Over the last decade, the number of complete S. cerevisiae genome sequences has 

dramatically increased, and now includes domesticated strains from different 

fermentations (wine, beer, bread, sake, etc), dietetic and clinical strains, and 

isolates from diverse natural environments (Liti et al. 2009). Such vast genomic 

information is facilitating the study of the mechanisms that yeasts have developed 

to adapt to different environments. Comparative studies have uncovered major 

divergences in iron metabolism among different yeast strains (Lee et al. 2013; 

Martinez-Garay et al. 2016). A phenotypic analysis of a large number of S. 

cerevisiae strains has shown that strains resistant to elevated iron concentrations 

limit iron acquisition and are sensitive to low iron conditions, whereas strains 

sensitive to excess iron display increased iron uptake and are better adapted to 

iron deficiency (Table 3; Martinez-Garay et al. 2016). Although the molecular bases 

of this behavior have not been elucidated, preliminary data suggest alterations in 

iron sensing and regulation (Martinez-Garay et al. 2016). For instance, an 

expression profile analysis has shown that, relative to other strains, wild Malaysian 

yeast isolates from palm flowers repress iron uptake genes and induce iron 

toxicity responses when grown under standard laboratory conditions (Lee et al. 

2013). Reciprocal hemizygote analyses have suggested that this phenotype is 

attributable to a partial loss-of-function of iron detoxifying vacuolar transporter 
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Ccc1 (Lee et al. 2013), which might lead to larger cytosolic and/or mitochondrial 

iron pools that alter the expression of iron-related genes (Table 3). The 

hemizygote expression of the Malaysian AFT1 ortholog up-regulates the iron 

regulon, whereas the Malaysian allele of YAP5 reduces the expression of iron 

resistance genes (Lee et al. 2013). These results are consistent with a gain-of-

function of the Malaysian AFT1 allele and a loss-of-function of the YAP5 allele, 

which are not manifested in the parental strain, probably due to the dominant 

effect exerted by the defective Ccc1 transporter (Table 3). Therefore, the Malaysian 

population has diverged toward specialization in iron deficiency due to the 

selective pressure of the environment, and has weakened its resistance to excess 

iron. In fact, these Malaysian strains grow efficiently under low iron conditions, but 

are sensitive to excess iron (Lee et al. 2013; Martinez-Garay et al. 2016). Further 

studies with different yeast strains could significantly contribute to our current 

understanding of iron sensing and regulation. 
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Figure legends 

Figure 1. Proposed model for the regulation of yeast iron-responsive transcription 

factors Aft1/2 and Yap5 by Fe/S cluster biosynthesis. Dashed lines show the 

situation upon iron excess (+Fe), whereas red lines refer to iron deficiency (-Fe). 
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Table 1. Genes transcriptionally activated by Aft1 and Aft2 in response to 

iron deficiency. Data collected from An et al. 2015; Courel et al. 2005; Puig et al. 

2005; Puig et al. 2008; Rutherford et al. 2001; Rutherford et al. 2003; Shakoury-

Elizeh et al. 2004; Waters and Eide 2002; and Wu et al. 2016. 

 Name Function Localization 

FRE1 Metalloreductase Plasma membrane 

FRE2 Metalloreductase Plasma membrane 

FRE3 Metalloreductase Plasma membrane 

FRE4 Metalloreductase Plasma membrane 

FRE5 Metalloreductase Mitochondria 

FRE6 Metalloreductase Vacuolar membrane 

FET3 High-affinity iron transport Plasma membrane 

FTR1 High-affinity iron transport Plasma membrane 

ATX1 Copper chaperone Cytoplasm 

CCC2 Copper-transporting ATPase Trans-Golgi network 

FET4 Low-affinity iron transport Plasma membrane 

ARN1 Iron siderophore transport Plasma membrane 

ARN2/TAF1 Iron siderophore transport Plasma membrane 

ARN3/SIT1 Iron siderophore transport Plasma membrane 

ARN4/ENB1 Iron siderophore transport Plasma membrane 

FIT1 Iron siderophore transport Cell wall 

FIT2 Iron siderophore transport Cell wall 

 FIT3 Iron siderophore transport Cell wall 

FET5 High-affinity iron transport Vacuolar membrane 

FTH1 High-affinity iron transport Vacuolar membrane 
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SMF3 Low-affinity iron transport Vacuolar membrane 

MRS4 Mitochondrial iron transport Mitochondrial inner membrane 

ISU1 Fe/S cluster synthesis Mitochondrial matrix 

HMX1 Heme oxygenase Endoplasmic reticulum 

VHT1 High-affinity biotin transport Plasma membrane 

CTH1 Post-transcriptional regulation Nucleus/Cytoplasm 

CTH2/TIS11 Post-transcriptional regulation Nucleus/Cytoplasm 

COT1 Zinc transport Vacuolar membrane 

LSO1 Unknown function Nucleus/Cytoplasm 

KHA1 K+/H+ antiporter Trans-Golgi network 

 



Table 2. Genes transcriptionally activated by Yap5 in response to excess iron. 

Data collected from Li et al. 2008; Li et al. 2011b; and Pimentel et al, 2012 

 Name Function Localization 

CCC1 Iron transport Vacuolar membrane 

GRX4 Iron sensing Nucleus/Cytoplasm 

TYW1 Iron binding Cytoplasm 

CUP1 Copper binding Nucleus/Cytoplasm 
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Table 3. Divergent response to iron availability in yeast strains from 

different origins. The phenotypic analysis of many S. cerevisiae strains grown in 

media with different iron availability has allowed the identification of two groups 

of strains that differ from laboratory strains: iron-resistant strains and iron-

sensitive strains (Lee et al. 2013; Martinez-Garay et al. 2016). Kyokai 6 is a S. 

cerevisiae strain isolated from sake fermentations in Japan. UWOPS03-461.4 is a S. 

cerevisiae strain isolated from palm flowers in Malaysia. 

Strains Iron-resistant Iron-sensitive 
Growth in iron excess Increased Decreased 

Iron accumulation Decreased Increased 
Growth in iron deficiency Decreased Increased 

Examples Kyokai 6 UWOPS03-461.4 
Gain-of-function alleles Unknown AFT1 
Loss-of-function alleles Unknown CCC1, YAP5 
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