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Iron is an essential micronutrient for all eukaryotic organisms because it participates as a redox cofactor in many cellular processes. However, excess iron can damage cells since it promotes the generation of reactive oxygen species. The budding yeast Saccharomyces cerevisiae has been used as a model organism to study the adaptation of eukaryotic cells to changes in iron availability. Upon iron deficiency, yeast utilizes two transcription factors, Aft1 and Aft2, to activate the expression of a set of genes known as the iron regulon, which are implicated in iron uptake, recycling and mobilization. Moreover, Aft1 and Aft2 activate the expression of Cth2, an mRNA-binding protein that limits the expression of genes encoding for iron-containing proteins or that participate in iron-using processes. Cth2 contributes to prioritize iron utilization in particular pathways over other highly iron-consuming and non-essential processes including mitochondrial respiration. Recent studies have revealed that iron deficiency also alters many other metabolic routes including amino acid and lipid synthesis, the mitochondrial retrograde response, transcription, translation and deoxyribonucleotide synthesis; and activates the DNA damage and general stress responses. At high iron levels, the yeast Yap5, Msn2, and Msn4 transcription factors activate the expression of a vacuolar iron importer called Ccc1, which is the most important high-iron protecting factor devoted to detoxify excess cytosolic iron that is stored into the vacuole for its mobilization upon scarcity. The complete sequencing and annotation of many yeast genomes is starting to unveil the diversity and evolution of the iron homeostasis network in this species.
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INTRODUCTION

Iron is a vital micronutrient for all eukaryotic organisms. Its redox activity and its ability to bind to multiple ligands enables iron to participate as a cofactor in the form of heme, iron-sulfur clusters (ISC), mononuclear iron or oxo-diiron centers in numerous biological processes including respiration, DNA replication and repair, ribosome biogenesis, translation, photosynthesis, biosynthesis of lipids and oxygen transport. Iron is one of the most abundant elements in the Earth’s crust, but the extremely low solubility of ferric iron (Fe3+) at physiological pH has dramatically restricted its availability to living organisms. Consequently, iron deficiency anemia has become the most common nutritional disorder worldwide, affecting two billion people, particularly women, children and older adults [reviewed in Chaparro and Suchdev (2019); Means (2020)]. The same redox properties that make iron indispensable for life also lead to cytotoxicity when present at high concentrations since it participates in Fenton reactions producing hydroxyl radicals that damage cells at the DNA, lipid and protein levels. Therefore, intracellular iron levels have to be tightly controlled. Defects in human iron homeostasis are directly related to disorders such as Friedreich’s ataxia, myopathies and encephalomyopathies, hemochromatosis, multiple mitochondrial dysfunction syndromes, and to increased risk of infections and cancer [reviewed in Stehling et al. (2014); Muckenthaler et al. (2017)]. Iron deficiency is also a concern in agriculture because it induces chlorosis and reduces photosynthesis, affecting both the yield and the nutritional value of crops [reviewed in Puig et al. (2007); Zhang et al. (2019)]. For all these reasons, studying the molecular mechanisms that regulate iron metabolism is important to understand iron-related physiological alterations, to deal with its nutritional defect consequences, and to develop medical treatments and agricultural applications. The budding yeast S. cerevisiae has been used as a model organism to study many aspects of iron homeostasis and regulation in eukaryotes. In fact, recent systems biology approaches have proposed a comprehensive mechanistic model for iron metabolism that has also been integrated into a whole-yeast metabolic model (Dikicioglu and Oliver, 2019; Lindahl, 2019). Here, we briefly review the mechanisms that control the adaptation of S. cerevisiae to changes in iron bioavailability.



REGULATION IN RESPONSE TO IRON DEFICIENCY


Transcriptional Activation of the Iron Regulon by Aft1 and Aft2

In response to iron limitation, the yeast Aft1 and Aft2 (Aft1/Aft2) transcription factors accumulate in the nucleus, bind to iron-regulatory promoter elements (FeREs) with the consensus sequence PyPuCACCCPu (where Py is a pyrimidine and Pu is a purine), and activate the transcription of a group of genes collectively known as the iron regulon [reviewed by Philpott and Protchenko (2008); Kaplan and Kaplan (2009); Martins et al. (2018a)]. The following proteins belong to the yeast iron regulon: (1) the reductive iron uptake system, which is formed by four heme-containing cell surface metalloreductases (Fre1–Fre4), the copper-dependent high-affinity iron importer complex Fet3/Ftr1 and its copper-delivery proteins Atx1 and Ccc2, and the oxygen-independent low-affinity plasma membrane iron and copper transporter Fet4; (2) the non-reductive iron import machinery, which includes three cell wall mannoproteins (Fit1–Fit3) and four iron-xenosiderophore-specific transporters (Arn1–Arn4); (3) the vacuolar mobilization machinery constituted by the Fre6 metalloreductase, and the Fet5/Fth1 (paralogs of Fet3/Ftr1) and Smf3 iron exporters; (4) iron recycling proteins such as the Hmx1 heme oxygenase; (5) mitochondrial iron importers including Mrs4; (6) iron-independent alternatives to iron-using processes such as the biotin and 7-keto-8-aminopelargonic acid (KAPA) importers Vht1 and Bio5, respectively; and (7) the mRNA-binding proteins Cth1 and Cth2 implicated in iron metabolism remodeling (Figure 1). Recent studies have identified novel genes activated by Aft1 in response to iron depletion: (1) the trans-Golgi network K+/H+-exchanger gene KHA1, which product facilitates copper loading into apo-Fet3 multicopper-ferroxidase (Wu et al., 2016); (2) MMT1 and MMT2 mitochondrial iron exporter genes (Li et al., 2020); (3) RNR1, encoding for the catalytic subunit of the iron-dependent ribonucleotide reductase (RNR) enzyme; and (4) RNR1 transcriptional activator IXR1 (Ros-Carrero et al., 2020).
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FIGURE 1. The transcriptional factors Aft1 and Aft2 activate the iron regulon in response to iron deficiency in S. cerevisiae. Iron regulon members include genes that encode for proteins that enhance the acquisition of extracellular iron, the mobilization and recycling of intracellular iron, iron-independent alternatives to iron-using processes, and a metabolic remodeling response of iron-dependent processes mediated by the mRNA-binding proteins Cth1 and Cth2, among other processes. KAPA: 7-keto-8-aminopelargonic acid.


Genetic and biochemical studies have demonstrated that ISC assembly and export machineries are directly involved in the post-transcriptional regulation of iron metabolism in higher eukaryotes (through the iron regulatory proteins, IRPs) and transcriptional regulation and sensing of iron homeostasis in yeast cells via specific transcription factors including Aft1, Aft2, and Yap5 (see below) [reviewed in Muhlenhoff et al. (2015); Martinez-Pastor et al. (2017); Gupta and Outten (2020)]. Upon iron-sufficient or high-iron conditions, the activity of the Aft1/Aft2 transcription factors is limited to avoid the harmful consequences of excess iron acquisition. Curiously, yeast Aft1/Aft2 do not respond to cytoplasmic iron levels; instead they sense a mitochondrial signal from ISC biosynthesis that inhibits their function in iron-replete conditions (Chen et al., 2004; Rutherford et al., 2005; Hausmann et al., 2008). Thus, yeast cells with an impaired ISC system induce the extracellular iron uptake systems and accumulate iron in mitochondria (Kispal et al., 1999; Chen et al., 2004; Rutherford et al., 2005; Hausmann et al., 2008). Under iron-sufficient conditions, an uncharacterized sulfur-containing compound, denoted X-S, is exported to the cytoplasm by the yeast Atm1 (human ABCB7) mitochondrial transporter. After multiple steps, the X-S molecule is converted into a [2Fe–2S]2+ cluster that is coordinated via cysteine residues to a homodimer of monothiol glutaredoxins (Grx3 or Grx4) and two glutathione molecules. Finally, the Bol2/Fra2 protein transfers the ISC to the Aft1/Aft2 transcription factors, which homodimerize, decreasing their affinity for DNA and being exported to the cytosol (Li and Outten, 2012, 2019; Poor et al., 2014). A recent study has shown that the mitogen-activated protein kinase (MAPK) Hog1 limits Aft1 function by directly phosphorylating specific serine residues and promoting its nuclear export (Martins et al., 2018b). Further data have demonstrated that when subcellular localization is impaired, Aft1/Aft2 transcriptional activity is still regulated via iron-dependent DNA-binding (Ueta et al., 2012; Poor et al., 2014). Nowadays, iron-sensing is an area of intense research in both yeast and mammals.



Post-transcriptional Remodeling of Iron Metabolism by the mRNA-Binding Protein CTH2

In response to iron limitation, yeast cells activate the expression of two tristetraprolin family members (Wells et al., 2017), called Cth1 and Cth2, characterized by the presence of a conserved Cx8Cx5Cx3Hx18Cx8Cx5Cx3H tandem zinc finger (TZF) motif that directly interacts with adenosine and uridine-rich elements (AREs) in the 3′ untranslated region (3′UTR) of target mRNAs to post-transcriptionally limit their expression [(Puig et al., 2005, 2008; Pedro-Segura et al., 2008; Prouteau et al., 2008); reviewed in Martinez-Pastor et al. (2013a)]. CTH1 expression remains low, whereas CTH2 is highly induced upon iron deficiency (Puig et al., 2005, 2008). The higher relevance of Cth2 in the adaptation of yeast cells to iron depletion is highlighted by the growth defect that cth2Δ mutant cells display under these conditions, which is exacerbated in cth1Δcth2Δ double mutants (Puig et al., 2005). Cth2 is a highly unstable nucleocytoplasmic shuttling protein (Vergara et al., 2011; Romero et al., 2018b). A nuclear localization signal (NLS) embedded in its TZF motif enables its import to the nucleus, where it co-transcriptionally associates to ARE-containing mRNAs (Prouteau et al., 2008; Vergara et al., 2011). Then, Cth2 either promotes the nuclear degradation of its bound transcripts or their export to the cytosol where it facilitates their 5′ to 3′ ARE-mediated decay (AMD) and translational inhibition (Pedro-Segura et al., 2008; Prouteau et al., 2008; Vergara et al., 2011; Ramos-Alonso et al., 2018a). Cth2 amino-terminal region is important for both AMD and translation repression, whereas its carboxy-terminal domain is only required to inhibit protein synthesis (Ramos-Alonso et al., 2018a, 2019). Cth2 does not contain any nuclear export signal; instead it relies on the mRNA export machinery to exit the nucleus (Vergara et al., 2011). Importantly, Cth2 nucleocytoplasmic shuttling is absolutely necessary for its mRNA regulatory function (Vergara et al., 2011). Very recent protein interaction data have demonstrated that Cth2 enters the nucleus in association to the Dhh1 RNA helicase and the Pop2/Caf1 deadenylase proteins, whereas the 5′ to 3′ Xrn1 exonuclease is only recruited after Cth2-binding to its target mRNAs (Perea-Garcia et al., 2020). Thus, when mRNA decay is impaired, Cth2 protein is trapped in microscopically visible foci where mRNA turnover takes place (cytosolic processing bodies), probably because the Cth2 TZF-embedded NLS is not available (Pedro-Segura et al., 2008). Yeast Cth2 is an excellent model to study how eukaryotic mRNA-binding proteins post-transcriptionally control mRNA expression.

In response to iron-deficient conditions, Cth2 post-transcriptionally inhibits the expression of ARE-containing mRNAs that encode proteins that directly bind iron or that are involved in iron-consuming pathways [reviewed in Sanvisens and Puig (2011); Philpott et al. (2012); Outten and Albetel (2013)]. The most numerous set of Cth2 mRNA targets encode for components of the mitochondrial electron transport chain, a highly iron-consuming process that is not essential for yeast cells, since they mostly ferment even in aerobic conditions. Consistent with this, Cth2 expression limits oxygen consumption (Ramos-Alonso et al., 2018b; Sato et al., 2018). Genome-wide studies have shown that, in addition to regulating respiration, Cth2 targeted mRNAs are implicated in other iron-dependent pathways including components of the tricarboxylic acid (TCA) cycle (such as aconitase and succinate dehydrogenase), the biosynthesis of unsaturated fatty acids, ergosterol and sphingolipids, and the synthesis of numerous amino acids (e.g., leucine, lysine, methionine, or glutamate) and cofactors such as biotin and lipoic acid (Puig et al., 2005, 2008). Cth2 also limits the accumulation of iron into the vacuole when iron levels are low by promoting the degradation of the CCC1 transcript encoding for the vacuolar iron importer (Puig et al., 2005). The overexpression of a functional CTH1 or CTH2 gene is highly cytotoxic (Thompson et al., 1996; Pedro-Segura et al., 2008; Romero et al., 2018b), so yeast cells have to tightly control their expression. Interestingly, both mRNAs contain AREs that allow a negative cross- and auto-regulation that limits their expression and that is important for the activation of respiration and for optimal adaptation to the transit from iron-deficient to iron-sufficient conditions (Martinez-Pastor et al., 2013b). Remarkably, Cth2 does not only down-regulate iron-consuming processes, but it also preferentially promotes iron-dependent activities that are essential or highly important for cells. An illustrating example is RNR, an oxo-diiron-containing enzyme that catalyzes the de novo synthesis of deoxyribonucleotides (dNTPs). Under normal conditions, the activity of RNR is limited by the different subcellular localization of its cytosolic large catalytic subunit R1 and its nuclear iron-containing small subunit R2. In response to iron deprivation, Cth2 promotes the degradation of the ARE-containing WTM1 mRNA, which encodes for a nuclear R2 anchoring protein (Sanvisens et al., 2011). In this way, Cth2 facilitates the export of the small R2 subunit to the cytosol and the assembly of a functional RNR holoenzyme (Sanvisens et al., 2011). Therefore, Cth2 is a central coordinator of iron metabolism that prioritizes iron utilization in essential processes over dispensable iron-using ones.



Regulation of Metabolic and Cellular Processes in Response to Iron Depletion

In response to iron deficiency, the decrease in activity of some iron-dependent enzymes limits the levels of key metabolic intermediates that are used as coactivators of specific transcription factors (Ihrig et al., 2010). For instance, in response to low iron, there is a decrease in the expression of genes from the iron-dependent branched-chain amino acid biosynthesis pathway due to a drop in the levels of the metabolic intermediate α-isopropylmalate, which serves as a coactivator of the Leu3 transcription factor (Ihrig et al., 2010; Figure 2). Similarly, the decrease in heme levels that occurs under iron starvation conditions limits the activity of the Hap1 transcription factor, a regulatory process that contributes to the down-regulation of mitochondrial respiration (Ihrig et al., 2010; Figure 2). Furthermore, multiple molecular markers indicate that the nutrient-signaling pathway that depends on the target of rapamycin complex 1 (TORC1) is also inhibited during the advance of iron deficiency, although the triggering signal is currently unknown and would require further studies (Romero et al., 2019; Figure 2). As a consequence, there is a decrease in the transcriptional activity of all RNA polymerases that causes the down-regulation of genes encoding for ribosomal proteins (RPs) and ribosome biogenesis (RiBi) factors, as well as a significant drop of rRNAs and tRNAs levels that finally impair global translation (Romero et al., 2019, 2020; Ros-Carrero et al., 2020; Figure 2). Interestingly, iron deficiency also promotes the Gcn2-dependent phosphorylation of the translation initiation factor eIF2α, probably due to the presence of uncharged tRNAs, contributing to the repression of bulk translation (Romero et al., 2020; Figure 2). Consistent with a defect at the initiation step, the translation of the GCN4 mRNA, which depends on short upstream open reading frames (uORFs), is enhanced (Romero et al., 2020). It is important to stress that translation is a highly energy consuming process that requires the conserved ISC-containing Rli1 (human ABCE1) protein for ribosome biogenesis and recycling (Kispal et al., 2005; Yarunin et al., 2005; Young et al., 2015).
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FIGURE 2. Yeast adaptation to iron deficiency requires the remodeling of many cellular processes. In S. cerevisiae, multiple iron-related processes indirectly respond to iron deficiency. The lack of iron leads to a decrease in the availability of iron-dependent metabolites including amino acid intermediates, heme, unsaturated fatty acids (UFAs) and deoxyribonucleotides (dNTPs), leading to changes in the expression of genes implicated in their biosynthesis. Moreover, global nutrient signaling pathways (TORC1) and environmental stress responses (ESR) respond to iron limitation by causing a bulk decrease in transcription and translation, and the activation of specific metabolic pathways such as the mitochondrial retrograde (RTG) response. These observations highlight the huge amount of direct and indirect connections between iron and cellular metabolism. Further detailed studies are necessary to fully decipher how eukaryotic cells sense iron starvation and transduce this signal to a wide range of cellular processes.


Iron deficiency also triggers the activation of various signaling pathways beyond the Aft1/Aft2 iron regulon (Martins et al., 2018a). Upon iron scarcity, there is an increase in the transcription of genes belonging to the mitochondrial retrograde (RTG) response (CIT1, coding for the mitochondrial isoform of citrate synthase; ACO1, aconitase, and IDH1 and IDH2, encoding NAD+-dependent isocitrate dehydrogenases) via the Rtg1-Rtg3 transcription factor complex (Figure 2), probably due to TORC1 inhibition or to mitochondrial dysfunction (Romero et al., 2019). The activation of the RTG response during iron deficiency may provide sufficient α-ketoglutarate as a nitrogen donor for biosynthetic processes. Moreover, a decrease in the activity of the iron-dependent Δ9 fatty acid desaturase Ole1 in iron-deficient conditions causes a drop in the levels of unsaturated fatty acids (UFAs) that releases the endoplasmic reticulum (ER)-anchored Mga2 transcription factor and activates the transcription of OLE1 (Romero et al., 2018a; Figure 2). UFA regulation of Mga2 is essential for growth in iron-depleted conditions (Romero et al., 2018a; Jorda et al., 2020). In fact, the levels of UFAs have been reported to be crucial for the Aft1-dependent activation of the iron regulon, although no mechanistic clues have been provided yet (Jorda et al., 2020). Moreover, both iron deficiency and defects in the mitochondrial ISC biogenesis activate the Mec1-Rad53-Dun1 DNA damage checkpoint kinase cascade that, in combination with Cth2 and Aft1 regulatory factors (see above), promote the activity of the iron-dependent RNR enzyme at multiple levels [(Sanvisens et al., 2011, 2014, 2016; Pijuan et al., 2015; Ros-Carrero et al., 2020); reviewed in Sanvisens et al. (2013); Puig et al. (2017)]. Upon iron limitation, Dun1 kinase enhances dNTP synthesis by promoting the degradation of the R1 inhibitor protein Sml1, and the R2 import protein Dif1 (Sanvisens et al., 2014, 2016). Future studies would determine whether the DNA damage checkpoint kinase cascade is activated when iron is scarce as a consequence of defects in the activity of the iron-dependent DNA polymerases and DNA repair enzymes (Puig et al., 2017).

Iron starvation also initiates the environmental stress response (ESR) program (Romero et al., 2019), that includes the transcriptional activation, via the general stress transcription factors Msn2 and Msn4, of ∼300 mRNAs mostly implicated in protecting cells against adverse stress conditions, and the repression of ∼600 transcripts encoding RPs, RiBis and other factors implicated in translation (Gasch et al., 2000). The substitution of iron-using processes by iron-independent alternatives is also a broad yeast response. In addition to the replacement of the iron-dependent biosynthesis of biotin by its uptake, yeast cells also decrease the expression of the ISC-dependent glutamate synthase enzyme Glt1 in favor of a glutamate dehydrogenase iron-independent route for nitrogen assimilation (Belli et al., 2004; Shakoury-Elizeh et al., 2004).



REGULATION IN RESPONSE TO IRON EXCESS

The yeast iron detoxification response is mostly triggered by the transcriptional activator protein of the Yap family, Yap5 [reviewed in Li and Ward (2018); Rodrigues-Pousada et al. (2019)]. Yap5 associates to Yap response elements (YREs) within the promoter of its target genes independently of iron levels, but only activates transcription when it associates to two [2Fe–2S] clusters through conserved cysteine-rich domains in a mitochondrial ISC-dependent but Grx3/4-independent manner (Li et al., 2008, 2012; Rietzschel et al., 2015). Thus, in response to high-iron, Yap5 activates the transcription of: (1) the CCC1 vacuolar importer gene, which is the main iron storage yeast facilitator; (2) the GRX4 monothiol glutaredoxin, which binds and transfers the iron-derived mitochondrial signal to Aft1 and Aft2 transcription factors limiting their activity; (3) TYW1, which encodes for a cytosolic [4Fe–4S] cluster-containing enzyme probably implicated in iron buffering; and (4) the copper metallothionein gene CUP1 to protect cells from oxidative stress (Li et al., 2011; Pimentel et al., 2012).

Curiously, cells lacking YAP5 are less sensitive to iron than ccc1Δ cells, suggesting that other transcriptional factors contribute to the expression of CCC1 (Pimentel et al., 2012). In this sense, a recent study has discovered that yeast cells lacking the low-glucose sensor Snf1 or other components of this kinase complex display defects in CCC1 expression under high-iron conditions that lead to iron sensitivity (Li et al., 2017). Remarkably, the Snf1 activation of CCC1 does not depend on Yap5 or ISC biogenesis, but utilizes Msn2 and Msn4 transcription factors and other unidentified regulatory factors (Li et al., 2017). Consistent with this, the msn2Δmsn4Δ double mutant is sensitive to iron and the Msn4 protein translocates to the nucleus in response to excess iron (Du et al., 2012; Li et al., 2017). Further studies are necessary to decipher how iron modulates the activity of the Snf1 kinase complex since no changes in Snf1 phosphorylation have been reported upon exposure to high iron.



IRON HOMEOSTASIS DIVERSITY IN S. cerevisiae YEAST STRAINS

The utilization over the past decades of laboratory S. cerevisiae strains has allowed the characterization of the main features that govern eukaryotic iron homeostasis, including iron sensing, regulation, acquisition, distribution, storage, and utilization. However, the recent sequencing of the genome of numerous natural and human-domesticated yeast strains is opening novel horizons for studying iron homeostasis diversity and evolution that should be pursued in the future (Peter et al., 2018). In addition to the reductive strategy for iron uptake, some budding yeasts are also able to synthesize and acquire iron via siderophores. A recent phylogenomic study has suggested that the genes implicated in the biosynthesis and utilization of the iron-binding molecule pulcherrimin were ancestral to S. cerevisiae, although lost in the majority but not all lineages (Krause et al., 2018). Another report has uncovered the acquisition by a group of budding yeasts of a whole bacterial operon implicated in siderophore iron transport through horizontal transfer (Kominek et al., 2019). A genetic study has unveiled the diversity of wild Malaysian S. cerevisiae strains, which have adapted their iron homeostasis network to their natural environment (Lee et al., 2013). These strains are particularly sensitive to iron due to defects in YAP5 gene and especially in their CCC1 vacuolar iron transporter allele, but display an AFT1 allele that improves their adaptation to iron-deficient conditions (Lee et al., 2013). Whole-genome analyses of S. cerevisiae strains used for the production of sherry-like wine have also revealed an improved iron uptake system and an increased sensitivity to iron probably due to the presence of AFT1, FRE and FIT alleles also found in flor yeasts (Eldarov et al., 2018). In a broad phenotypic characterization of S. cerevisiae strains from different geographical and source origins, yeast strains were classified as iron-resistant and iron-sensitive (Martinez-Garay et al., 2016). Curiously, the most iron-resistant strains accumulate less iron than the sensitive ones, and grow poorly in iron-deficient conditions, whereas the iron-sensitive strains have better adapted to low iron environments (Martinez-Garay et al., 2016). A more detailed study of both the genotype and phenotype of these and other yeast strains will definitely contribute to a better understanding of iron homeostasis and evolution.



AUTHOR CONTRIBUTIONS

LR-A and SP wrote the original draft. MM-P and AR reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Work in our laboratory is supported by the Spanish Ministry of Science, Innovation and Universities (MICINN) grant BIO2017-87828-C2-1-P and FEDER (Fondo Europeo de Desarrollo Regional) funds. LR-A was recipient of predoctoral contract from MICINN. We acknowledge support of the publication fee by the CSIC Open Access Publication Support Initiative through its Unit of Information Resources for Research (URICI).



ACKNOWLEDGMENTS

We thank all the members of the Systems Biology in Yeast of Biotechnological Interest (SBYBI) group for their scientific contributions.



REFERENCES

Belli, G., Molina, M. M., Garcia-Martinez, J., Perez-Ortin, J. E., and Herrero, E. (2004). Saccharomyces cerevisiae glutaredoxin 5-deficient cells subjected to continuous oxidizing conditions are affected in the expression of specific sets of genes. J. Biol. Chem. 279, 12386–12395. doi: 10.1074/jbc.m311879200

Chaparro, C. M., and Suchdev, P. S. (2019). Anemia epidemiology, pathophysiology, and etiology in low- and middle-income countries. Ann. N.Y. Acad. Sci. 1450, 15–31.

Chen, O. S., Crisp, R. J., Valachovic, M., Bard, M., Winge, D. R., and Kaplan, J. (2004). Transcription of the yeast iron regulon does not respond directly to iron but rather to iron-sulfur cluster biosynthesis. J. Biol. Chem. 279, 29513–29518. doi: 10.1074/jbc.m403209200

Dikicioglu, D., and Oliver, S. G. (2019). Extension of the yeast metabolic model to include iron metabolism and its use to estimate global levels of iron-recruiting enzyme abundance from cofactor requirements. Biotechnol. Bioeng. 116, 610–621. doi: 10.1002/bit.26905

Du, Y., Cheng, W., and Li, W. F. (2012). Expression profiling reveals an unexpected growth-stimulating effect of surplus iron on the yeast Saccharomyces cerevisiae. Mol. Cells 34, 127–132. doi: 10.1007/s10059-012-2242-0

Eldarov, M. A., Beletsky, A. V., Tanashchuk, T. N., Kishkovskaya, S. A., Ravin, N. V., and Mardanov, A. V. (2018). Whole-genome analysis of three yeast strains used for production of sherry-like wines revealed genetic traits specific to flor yeasts. Front. Microbiol. 9:965. doi: 10.3389/fmicb.2018.00965

Gasch, A. P., Spellman, P. T., Kao, C. M., Carmel-Harel, O., Eisen, M. B., Storz, G., et al. (2000). Genomic expression programs in the response of yeast cells to environmental changes. Mol. Biol. Cell 11, 4241–4257. doi: 10.1091/mbc.11.12.4241

Gupta, M., and Outten, C. E. (2020). Iron-sulfur cluster signaling: the common thread in fungal iron regulation. Curr. Opin. Chem. Biol. 55, 189–201. doi: 10.1016/j.cbpa.2020.02.008

Hausmann, B., Lill, S. R., and Muhlenhoff, U. (2008). Cellular and mitochondrial remodeling upon defects in iron-sulfur protein biogenesis. J. Biol. Chem. 283, 8318–8330. doi: 10.1074/jbc.m705570200

Ihrig, J., Hausmann, A., Hain, A., Richter, N., Hamza, I., Lill, R., et al. (2010). Iron regulation through the back door: iron-dependent metabolite levels contribute to transcriptional adaptation to iron deprivation in Saccharomyces cerevisiae. Eukaryot. Cell 9, 460–471. doi: 10.1128/ec.00213-09

Jorda, T., Romero, A. M., Perea-Garcia, A., Rozes, N., and Puig, S. (2020). The lipid composition of yeast cells modulates the response to iron deficiency. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1865:158707. doi: 10.1016/j.bbalip.2020.158707

Kaplan, C. D., and Kaplan, J. (2009). Iron acquisition and transcriptional regulation. Chem. Rev. 109, 4536–4552. doi: 10.1021/cr9001676

Kispal, G., Csere, P., Prohl, C., and Lill, R. (1999). The mitochondrial proteins Atm1p and Nfs1p are essential for biogenesis of cytosolic Fe/S proteins. EMBO J. 18, 3981–3989. doi: 10.1093/emboj/18.14.3981

Kispal, G., Sipos, K., Lange, H., Fekete, Z., Bedekovics, T., Janaky, T., et al. (2005). Biogenesis of cytosolic ribosomes requires the essential iron-sulphur protein Rli1p and mitochondria. EMBO J. 24, 589–598. doi: 10.1038/sj.emboj.7600541

Kominek, J., Doering, D. T., Opulente, D. A., Shen, X. X., Zhou, X., DeVirgilio, J., et al. (2019). eukaryotic acquisition of a bacterial operon. Cell 176, 1356–1366. doi: 10.1016/j.cell.2019.01.034

Krause, D. J., Kominek, J., Opulente, D. A., Shen, X. X., Zhou, X., Langdon, Q. K., et al. (2018). Functional and evolutionary characterization of a secondary metabolite gene cluster in budding yeasts. Proc. Natl. Acad. Sci. U.S.A. 115, 11030–11035. doi: 10.1073/pnas.1806268115

Lee, H. N., Mostovoy, Y., Hsu, T. Y., Chang, A. H., and Brem, R. B. (2013). Divergence of iron metabolism in wild Malaysian yeast. G3 3, 2187–2194. doi: 10.1534/g3.113.008011

Li, H., and Outten, C. E. (2012). Monothiol CGFS glutaredoxins and BolA-like proteins: [2Fe-2S] binding partners in iron homeostasis. Biochemistry 51, 4377–4389. doi: 10.1021/bi300393z

Li, H., and Outten, C. E. (2019). The conserved CDC motif in the yeast iron regulator Aft2 mediates iron-sulfur cluster exchange and protein-protein interactions with Grx3 and Bol2. J. Biol. Inorg. Chem. 24, 809–815. doi: 10.1007/s00775-019-01705-x

Li, L., Bagley, D., Ward, D. M., and Kaplan, J. (2008). Yap5 is an iron-responsive transcriptional activator that regulates vacuolar iron storage in yeast. Mol. Cell Biol. 28, 1326–1337. doi: 10.1128/mcb.01219-07

Li, L., Bertram, S., Kaplan, J., Jia, X., and Ward, D. M. (2020). The mitochondrial iron exporter genes MMT1 and MMT2 in yeast are transcriptionally regulated by Aft1 and Yap1. J. Biol. Chem. 295, 1716–1726. doi: 10.1074/jbc.ra119.011154

Li, L., Jia, X., Ward, D. M., and Kaplan, J. (2011). Yap5 protein-regulated transcription of the TYW1 gene protects yeast from high iron toxicity. J. Biol. Chem. 286, 38488–38497. doi: 10.1074/jbc.m111.286666

Li, L., Kaplan, J., and Ward, D. M. (2017). The glucose sensor Snf1 and the transcription factors Msn2 and Msn4 regulate transcription of the vacuolar iron importer gene CCC1 and iron resistance in yeast. J. Biol. Chem. 292, 15577–15586. doi: 10.1074/jbc.m117.802504

Li, L., Miao, R., Bertram, S., Jia, X., Ward, D. M., and Kaplan, J. (2012). A role for iron-sulfur clusters in the regulation of transcription factor Yap5-dependent high iron transcriptional responses in yeast. J. Biol. Chem. 287, 35709–35721. doi: 10.1074/jbc.m112.395533

Li, L., and Ward, D. M. (2018). Iron toxicity in yeast: transcriptional regulation of the vacuolar iron importer Ccc1. Curr. Genet. 64, 413–416. doi: 10.1007/s00294-017-0767-7

Lindahl, P. A. (2019). A comprehensive mechanistic model of iron metabolism in Saccharomyces cerevisiae. Metallomics 11, 1779–1799. doi: 10.1039/c9mt00199a

Martinez-Garay, C. A., de Llanos, R., Romero, A. M., Martinez-Pastor, M. T., and Puig, S. (2016). Responses of Saccharomyces cerevisiae strains from different origins to elevated iron concentrations. Appl. Environ. Microbiol. 82, 1906–1916. doi: 10.1128/aem.03464-15

Martinez-Pastor, M. T., de Llanos, R., Romero, A. M., and Puig, S. (2013a). Post-transcriptional regulation of iron homeostasis in Saccharomyces cerevisiae. Int. J. Mol. Sci. 14, 15785–15809. doi: 10.3390/ijms140815785

Martinez-Pastor, M., Vergara, S. V., Puig, S., and Thiele, D. J. (2013b). Negative feedback regulation of the yeast Cth1 and Cth2 mRNA binding proteins is required for adaptation to iron deficiency and iron supplementation. Mol. Cell Biol. 33, 2178–2187. doi: 10.1128/mcb.01458-12

Martinez-Pastor, M. T., Perea-Garcia, A., and Puig, S. (2017). Mechanisms of iron sensing and regulation in the yeast Saccharomyces cerevisiae. World J. Microbiol. Biotechnol. 33:75.

Martins, T. S., Costa, V., and Pereira, C. (2018a). Signaling pathways governing iron homeostasis in budding yeast. Mol. Microbiol. 109, 422–432. doi: 10.1111/mmi.14009

Martins, T. S., Pereira, C., Canadell, D., Vilaca, R., Teixeira, V., Moradas-Ferreira, P., et al. (2018b). The Hog1p kinase regulates Aft1p transcription factor to control iron accumulation. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 61–70. doi: 10.1016/j.bbalip.2017.10.001

Means, R. T. (2020). Iron deficiency and iron deficiency anemia: implications and impact in pregnancy, fetal development, and early childhood parameters. Nutrients 12:447. doi: 10.3390/nu12020447

Muckenthaler, M. U., Rivella, S., Hentze, M. W., Galy, B., and Red Carpet, A. (2017). A red carpet for iron metabolism. Cell 168, 344–361. doi: 10.1016/j.cell.2016.12.034

Muhlenhoff, U., Hoffmann, B., Richter, N., Rietzschel, N., Spantgar, F., Stehling, O., et al. (2015). Compartmentalization of iron between mitochondria and the cytosol and its regulation. Eur. J. Cell Biol. 94, 292–308. doi: 10.1016/j.ejcb.2015.05.003

Outten, C. E., and Albetel, A. N. (2013). Iron sensing and regulation in Saccharomyces cerevisiae: ironing out the mechanistic details. Curr. Opin. Microbiol. 16, 662–668. doi: 10.1016/j.mib.2013.07.020

Pedro-Segura, E., Vergara, S. V., Rodriguez-Navarro, S., Parker, R., Thiele, D. J., and Puig, S. (2008). The Cth2 ARE-binding protein recruits the Dhh1 helicase to promote the decay of succinate dehydrogenase SDH4 mRNA in response to iron deficiency. J. Biol. Chem. 283, 28527–28535. doi: 10.1074/jbc.m804910200

Perea-Garcia, P., Jimenez-Lorenzo, M. R., Martinez-Pastor, M. T., and Puig, S. (2020). Sequential recruitment of the mRNA decay machinery to the iron-regulated protein Cth2 in Saccharomyces cerevisiae. Biochim. Biophys. Acta Gene Regul. Mech. 1863:194595. doi: 10.1016/j.bbagrm.2020.194595

Peter, J., De Chiara, M., Friedrich, A., Yue, J. X., Pflieger, D., Bergstrom, A., et al. (2018). Genome evolution across 1,011 Saccharomyces cerevisiae isolates. Nature 556, 339–344. doi: 10.1038/s41586-018-0030-5

Philpott, C. C., Leidgens, S., and Frey, A. G. (2012). Metabolic remodeling in iron-deficient fungi. Biochim. Biophys. Acta 1823, 1509–1520. doi: 10.1016/j.bbamcr.2012.01.012

Philpott, C. C., and Protchenko, O. (2008). Response to iron deprivation in Saccharomyces cerevisiae. Eukaryot Cell 7, 20–27. doi: 10.1128/ec.00354-07

Pijuan, J., Maria, C., Herrero, E., and Belli, G. (2015). Impaired mitochondrial Fe-S cluster biogenesis activates the DNA damage response through different signaling mediators. J. Cell Sci. 128, 4653–4665. doi: 10.1242/jcs.178046

Pimentel, C., Vicente, C., Menezes, R. A., Caetano, S., Carreto, L., and Rodrigues-Pousada, C. (2012). The role of the Yap5 transcription factor in remodeling gene expression in response to Fe bioavailability. PLoS One 7:e37434. doi: 10.1371/journal.pgen.037434

Poor, C. B., Wegner, S. V., Li, H., Dlouhy, A. C., Schuermann, J. P., Sanishvili, R., et al. (2014). Molecular mechanism and structure of the Saccharomyces cerevisiae iron regulator Aft2. Proc. Natl. Acad. Sci. U.S.A. 111, 4043–4048. doi: 10.1073/pnas.1318869111

Prouteau, M., Daugeron, M. C., and Seraphin, B. (2008). Regulation of ARE transcript 3′ end processing by the yeast Cth2 mRNA decay factor. EMBO J. 27, 2966–2976. doi: 10.1038/emboj.2008.212

Puig, S., Andres-Colas, N., Garcia-Molina, A., and Penarrubia, L. (2007). Copper and iron homeostasis in Arabidopsis: responses to metal deficiencies, interactions and biotechnological applications. Plant Cell Environ. 30, 271–290. doi: 10.1111/j.1365-3040.2007.01642.x

Puig, S., Askeland, E., and Thiele, D. J. (2005). Coordinated remodeling of cellular metabolism during iron deficiency through targeted mRNA degradation. Cell 120, 99–110. doi: 10.1016/j.cell.2004.11.032

Puig, S., Ramos-Alonso, L., Romero, A. M., and Martinez-Pastor, M. T. (2017). The elemental role of iron in DNA synthesis and repair. Metallomics 9, 1483–1500. doi: 10.1039/c7mt00116a

Puig, S., Vergara, S. V., and Thiele, D. J. (2008). Cooperation of two mRNA-binding proteins drives metabolic adaptation to iron deficiency. Cell Metab. 7, 555–564. doi: 10.1016/j.cmet.2008.04.010

Ramos-Alonso, L., Romero, A. M., Polaina, J., Puig, S., and Martinez-Pastor, M. T. (2019). Dissecting mRNA decay and translation inhibition during iron deficiency. Curr. Genet. 65, 139–145. doi: 10.1007/s00294-018-0880-2

Ramos-Alonso, L., Romero, A. M., Soler, M. A., Perea-Garcia, A., Alepuz, P., Puig, S., et al. (2018a). Yeast Cth2 protein represses the translation of ARE-containing mRNAs in response to iron deficiency. PLoS Genet. 14:e1007476. doi: 10.1371/journal.pgen.1007476

Ramos-Alonso, L., Wittmaack, N., Mulet, I., Martinez-Garay, C. A., Fita-Torro, J., Lozano, M. J., et al. (2018b). Molecular strategies to increase yeast iron accumulation and resistance. Metallomics 10, 1245–1256. doi: 10.1039/c8mt00124c

Rietzschel, N., Pierik, A. J., Bill, E., Lill, R., and Muhlenhoff, U. (2015). The basic leucine zipper stress response regulator Yap5 senses high-iron conditions by coordination of [2Fe-2S] clusters. Mol. Cell Biol. 35, 370–378. doi: 10.1128/mcb.01033-14

Rodrigues-Pousada, C., Devaux, F., Caetano, S. M., Pimentel, C., da Silva, S., Cordeiro, A. C., et al. (2019). Yeast AP-1 like transcription factors (Yap) and stress response: a current overview. Microb. Cell 6, 267–285. doi: 10.15698/mic2019.06.679

Romero, A. M., Jorda, T., Rozes, N., Martinez-Pastor, M. T., and Puig, S. (2018a). Regulation of yeast fatty acid desaturase in response to iron deficiency. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 657–668. doi: 10.1016/j.bbalip.2018.03.008

Romero, A. M., Martinez-Pastor, M., Du, G., Sole, C., Carlos, M., Vergara, S. V., et al. (2018b). Phosphorylation and proteasome recognition of the mRNA-binding protein Cth2 facilitates yeast adaptation to iron deficiency. mBio 9:e01694-18.

Romero, A. M., Ramos-Alonso, L., Alepuz, P., Puig, S., and Martinez-Pastor, M. T. (2020). Global translational repression induced by iron deficiency in yeast depends on the Gcn2/eIF2alpha pathway. Sci. Rep. 10:233.

Romero, A. M., Ramos-Alonso, L., Montella-Manuel, S., Garcia-Martinez, J., de la Torre-Ruiz, M. A., Perez-Ortin, J. E., et al. (2019). A genome-wide transcriptional study reveals that iron deficiency inhibits the yeast TORC1 pathway. Biochim. Biophys. Acta Gene Regul. Mech. 1862:194414. doi: 10.1016/j.bbagrm.2019.194414

Ros-Carrero, C., Ramos-Alonso, L., Romero, A. M., Bano, M. C., Martinez-Pastor, M. T., and Puig, S. (2020). The yeast Aft1 transcription factor activates ribonucleotide reductase catalytic subunit RNR1 in response to iron deficiency. Biochim. Biophys. Acta Gene Regul. Mech. 1863:194522. doi: 10.1016/j.bbagrm.2020.194522

Rutherford, J. C., Ojeda, L., Balk, J., Muhlenhoff, U., Lill, R., and Winge, D. R. (2005). Activation of the iron regulon by the yeast Aft1/Aft2 transcription factors depends on mitochondrial but not cytosolic iron-sulfur protein biogenesis. J. Biol. Chem. 280, 10135–10140. doi: 10.1074/jbc.m413731200

Sanvisens, N., Bano, M. C., Huang, M., and Puig, S. (2011). Regulation of ribonucleotide reductase in response to iron deficiency. Mol. Cell 44, 759–769. doi: 10.1016/j.molcel.2011.09.021

Sanvisens, N., de Llanos, R., and Puig, S. (2013). Function and regulation of yeast ribonucleotide reductase: cell cycle, genotoxic stress and iron availability. Biomed. J. 36, 51–58. doi: 10.4103/2319-4170.110398

Sanvisens, N., and Puig, S. (2011). “Causes and consequences of nutritional iron deficiency in living organisms,” in Biology of Starvation in Humans and Other Organisms, ed. T. C. Merkin (Hauppauge, NY: Nova Science Publishers), 245–276.

Sanvisens, N., Romero, A. M., An, X., Zhang, C., de Llanos, R., Martinez-Pastor, M. T., et al. (2014). Yeast Dun1 kinase regulates ribonucleotide reductase inhibitor Sml1 in response to iron deficiency. Mol. Cell Biol. 34, 3259–3271. doi: 10.1128/mcb.00472-14

Sanvisens, N., Romero, A. M., Zhang, C., Wu, X., An, X., Huang, M., et al. (2016). Yeast Dun1 kinase regulates ribonucleotide reductase small subunit localization in response to iron deficiency. J. Biol. Chem. 291, 9807–9817. doi: 10.1074/jbc.m116.720862

Sato, T., Chang, H. C., Bayeva, M., Shapiro, J. S., Ramos-Alonso, L., Kouzu, H., et al. (2018). mRNA-binding protein tristetraprolin is essential for cardiac response to iron deficiency by regulating mitochondrial function. Proc. Natl. Acad. Sci. U.S.A. 115, E6291–E6300.

Shakoury-Elizeh, M., Tiedeman, J., Rashford, J., Ferea, T., Demeter, J., Garcia, E., et al. (2004). Transcriptional remodeling in response to iron deprivation in Saccharomyces cerevisiae. Mol. Biol. Cell 15, 1233–1243. doi: 10.1091/mbc.e03-09-0642

Stehling, O., Wilbrecht, C., and Lill, R. (2014). Mitochondrial iron-sulfur protein biogenesis and human disease. Biochimie 100, 61–77. doi: 10.1016/j.biochi.2014.01.010

Thompson, M. J., Lai, W. S., Taylor, G. A., and Blackshear, P. J. (1996). Cloning and characterization of two yeast genes encoding members of the CCCH class of zinc finger proteins: zinc finger-mediated impairment of cell growth. Gene 174, 225–233. doi: 10.1016/0378-1119(96)00084-4

Ueta, R., Fujiwara, N., Iwai, K., and Yamaguchi-Iwai, Y. (2012). Iron-induced dissociation of the Aft1p transcriptional regulator from target gene promoters is an initial event in iron-dependent gene suppression. Mol. Cell Biol. 32, 4998–5008. doi: 10.1128/mcb.00726-12

Vergara, S. V., Puig, S., and Thiele, D. J. (2011). Early recruitment of AU-rich element-containing mRNAs determines their cytosolic fate during iron deficiency. Mol. Cell Biol. 31, 417–429. doi: 10.1128/mcb.00754-10

Wells, M. L., Perera, L., and Blackshear, P. J. (2017). An ancient family of RNA-binding proteins: still important! Trends Biochem. Sci. 42, 285–296. doi: 10.1016/j.tibs.2016.12.003

Wu, X., Kim, H., Seravalli, J., Barycki, J. J., Hart, P. J., Gohara, D. W., et al. (2016). Potassium and the K+/H+ exchanger Kha1p promote binding of copper to ApoFet3p Multi-copper ferroxidase. J. Biol. Chem. 291, 9796–9806. doi: 10.1074/jbc.m115.700500

Yarunin, A., Panse, V. G., Petfalski, E., Dez, C., Tollervey, D., and Hurt, E. C. (2005). Functional link between ribosome formation and biogenesis of iron-sulfur proteins. EMBO J. 24, 580–588. doi: 10.1038/sj.emboj.7600540

Young, D. J., Guydosh, N. R., Zhang, F., Hinnebusch, A. G., and Green, R. (2015). Rli1/ABCE1 recycles terminating ribosomes and controls translation reinitiation in 3′UTRs in vivo. Cell 162, 872–884. doi: 10.1016/j.cell.2015.07.041

Zhang, X., Zhang, D., Sun, W., and Wang, T. (2019). The adaptive mechanism of plants to iron deficiency via iron uptake, transport, and homeostasis. Int. J. Mol. Sci. 20:2424. doi: 10.3390/ijms20102424


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ramos-Alonso, Romero, Martínez-Pastor and Puig. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-582830-g002.jpg
Translational repression

= s
LS

Rnr1 Rnr1 [o-isopropylmalate]

[Heme]

GO UTZY synthesis

@ Respiration genes

UFAs

SFAs

Translational genes

Nucle
gm RTG target genes

RNA pol 1IN

Cytosol






OPS/images/fmicb-11-582830-g001.jpg
[Fe*]

Fe2+ < Fe?

el Fe”]
Cell wall @
%3 Fet4

Plasma
membrane Fel' Fe3'

Nucleus

Fe regulon

Cytosol
mRNA
N ARE nn

Y\ ETC, Krebs cycle,
dNTP synthesis vacuolar iron import, -
heme, lipid & aa synthesis Biotin






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Iron Regulatory Mechanisms in Saccharomyces cerevisiae



		INTRODUCTION



		REGULATION IN RESPONSE TO IRON DEFICIENCY



		Transcriptional Activation of the Iron Regulon by Aft1 and Aft2



		Post-transcriptional Remodeling of Iron Metabolism by the mRNA-Binding Protein CTH2



		Regulation of Metabolic and Cellular Processes in Response to Iron Depletion







		REGULATION IN RESPONSE TO IRON EXCESS



		IRON HOMEOSTASIS DIVERSITY IN S. cerevisiae YEAST STRAINS



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Iron Regulatory Mechanisms
in Saccharomyces cerevisiae









OPS/images/logo.jpg
, frontiers
in Microbiology





