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Among the essential transition metals, iron and zinc are the most studied and much is 

understood about the effect and regulation of these important cofactors. Yet much still 

remains unknown about the biochemical mechanisms which are required for cellular 

homeostasis of these metals. My studies have focused on identifying novel cellular responses 

to iron toxicity and to zinc deficiency in the budding yeast, Saccharomyces cerevisiae.  

The first part of my research focuses on identifying suppressor genes which, when 

over-expressed, can protect cells against iron toxicity. Suppressor screens were performed 
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using a genomic library in a multicopy vector. The screen identified ORM2 and ORM1 as 

both were shown to rescue cell growth in high iron conditions. Both Orm1/2 are 

transmembrane proteins localized at the endoplasmic reticulum (ER). It was previously 

known that both Orm2 and Orm1 are negative regulators for sphingolipid biosynthesis and 

that they also play roles in protein quality control. Thus, cells show resistance to iron toxicity 

when sphingolipid synthesis is inhibited by the over-expression of Orm2/1 or by the 

treatment with myriocin, a potent inhibitor of sphingolipid synthesis. By measuring 

sphingolipid LCB levels with and without high iron, high iron was shown to induce 

sphingolipid biosynthesis and that over-expression of ORM2/1 can reduce sphingolipid levels, 

which protects cells from iron toxicity. Furthermore, data indicate that iron toxicity is 

mediated by sphingolipid-activated protein kinases Pkh1 and Ypk1 and by a transcriptional 

factor Smp1. Contrary to general belief that iron toxicity results from oxidative damage, my 

study shows that iron toxicity involves activation of sphingolipid signaling. 

The second part of my research focuses on elucidation of a novel cellular mechanism 

which yeast cells have developed in response to zinc deficiency. It was discovered that 

subunits of RNA polymerase I undergo degradation during zinc starvation. The observed 

degradation is specific to RNA polymerase I (RNAPI) and its associated proteins. 

Furthermore, this down-regulation of RNAPI is dependent on vacuolar proteases Pep4 and 

Prb1. Inactivation of the vacuolar proteases rescues the down-regulations of RNAPI as well 
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as its associated proteins during zinc starvation. RNAPI complex is transported out of the 

nucleus as a complex and this process is mediated by the exportin Xpo1. Data also suggest 

that de-ubiquitination of RNAPI is required for its down-regulation during zinc starvation. It 

is hypothesized that the down-regulation of RNAPI, which is responsible for transcribing 

ribosomal RNAs and accounts for most transcriptional activities in yeast cells, can conserve 

energy used for ribosome biogenesis during zinc starvation. Moreover, several subunits of 

RNAPI are zinc-binding proteins. By degrading RNAPI in the vacuole, yeast cells can 

conserve and recycle zinc atoms for other important cellular functions during zinc deficiency.  
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CHAPTER 1 

INTRODUCTION 
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Many transition metals are essential trace elements in all living organisms. These metals 

function as important cofactors for critical cellular molecules, such as nucleic acids, enzymes, 

proteins and lipids. Without sufficient amounts of these transition metals, most biological 

processes are significantly affected. However, these metals are potentially toxic to the cells 

when in excess. Therefore, cells have evolved different mechanisms to maintain metal 

homeostasis. Many of these cellular mechanisms involve regulations of metal uptake, efflux 

and distribution systems. Some of them involve regulating metal storage as well as 

preventing metal-induced oxidative stress. Extensive studies have been done to understand 

mechanisms by which the budding yeast, Saccharomyces cerevisiae, balances metal 

homeostasis, especially iron and zinc; however, there is still much that remains unknown and 

requires further investigation. 

  

 

IRON HOMEOSTASIS AND IRON TOXICITY 

 

Among many transition metals in living organisms, iron is one of the most important metals. 

Iron can exist in one of two reduction-oxidation, or redox forms: the reduced form, Fe2+, and 

the oxidized form, Fe3+. Because of this redox characteristic, iron acts as a cofactor for many 

metalloenzymes. It is also this redox ability that can lead to substantial cellular damage in 
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high iron concentrations. In cells, “free” iron (Fe2+) is toxic due to its ability to participate in 

Fenton chemistry to generate reactive oxygen species (ROS) which can cause serious damage 

to proteins, lipids and nucleic acids. Therefore, excess of cellular iron can result in iron 

overload/ iron toxicity. Many diseases are related to iron overload/ iron toxicity, including 

hemochromatosis, Parkinson’s disease, and Fredreich’s ataxia (Rausch et al, 1988; Radisky et 

al, 1999). 

 

Iron Uptake 

In Saccharomyces cerevisiae, one of the mechanisms cells use to maintain iron homeostasis is 

regulation of iron uptake from the environment. Unlike other eukaryotes, yeast cells do not 

have iron export systems to remove an excess of iron. Therefore, they can only regulate the 

amount of iron being taken from the environment or stored in vacuoles. In aerobic conditions, 

iron exists predominately in its ferric, or oxidized form (Fe3+), which is insoluble in water at 

neutral pH; however, most iron transporters require ferrous, or reduced Fe2+ as their 

substrates. Therefore, yeast cells employ two parallel pathways for iron uptake from the 

environment: the reductive pathway and non-reductive pathway. The reductive pathway 

requires reduction of ferric iron to ferrous iron and the non-reductive pathway requires 

soluble siderophore-Fe3+ chelates (Philpott and Protchenko, 2008; Kaplan and Kaplan, 2009). 
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In the reductive uptake pathway, before being transported into the cells, the oxidized ferric 

iron needs to be reduced to ferrous iron by metalloreductases, such as Fre1 and Fre2 in the 

cell membrane (Dancis et al, 1990; Anderson et al, 1992; Georgatsou and Alexandraki, 1994). 

Once iron is reduced, it becomes a suitable substrate for two main iron transport systems: the 

low-affinity iron transporter Fet4 and the high-affinity iron transporter Fet3/Ftr1 (Dix et al, 

1994; Askwith et al, 2994; Stearman et al, 1996). The low-affinity transporter Fet4 is a 

plasma membrane permease and functions as the major iron uptake system when cellular iron 

concentration is relatively high (Dix et al, 1997). The high-affinity iron transporter consists of 

two proteins, Fet3 and Ftr1. Fet3 is a multicopper oxidase and can oxidize ferrous ions to 

ferric ions. The oxidized ferric ions can then become a substrate for the transmembrane 

permease Ftr1 and are transported into the cytosol. In contrast to Fet4, the high affinity iron 

transporter Fet3/Ftr1 is responsible for the majority of iron uptake in iron-depleted yeast cells 

(Eide et al, 1992). Fet3 requires copper ions for its oxidase activity. It has been shown that, in 

copper-depleted conditions, the amounts of ferrous ions transported into the cells decrease 

due to the non-functional Fet3 (Askwith et al, 1994). Thus, there is an interconnection 

between iron homeostasis and copper homeostasis.  

 

Both iron transporters are regulated primarily at the transcriptional level. FET3/FTR1, FET4 

and the metalloreductases FRE1/FRE2 are all part of the iron regulon (Yamaguchi-Iwai et al, 
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1995; Waters and Eide, 2002; Jensen et al, 2002). The yeast iron regulon is a group of 

iron-uptake-related genes that are regulated by transcriptional activators Aft1 and Aft2 

(Yamaguchi-Iwai et al, 1995; Blaiseau et al, 2001; Rutherford et al, 2001). Aft1p induces the 

expression of the iron regulon by localizing to the nucleus and binding to the promoter 

regions of the iron regulon genes when intracellular iron concentration is low. With an excess 

of iron in the cell, Aft1 does not localize to the nucleus and, therefore, does not induce the 

expression of genes involved in iron uptake (Yamaguchi-Iwai et al, 2002). Aft2 is another 

transcriptional activator involved in maintaining iron homeostasis. Evidence shows that, in 

response to low iron conditions, Aft2 can activate iron-responsive genes in the absence of 

Aft1 (Blaiseau et al, 2001). Moreover, it was demonstrated from microarray data that Aft2 

can activate a group of genes which are not activated by Aft1 (Courel et al, 2005). In addition 

to the transcriptional regulation of the iron transporters, iron transporters can also be 

regulated at the post-translational level. When intracellular iron concentration is too high, 

Ftr1 is ubiquitinated and then the ubiquitinated Ftr1/Fet3 complex undergoes internalization 

and is targeted for degradation (Felice et al, 2005). Thus, when cellular iron levels are high, 

yeast cells inhibit expression of iron uptake genes and simultaneously down-regulate existing 

iron transporters located at the plasma membrane to prevent further iron uptake. 

 

In the non-reductive pathway, yeast cells utilize siderophore-bound iron. Siderophores are 
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low molecular-weight compounds which can dissolve insoluble ferric ions via chelation to a 

soluble Fe3+ compound (Neilands, 1995). S. cerevisiae does not synthesize siderophore 

compounds and yet it can recognize and utilize different siderophore-Fe3+ compounds 

secreted by other microorganisms. The siderophore-Fe3+ complex can be transported across 

the plasma membrane by the ARN family of transporters Arn1-4 with the help of the 

facilitators Fit1-3 (Yun et al, 2000; Protchenko et al, 2001). The mRNA levels of iron 

transporters Arn1-4 and the facilitators Fit1-3 were shown to be regulated by Rnt1, a 

double-stranded RNA endonuclease of RNAase III family (Lee et al, 2005). In high iron 

conditions, Rnt1 can cleave the mRNAs of Arnt1-4 and Fit1-3, which results in the 

degradation of the cleaved mRNAs by 5’-3’ exonuclease Xrn1 and Rat1(Lee et al, 2005). 

This down-regulation of siderophore- Fe3+ transporters and facilitators can prevent excess of 

iron being transported into cells in high iron conditions. Moreover, it has been shown recently 

that upon oxidative stress, yeast cells favor the non-reductive pathway in order to minimize 

the oxidative damage caused by ferrous iron from the reductive iron-uptake pathway 

(Castells-Roca et al, 2011).  

 

Vacuolar Iron Storage 

Another mechanism yeast cells utilize to maintain iron homeostasis is iron storage. Unlike 

other eukaryotes, yeast cells do not have iron storage proteins such as ferritin. Instead, iron is 
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stored in the cell vacuole. Iron transporters in the vacuolar membrane transport iron in and 

out of the vacuole. Ccc1 is the only identified vacuolar iron importer and Fet5/Fth1 and Smf3 

are the high-affinity and low-affinity iron exporters respectively (Li et al, 2001; Urbanowski 

and Piper, 1999; Portnoy, 2000). When cytosolic iron is low, CCC1 is post-transcriptionally 

down-regulated to prevent further iron import to the vacuole. The down-regulation of CCC1 

involves an mRNA-binding protein Cth2. CTH2 and its homolog CTH1 are part of the Aft1 

iron regulon and the expression is induced under iron deprivation. Both Cth1 and Cth2 

down-regulate mRNA of Fe-dependent pathways at the post-transcriptional level (Puig et al, 

2005; Puig et al, 2008). Cth2 binds to AU-rich Element (ARE) within the 3’ untranslated 

region of target mRNA to mediate its degradation. The down-regulation of CCC1 is mediated 

by Cth2 during iron deprivation (Puig et al, 2005). Simultaneously, both vacuolar iron 

exporters including Fet5/Fth1 (high affinity transporter complex) and Smf3 (low affinity 

transporter) are also up-regulated by Aft1 and Aft2 in iron-depleted yeast cells (Courel et al 

2005; Rutherford and Bird 2004). This up-regulation of the vacuolar exporters and 

down-regulation of the iron importer insure that only the stored iron is being transported from 

the vacuole to the cytosol when iron is needed. 

 

In contrast to the iron limiting conditions, high levels of cytosolic iron will induce expression 

of the iron importer CCC1 to increase iron storage in the vacuole. Yap5, an iron-responsive 
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transcriptional activator, is responsible for the induction of CCC1 when cellular iron 

concentrations are too high (Li et al, 2008). The iron stored in the vacuole can be transported 

out to the cytosol when needed, and excess of iron in the cytosol can be transported into the 

vacuole for later use and to prevent iron-related oxidative stress. 

 

 

Iron-Sulfur (Fe-S) Cluster Biosynthesis 

Iron-Sulfur cluster biosynthesis is one of the major iron metabolic functions of mitochondria. 

Several studies have demonstrated that iron-sulfur (Fe-S) cluster synthesis plays an important 

role in regulating the Aft1/Aft2-mediated iron regulon in yeast cells. The decrease in Fe-S 

cluster biosynthesis due to insufficient cellular iron can signal the Aft1/2 transcriptional 

activators to up-regulate the iron regulon (Chen et al, 2004; Rutherford et al, 2005). More 

studies have been done to further investigate the mechanism involved in the regulation of 

Aft1/Aft2. Instead of responding to cytosolic iron, Aft1 and Aft2 respond directly to 

mitochondrial iron-sulfur cluster biogenesis by interacting with the cytosolic proteins, Grx3/4 

and Fra2 (Ojeda et al, 2006; Pujol-Carrion et al, 2006; Kumanovics et al, 2008). Evidence 

suggests that Grx3/4 and Fra2 can form a complex with iron-sulfur clusters and this complex 

is essential for regulating Aft1/2 in response to cellular iron status (Li et al, 2009). 
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Furthermore, it has been shown recently that over-expression of mitochondrial iron 

transporters, Mrs3/4, can suppress iron toxicity (Lin et al, 2011). In addition, another study 

demonstrated that the transcriptional activator Yap5 can activate the expression of a Fe-S 

cluster enzyme under high iron condition (Li et al, 2011). Both pieces of evidence suggest 

that yeast cells can incorporate excess iron into Fe-S cluster proteins in order to prevent iron 

toxicity by up-regulating the mitochondrial iron transport and the iron-sulfur cluster synthesis. 

Therefore, iron-sulfur cluster biosynthesis not only acts as a sensor for cellular iron 

availability but also serves as an iron reservoir in which excess of iron can be stored, in 

addition to the vacuole. 

 

Cellular Responses to Iron Toxicity 

As mentioned above, yeast cells induce changes in iron transporter pathways, iron storage 

systems and iron-sulfur biosynthesis in response to cellular iron levels. In high iron 

conditions, yeast cells utilize homeostatic responses, including down-regulation of iron 

uptake from the environment and up-regulation of iron storage in the vacuoles to prevent iron 

toxicity. As mentioned earlier, its ability to participate in Fenton chemistry to generate 

reactive oxygen species makes iron toxic to cells. Therefore, as an adaptive response to iron 

toxicity, yeast cells up-regulate antioxidant proteins, including superoxide dismutases (SODs) 

and peroxidases, to repair damage caused by iron-induced oxidative stress. In addition, a 
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recent study has shown that, upon oxidative stress, expression of the iron regulon was 

induced by Aft1 localizing to the nucleus (Castells-Roca et al, 2011). The induced iron 

regulon includes genes from reductive iron uptake pathways such as FET3 and FTR1 and 

from non-reductive pathways, such as FIT3. The FIT3 mRNA remains stable, while the FET3 

and FTR1 mRNAs become rapidly degraded (Castells-Roca et al, 2011). This suggests that in 

response to iron induced oxidative stress, cells prefer the non-reductive iron-uptake pathway 

in order to prevent oxidative damage caused by the reductive iron-uptake pathway.  

 
 

It is believed, in the present paradigm, that the production of reactive oxygen species 

generated from high cellular iron concentration is the major cause of iron toxicity. However, 

recent work has shown that, in the anaerobic condition, iron is still toxic to yeast cells and 

that there is no induction of antioxidant transcripts in high iron condition (Lin et al, 2011). 

This suggests that oxidative damage resulting from reactive oxygen species may not be the 

major cause to iron toxicity. Even though many studies have been done to uncover the 

mystery of iron toxicity, much remains unknown and requires further investigation. 
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ZINC HOMEOSTASIS AND ZINC DEFICIENCY 

 

Zinc is another essential trace element in all organisms. Many enzymes and proteins, 

including the zinc-finger proteins, zinc-binding transcriptional factors and RNA polymerases, 

require zinc as an important cofactor for their cellular function and structural stability. In 

addition, it was shown recently that zinc may serve as a signaling molecule in various signal 

transduction pathways (Hirano et al, 2008). Therefore, cells need to tightly regulate 

intracellular zinc homeostasis in response to zinc availability from the environment. Zinc 

deficiency is common in many organisms, including human, and is associated with many 

diseases, including chronic liver disease, sickle cell disease, and diabetes (Tuerk and Fazel, 

2009).  

 

Zinc Uptake 

In Saccharomyces cerevisiae, zinc uptake is the major mechanism for maintaining cellular 

zinc homeostasis. In yeast, high-affinity and low-affinity zinc transporters can mediate zinc 

uptake in the plasma membrane. ZRT1 and ZRT2 genes encode Zn2+ specific high-affinity 

and low-affinity transporters respectively (Zhao and Eide, 1996a; Zhao and Eide, 1996b). 

Both Zrt1 and Zrt2 belong to the ZIP family of metal transporters. Members of the ZIP family 

play roles in transporting metal ions and are found in different eukaryotes (Eng et al, 1998). 
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In addition, Fet4, the low-affinity iron transporter, can also transport zinc as well as copper 

(Waters and Eide, 2002; Hassett et al, 2000). Zrt1 has a higher affinity for zinc, and therefore, 

is responsible for the majority of zinc uptake during severe zinc deficiency. Both Zrt2 and 

Fet4 have lower affinity for zinc and are used for zinc uptake in milder low-zinc conditions.  

As with the regulation of iron uptake systems, zinc transporters are regulated at both the 

transcriptional and post-translational levels (Zhao and Eide, 1997; Lyons et al, 2000; Gitan et 

al, 1998; Gitan and Eide, 2000).  

When extracellular zinc is limited, the expression of ZRT1, ZRT2 and FET4 is induced by 

Zap1 transcriptional factor in order to increase zinc uptake (Zhao and Eide, 1997; Lyons et al, 

2000). Zap1 is a metalloprotein and can act as a transcriptional activator as well as a repressor. 

Zap1 activates or represses transcription by binding to zinc-responsive elements (ZREs) in 

the promoter regions of its target genes (Zhao et al, 1998). Zap1 contains two domains, AD1 

and AD2, which are responsible for activating transcription of its target genes (Bird et al, 

2000). Among its target genes, Zap1 can activate its own transcription during zinc-limited 

conditions, which increases Zap1 levels to further activate transcription of zinc uptake genes 

(Zhao et al, 1998). In addition to the ability to activate its target genes, Zap1 can also repress 

expression by binding to the promoter of its target genes. ZRT2, a low affinity zinc 

transporter, is one of the genes whose expressions can be repressed by Zap1 (Bird et al, 2004). 

As mentioned above, ZRT2 expression is induced by Zap1 in low zinc conditions; however, 
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when yeast cells experience severe zinc deficiency, ZRT2 expression is repressed. Unlike 

other Zap1 target genes, ZRT2 contains three ZRE sites at its promoter region. Two of the 

ZRE sites have higher affinity for Zap1 and one has lower affinity for Zap1 (Bird et al, 2004). 

This lower affinity ZRE is located downstream of the TATA box in ZRT2. When Zap1protein 

levels increase due to its autoregulation in severe zinc deficiency, Zap1 can bind to the low 

affinity ZRE site and inhibit ZRT2 transcription (Bird et al, 2004). This repression of ZRT2 

ensures that yeast cells do not express the low-affinity Zrt2 transporter when it cannot 

contribute to zinc uptake during severe zinc deficiency.  

 

On the other hand, when cellular zinc concentration is high, zinc atoms can bind to AD1 and 

AD2 domains and inhibit the ability of Zap1 to activate transcription (Bird et al, 2000; Herbig 

et al, 2005; Bird et al, 2003). Therefore, Zap1 can function as a direct sensor for cellular zinc 

availability. In addition to the transcriptional regulation by Zap1, some studies have shown 

that the zinc transporters Zrt1 and Zrt2 are both down-regulated post-translationally in high 

zinc conditions (Gitan et al, 1998; Gitan and Eide, 2000). This down-regulation is mediated 

by ubiquitin-mediated endocytosis (Gitan et al, 1998; Gitan and Eide, 2000). It has been 

shown that to prevent over-accumulation of cellular zinc atoms, zinc triggers ubiquitination 

of zinc transporters, which are removed from the plasma membrane by endocytosis (Gitan et 

al, 1998; Gitan and Eide, 2000). Thus, to maintain cellular zinc homeostasis, cells have 
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evolved multiple mechanisms in regulating zinc uptake systems. 

 

Vacuolar Zinc Storage 

Another cellular mechanism yeast cells utilize to maintain zinc homeostasis is zinc storage in 

the vacuole. As with iron, an excess of zinc can be stored in the vacuole for later use. Zinc 

transporters are localized in the vacuolar membrane to transport zinc into or out of the 

vacuole in response to cytosolic zinc levels. Zrt3, the vacuolar zinc exporter, is responsible 

for transporting zinc atoms out of the vacuole. Similar to Zrt1 and Zrt2, Zrt3 also belongs to 

the ZIP family of metal transporters (MacDiarmid et al, 2000). Under zinc-limited conditions, 

Zrt3 expression is up-regulated by Zap1, which results in an increase in the efflux of zinc 

atoms from the vacuole to the cytosol (MacDiarmid et al, 2000). When cytosolic zinc levels 

are high, on the other hand, the vacuolar zinc importers Zrc1 and Cot1 can transport excess 

zinc into the vacuole for storage (Kamizono et al, 1989; MacDiarmid et al, 2000). Both Zrc1 

and Cot1 are members of CDF (Cation Diffusion Facilitator) family. CDF transporters are 

ubiquitous in eukaryotic organisms and are involved in heavy metal transport. Zrt1 and Cot1 

are closely related proteins and can transport both zinc and cobalt in yeast cells (Conklin et al, 

1992; Conklin et al, 1994).  

 

In addition to its role in up-regulating vacuolar zinc storage in zinc-replete conditions, Zrc1 
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also plays an important role in zinc shock tolerance during zinc starvation. When cytosolic 

zinc levels are low, cells induce expression of zinc transporters, such as Zrt1, in the plasma 

membrane, which leads to an accumulation of substantial amounts of zinc in the cytosol. This 

rapid accumulation of zinc in the cytosol is referred to as “zinc shock.” In order to withstand 

zinc shock, yeast cells induce ZRC1 expression by Zap1 transcriptional factors and promote 

the transport of excess cytosolic zinc into the vacuole (Miyabe et al, 2000; MacDiarmid et al, 

2003). Therefore, yeast vacuoles play an important role in maintaining zinc homeostasis by 

storage and detoxicification of excess zinc.  

 

Cellular Responses to Zinc Deficiency 

Many important cellular proteins and enzymes rely heavily on zinc atoms for their catalytic 

and structural functions. When intracellular zinc concentration is not sufficient for normal 

cellular functions, cells can initiate several homeostatic responses, including increasing zinc 

uptake by up-regulating Zrt1 transporters and by mobilizing stored zinc from vacuoles by 

up-regulating vacuolar Zrt3 exporters. In addition to these cellular responses during zinc 

starvation, yeast cells can also conserve limited zinc atoms for other important cellular 

functions by down-regulating zinc-binding proteins. One particular class of zinc-binding 

proteins is alcohol dehydrogenase. Adh1 and Adh3 are the major zinc-containing alcohol 

dehydrogenases in cytosol and mitochondria respectively. Zinc atoms are essential for their 
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catalytic function and structural stability. During zinc starvation, both ADH1 and ADH3 have 

been shown to be repressed by Zap1 (Bird et al, 2006). Zap1 represses the ADH1/3 

expression by binding to the ZRE sites upstream of the promoter regions and activating the 

transcription of intergenic transcripts which overlap the promoter of ADH1 and ADH3. These 

intergenic transcripts prevent binding of transcriptional factors that are required for 

expression of ADH1 and ADH3 (Bird et al, 2006). Thus, by repressing expression of 

zinc-dependent proteins, yeast cells can conserve zinc for more important uses during zinc 

deficiency. 

 

Several studies have shown that, in mammalian cells, zinc deficiency can lead to oxidative 

stress (Powell, 2000). Recent study has confirmed that yeast cells experience more oxidative 

stress during zinc-limited conditions (Wu et al, 2007). One mechanism, which yeast cells 

have adapted to protect themselves from the oxidative stress induced by zinc deficiency, is to 

up-regulate the expression of an antioxidant protein Tsa1. TSA1, which encodes a cytosolic 

thioredoxin-dependent peroxidase, catalyzes the breakdown of hydrogen peroxide and 

organic hydroperoxides (Rhee et al, 2005). Tsa1 was found to be a direct target of Zap1 and is 

important for cell growth during zinc-limited conditions. In the absence of Tsa1, cells show 

higher sensitivity to hydrogen peroxide and accumulate higher amounts of reactive oxygen 

species (ROS) (Wu et al, 2007). Thus, by inducing an antioxidant protein Tsa1, yeast has 
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evolved to protect itself from oxidative stress generated from zinc deficiency. 

 

Over the last decade, our understanding of zinc deficiency in yeast and other organisms has 

advanced significantly. Many studies have uncovered novel cellular mechanisms in response 

to zinc deficiency and provided new insights into zinc homeostasis within different organisms. 

These studies have also set a foundation for future studies by uncovering novel mechanisms 

involved in maintaining cellular zinc homeostasis.  

 

 

CONTRIBUTION OF MY STUDIES TO METAL HOMEOSTASIS IN SACCHAROMYCES CEREVISIAE 

 

The Novel Role of Sphingolipid in Iron Toxicity 

As mentioned above, under anaerobic conditions, iron is still toxic to yeast cells and that 

there is no induction of antioxidant transcripts in high iron conditions (Lin et al, 2011). This 

suggests that oxidative damage resulting from reactive oxygen species may not be the major 

cause of iron toxicity. We were interested in understanding novel cellular responses to iron 

toxicity in the budding yeast, Saccharomyces cerevisiae. A suppressor screen was performed 

to identify genes which, when over-expressed, can protect cells from iron toxicity. We 

identified ORM1 and ORM2, as both, when over-expressed, were shown to rescue cell growth 
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in high iron condition. Both yeast ORM1 and ORM2 belong to a family of conserved ORMDL 

genes, including ORMDL1/2/3 in humans (Hjelmqvist et al, 2002). Members of the ORMDL 

family encode transmembrane proteins localized to endoplasmic reticulum (ER). It has been 

shown that the human ORMDL3 gene is a potential risk factor for childhood asthma (Moffatt 

et al, 2007). Several studies have demonstrated that, in yeast cells, both Orm1 and Orm2 

proteins play important roles in regulating sphingolipid homeostasis and protein quality 

control (Breslow et al, 2010; Han et al, 2010). Orm1 and Orm2 act as negative regulators of 

serine palmitoyltransferase, an essential enzyme that catalyzes the first step in sphingolipid 

biosynthesis (Breslow et al, 2010). Sphingolipids are essential structural components of cell 

membranes. Sphingolipid biosynthesis starts in the endoplasmic reticulum (ER), where serine 

palmitoyltransferase catalyzes the condensation of palmitoyl-CoA and serine as shown in 

Figure 2. Many sphingolipid intermediates, such as long-chain bases, ceramides and complex 

sphingolipids, play important roles in regulating essential cellular processes by acting as 

signaling molecules (reviewed in Dickson, 2008). 

We found that a higher level of sphingolipids intermediates was observed in yeast cells grown 

in high iron conditions. In addition, by over-expressing Orm1/2 or by the use of myriocin, a 

potent inhibitor of serine palmitoyltransferase, yeast cells become more resistant to high iron. 

Furthermore, inactivation of sphingolipid-activated kinases, Phk1 and Ypk1, and of the 

downstream transcriptional factor, Smp1, can confer resistance to iron toxicity. Thus, 
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contrary to general belief that iron toxicity results from oxidative damage, our work shows 

that iron toxicity is mediated by sphingolipid signaling.  

 

 

 

Vacuolar Autophagy of RNAPI in Response to Zinc Deficiency 

As mentioned above, during zinc starvation, cells can conserve limited zinc for important 

cellular functions by down-regulating the expression of zinc-dependent proteins, such as 

Adh1/3 (Bird et al, 2006). We were interested in finding novel mechanisms which yeast cells 

have developed in response to zinc starvation. We discovered that the subunits of RNA 

polymerase I and other associated proteins are degraded during zinc deficiency. This 

down-regulation of the RNAPI complex is specific to zinc starvation and is mediated by the 

nuclear exportin Xpo1 and vacuolar proteases Pep4 and Prb1. Once the RNAPI complex is 

out of the nucleus, it is then transported into the vacuole for degradation by vacuolar 

proteases Pep4 and Prb1. Fluorescence microscopy showed that RNAPI was sequestered 

inside the vacuole in the absence of vacuolar proteases in low zinc conditions. Furthermore, 

our data suggests that de-ubiquitination of the RNAPI is required for the down-regulation and 

vacuolar import of RNAPI during zinc starvation. Moreover, several subunits of RNAPI 

complex require zinc atoms for their function and/or structure stability (Treich et al, 1991; 
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Naryshkina et al, 2003). Mutations in zinc-containing subunits, such as Rpa135 and Rpa12, 

affected the down-regulation of RNAPI during zinc starvation. This suggests that 

zinc-binding subunits of RNAPI may function as zinc sensors in response to intracellular zinc 

content.  

During zinc deficiency, cell growth is limited by the lack of intracellular zinc atoms. In order 

for cells to survive in growth-limited conditions, they need to conserve energy by 

down-regulating the cellular process that uses the most energy: ribosome biosynthesis.  

RNA polymerase I (RNAPI) is responsible for synthesizing ribosomal RNAs (rRNAs), which 

account for nearly 60% of the total transcription in yeast (Warner, 1999). Thus, our data 

suggest that, by degrading the RNAPI complex during zinc deficiency, cells can 

down-regulate ribosome biosynthesis. In addition to energy conservation, the degradation of 

the RNAPI complex in the vacuole might also contribute to the recycling of zinc atoms 

bound to the subunits of RNAPI. Taken together, our data demonstrate that the RNAPI 

complex undergoes vacuolar autophagy in response to zinc starvation in order to 

down-regulate the most energy-consuming cellular machinery and to conserve/redistribute 

limited zinc atoms for other important cellular functions. 
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Figure 1.  Iron and Zinc Homeostasis in Saccharomyces cerevisiae. 
A. Iron homeostasis in Saccharomyces cerevisiae B. Zinc homeostasis in Saccharomyces 
cerevisiae. 
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Figure 2. Outline of sphingolipid biosynthesis in Saccharomyces cerevisiae.  
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Figure 2 
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SUMMARY

Iron constitutes a major source of toxicity due to
its ability to generate reactive oxygen species that
can damage cellular macromolecules. However, the
precise mechanism by which exposure to high iron
concentrations results in cellular toxicity remains un-
known. Here we identify sphingolipid synthesis and
signaling as a major mediator of iron toxicity in
S. cerevisiae. Inhibition of sphingolipid synthesis by
myriocin treatment or after overexpression of the
negative regulator Orm2p confers resistance to
high iron. High iron conditions upregulate sphingoli-
pid synthesis, and increasing sphingolipid levels by
inactivating Orm2p exacerbates sensitivity to iron.
Toxicity is mediated by sphingolipid signaling, as
inactivation of the sphingolipid-activated protein
kinases Pkh1p and Ypk1p and of the transcription
factor Smp1p also enhances resistance to high iron
conditions. These results demonstrate an unex-
pected connection between sphingolipid flux and
iron toxicity and show that activation of a signal
transduction cascade contributes to iron-mediated
cellular toxicity.

INTRODUCTION

Iron (Fe) is a ubiquitous metal in biological systems. However, Fe

also represents a potential danger to biological macromolecules

due to its ability to generate reactive oxygen species (ROS)

(Touati, 2000; Valentine et al., 1998; Valko et al., 2005). In most

organisms, the present paradigm in Fe toxicity suggests that

themajor toxic effect of Fe is the result of the exposure of cellular

macromolecules to ROS (Touati, 2000; Valko et al., 2005).

Defects in Fe metabolism can result in various pathologies in

diseases of Fe overload (Hentze et al., 2004), underscoring the

importance of limiting iron toxicity. Thus, iron levels must be

regulated to meet the demands of cellular metabolism but also

to prevent an overabundance that might result in potential

damages. The unicellular eukaryote S. cerevisiae has been used

as a model system to study Fe transport, metabolism, and

toxicity (Philpott, 2006; Van Ho et al., 2002; Chen et al., 2002;

Lin et al., 2011). In yeast, exposure of cells to high Fe results in

growth defects through inhibition of the cell cycle (Philpott

et al., 1998). Some of the protective mechanisms against Fe

toxicity include storage of iron in organelles, presumably to limit

the exposure of cytosolic or nuclear macromolecules to high iron

concentrations (Chen and Kaplan, 2000; Li et al., 2001; Lin et al.,

2011). This observation is consistent with the hypothesis that Fe

causes toxicity by oxidative damage. However, recent work has

shown that some of the toxic effects of Fe in yeast are indepen-

dent of oxidative stress (Lin et al., 2011), suggesting that the

major pathway(s) by which Fe hampers cellular growth remain

to be identified. The results presented here show that reducing

sphingolipid synthesis and signaling is sufficient to allow yeast

cells to grow in otherwise toxic iron conditions, demonstrating

that sphingolipid signaling contributes to mediating iron toxicity

in S. cerevisiae.

RESULTS

Genetic or Chemical Inhibition of Sphingolipid Synthesis
Confers Resistance to Iron Toxicity
We showed previously that yeast cells lacking the RNase III

Rnt1p are hypersensitive to high Fe (Lee et al., 2005). To further

understand the molecular basis of Fe toxicity, we performed a

high-copy suppressor screen to identify genes, which, when

overexpressed, would allow Rnt1p-deficient cells to grow in

high Fe. We constructed a genomic library from the rnt1D strain

in the multicopy vector YEp24 and performed screens in the

presence of high Fe to identify suppressors. We could not

reproducibly identify genes that allow rnt1D cells to grow in

high Fe, so we redirected our efforts to performing this screen

in wild-type cells. We isolated a clone exhibiting growth in high

Fe conditions and identified ORM2 as the gene responsible for

this effect. We confirmed that an independently cloned ver-

sion of ORM2 could confer resistance to Fe toxicity when over-

expressed in wild-type cells (Figure 1A). Orm2p and the closely

related Orm1p protein were identified as negative regulators

of sphingolipid synthesis and mediators of the endoplasmic

reticulum (ER) stress response (Breslow et al., 2010; Breslow

and Weissman, 2010; Han et al., 2010). We tested the ability

of Orm1p to confer resistance to iron toxicity and found that

ORM2-overexpressing cells (ORM2ox; pORM2 on the figures)

grew faster than ORM1ox in high Fe conditions, suggesting

that Orm2p was a more potent high copy suppressor of Fe

toxicity than Orm1p. We monitored Orm1p and Orm2p levels

in high Fe conditions, both when the proteins were HA tagged
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at their respective endogenous loci and when the same

HA-tagged proteins were overexpressed (Figure 1B). We found

that in this overexpression system, Orm2p was expressed

at higher levels than Orm1p in high Fe conditions (Fig-

ure 1B) and at levels much higher than the endogenous

copy. Thus, the ability of Orm2p to confer better growth in

high iron than Orm1p might be linked to higher overexpression

levels.

The resistance of ORM2ox cells to high Fe was specific to

this particular stress. In contrast to high iron, ORM2ox cells

actually grew slower than wild-type in high copper conditions

(Figure 1A). In addition, we found no growth difference

between wild-type and ORM2ox cells in high zinc (Figure 1A)

or oxidative stress conditions (Figure S1A). We also found no

differences in the levels of oxidized proteins between wild-

type and ORM2ox cells in high Fe (Figure S1B) and no growth

difference in high salt (Figure S1C) nor in survival after heat

shock (Figure S1D). Finally, because media containing high

Fe require acidic conditions in order for Fe to be soluble, we

also tested the growth of wild-type and ORM2ox cells in acidic

Figure 1. ORM2 Overexpression Confers

Specific Resistance to Iron Toxicity in a

Variety of Physiological Contexts

(A) Strains were grown in SDmedium lacking uracil

(�URA) supplemented with the indicated metals.

These and all subsequent assays show 10-fold

dilution series from left to right. For the bottom

panel, plates were incubated at 30�C.
(B) Cells expressing Orm1p or Orm2p HA-tagged

at their chromosomal loci (Chr), transformed with

either the YEp24 vector or with plasmids con-

taining HA-tagged Orm1p or Orm2p (pORM1/2-

HA), were grown in 7 mM FeCl3, and the levels

of Orm1/2p were analyzed by immunoblot. Upper

panels are two different exposures to detect en-

dogenous and overexpressed Orm1/2p.

(C) Strains were grown on ethanol-glycerol carbon

source lacking uracil (-URAEG), without or with

5 mM FeCl3.

(D) Legends as in (A).

medium and found no difference (Fig-

ure S1E). Thus, ORM2 overexpression

does not confer general resistance to

a variety of cellular stresses, but seems

specific to Fe toxicity.

The genetic screen identifying ORM2

was performed in glucose-containing

medium, where oxidative stress is low.

We found that overexpressing Orm2p

conferred resistance to Fe toxicity in

media containing the nonfermentable

carbon sources ethanol and glycerol (Fig-

ure 1C). Thus, Orm2p can also suppress

Fe toxicity when oxidative stress is in-

creased by respiration. To further investi-

gate the potency of the suppression of

Fe toxicity by Orm2p, we overexpressed

Orm2p in a strain deficient for the vacu-

olar Fe importer Ccc1p. Strains lack-

ing Ccc1p are hypersensitive to high Fe because they cannot

store iron in the vacuole (Li et al., 2001; Lin et al., 2011). Overex-

pression of ORM2 was sufficient to rescue the growth of ccc1D

cells at 6 mM FeCl3 (Figure 1D), showing that Orm2p can also

rescue the growth of cells deficient in iron storage. Overexpress-

ing Orm1p also resulted in some suppression, although this

effect was more robust when cells were grown in medium con-

taining FeSO4 (Figure 1D). We do not fully understand why

Orm1p seems to be more potent in these conditions, but this

effect might be due to differential expression. Collectively, these

results show that overexpressing Orm1/2p can suppress Fe

toxicity in a variety of physiological contexts and can com-

pensate for defects in vacuolar iron storage. These results also

show that the capacity of Orm1/2p to suppress Fe toxicity is

not linked to their ability to influence vacuolar iron storage by

modulation of the activity of the vacuolar ATPase (Finnigan

et al., 2011), since cells lacking Ccc1p cannot store iron in the

vacuole. Taken together, these results show that overexpression

of Orm2p can suppress Fe toxicity in a variety of physiological

contexts.
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Based on its cellular functions (Breslow et al., 2010; Han

et al., 2010), the ability of Orm2p to enhance resistance to Fe

toxicity could be attributed to two distinct pathways: (1) control

of ER stress and unfolded protein response (UPR), or (2) inhibi-

tion of sphingolipid synthesis. Since metals such as Cd can

induce the UPR (Gardarin et al., 2010), we tested whether

ORM2 confers resistance to iron toxicity by modulating the

UPR, which might have been activated by high Fe. Splicing of

the HAC1 mRNA, a hallmark of the UPR (Cox and Walter,

1996), was not triggered by growing cells in high Fe (Figure S2A),

and no differences in HAC1 splicing were found when overex-

pressing ORM2 (Figure S2A). These results show that in

contrast to Cd stress, high Fe conditions do not trigger the

UPR, and that Orm2p is unlikely to mediate resistance to high

iron by modulating ER stress. To test whether Orm2p confers

resistance to Fe toxicity by inhibiting sphingolipid synthesis,

we used the chemical inhibitor myriocin, which modulates

sphingolipid synthesis through inhibition of the long-chain

base (LCB)-synthesizing enzyme serine palmitoyltransferase

(Breslow and Weissman, 2010; Cowart and Obeid, 2007; Dick-

son et al., 2006). If ORM2 overexpression enhances resistance

to iron toxicity by inhibiting sphingolipid synthesis, exposure of

cells to subtoxic concentrations of myriocin was predicted to

have a similar protective effect. While myriocin at the concentra-

tions used had no effect on overall growth in normal medium, it

allowed wild-type cells to survive in high Fe conditions (Fig-

ure 2A). There seemed to be no cumulative effect of exposing

cells to myriocin and overexpressing ORM2, consistent with

the hypothesis that these two treatments act on the same

pathway.

Figure 2. Modulation of Sphingolipid Syn-

thesis Changes Resistance to High Iron

(A) Strains were grown on normal medium or with

the indicated concentrations of myriocin and

FeCl3.

(B) Strains were grown on normal or 6 mM FeCl3
conditions in minimal medium (SDC).

The previous results are consistent

with the hypothesis that ORM2 overex-

pression and myriocin treatment sup-

press iron toxicity by reducing sphingoli-

pid levels. To test whether an increase

of sphingolipid flux is toxic when com-

bined with high Fe concentrations,

we used an orm2D strain, since ORM2

inactivation was shown to upregulate

sphingolipid synthesis (Breslow et al.,

2010; Breslow and Weissman, 2010;

Finnigan et al., 2011; Han et al., 2010).

As shown in Figure 2B, cells lacking

ORM2 were unable to grow in 6 mM Fe,

while wild-type cells were still viable.

By contrast, the orm1D strain did not

exhibit any strong growth phenotype

(Figure 2B), suggesting a more promi-

nent function for Orm2p in these condi-

tions. These results show that an increase of sphingolipid

synthesis confers hypersensitivity to subtoxic Fe concentra-

tions, further correlating sphingolipid flux and Fe-mediated

toxicity.

Orm2p Overexpression Does Not Reduce Cellular Iron
Levels
Since sphingolipids are integral components of membranes, the

capacity of Orm2p to enhance resistance to Fe toxicity could be

linked to a potential function in modulating the activity of a trans-

membrane Fe transporter and Fe import. To test this hypoth-

esis, we measured the iron content of wild-type and ORM2ox

cells by ICP-MS (Figure 3A). In normal Fe conditions, these

strains showed comparable low levels of Fe and of other metals

(Figure 3A). In high Fe conditions, both strains exhibited an

increase of intracellular Fe, and ORM2ox cells showed slightly

higher Fe levels than the wild-type (Figure 3A). In contrast, the

level of other metals such as Zn or Cu was similar in both strains

(Figure 3A), showing that the slightly higher Fe content in

ORM2ox cells is specific to this metal. Prior work had shown

that sphingolipids regulate the expression of Fet3p (Villa et al.,

2009), a multicopper oxidase involved in Fe transport. We

detected similar levels of the FET3 mRNA in wild-type and

ORM2ox cells (Figure S2B) in normal conditions and could not

detect FET3 in high Fe conditions in both strains, suggesting

that ORM2 overexpression in high iron does not change the

expression of this key mediator of Fe assimilation. Taken

together, these results rule out the hypothesis that Orm2p sup-

presses cellular Fe toxicity by preventing intracellular iron

uptake.
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High Iron Conditions Increase Sphingolipid Synthesis
Since the previous data showed that decreasing sphingolipid

synthesis enhances the capacity to grow in high Fe, we investi-

gated whether high Fe conditions trigger an increase in sphingo-

lipid synthesis. We measured the concentration of sphingolipid

LCB and long-chain base phosphate (LCBP) metabolic interme-

diates in wild-type and ORM2ox cells, since their level is sensi-

tive to changes in growth rate and environmental stress (Cowart

and Obeid, 2007; Dickson et al., 2006). Consistent with previous

results (Breslow et al., 2010; Han et al., 2010), overexpression

of ORM2 or myriocin treatment significantly reduced LCB levels

in normal medium (Figure 3B; detailed values and statistical

analysis shown in Table S1; see also Figures S3 and S4). When

grown in high Fe, wild-type cells showed a statistically significant

increase in total LCBs and LCBPs compared to normal medium

(Figure 3B, Figure S3). These data support the hypothesis

that high Fe causes an accumulation of sphingolipid intermedi-

ates. Overexpressing Orm2p or myriocin treatment significantly

reduced LCBs in Fe-treated cells (Figure 3B, Figure S3),

and a stronger reduction was observed when combining

Orm2p overexpression and myriocin (Figure 3B, lanes 4 and 8).

Similar trends were observed for LCBPs (Figure 3B, Figure S3).

The complete analysis for each species of LCB and LCBP is

shown in Figure S4 and shows the same tendencies as total

LCBs and LCBPs. These effects were specific to Fe, as high

Cu was found to have no effect on LCB and LCBP levels

(Figure 3B). We also compared the ability of Orm1p and

Orm2p to modulate sphingolipid synthesis in high Fe conditions

when each of these proteins was overexpressed (Figure 3C). We

found that Orm2p overexpression conferred a statistically

significant reduction of LCBs and LCBPs in high iron com-

pared to cells transformed with the YEp24 vector (p values of

7.3 3 10�5 and 5.2 3 10�5, respectively, t test), while Orm1p

overexpression did not lead to a significant effect. These results

corroborate the suppression analysis showing that Orm2p is

a much more potent suppressor of Fe toxicity than Orm1p

(Figure 1A). Taken together, these results show that the levels

of LCB and LCBP are specifically increased in high Fe

conditions and that the capacity of Orm2p or myriocin to

enhance resistance to high Fe is correlated with a reduction in

LCB and LCBP levels.

Inactivation of Sphingolipid-Mediated Signaling
Enhances Resistance to High Iron
Ceramides have been shown to induce apoptosis in mammals

(Colombini, 2010). In addition, previous data have shown that

exposure of yeast cells to metals such as Cu and Mn can trigger

apoptosis (Liang and Zhou, 2007). Thus, the increase in sphingo-

lipid levels detected in high Fe conditionsmight potentially cause

apoptosis through an accumulation of ceramides. To test this

Figure 3. High Iron Conditions Result in

Higher Intracellular Iron Concentrations

and Sphingolipid LCBs

(A) Intracellular metal content analysis. Strains

were grown on SD plates containing a normal

concentration of Fe and incubated for 2 days or on

SD + 7 mM FeCl3 and incubated for 6 days

(pORM2) and 11 days (YEp24) before harvesting

for ICP-MS measurement. The results shown are

the average of six samples (triplicate samples from

two independent experiments), except for pORM2

in normal conditions, which is the average of five

samples (three and two samples from two inde-

pendent experiments).

(B) Sphingolipid analysis in normal, high Fe, and

high Cu conditions. Strains were grown either on

normal medium, 7 mM FeCl3, 200 ng/ml myriocin,

7 mM FeCl3 + 200 ng/ml myriocin, or 2 mMCuSO4

conditions and incubated at 25�C until colo-

nies reached a similar size before harvesting for

LCB analysis. Triplicate samples for LCB analysis

were prepared as described in Experimental

Procedures. LCB and LCBP levels are indicated as

pmol/A600. Statistical analysis is provided in

Table S1. Evidence for reproducibility of the effect

of high iron conditions and ORM2 overexpression

on LCB levels is shown in Figure S3.

(C) Comparison of the effects of Orm1p

and Orm2p overexpression on sphingolipid levels.

Procedures were the same as in (B), except that

cells were transformed with the vector alone

(YEp24) or the vector overexpressing Orm1p or

Orm2p (pORM1/2) and grown in �URA medium

(lanes 1, 2, and 3) or with �URA + 7 mM FeCl3.

Shown are the average values of three in-

dependent biological samples with the standard

deviations.
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hypothesis, we analyzed a number of mutants in this pathway.

Blocking apoptosis by inactivation of the metacaspase Mca1p/

Yca1p (Madeo et al., 2002) or of the serine protease Nma111p

(Fahrenkrog et al., 2004) did not restore growth in high Fe condi-

tions (Figure 4B). We conclude that unlike Cu or Mn, high Fe is

unlikely to mediate toxicity through apoptosis.

In addition to triggering apoptosis, sphingolipids are involved

in many cellular functions, as structural components of mem-

branes, but also as signaling molecules during stress (Breslow

and Weissman, 2010; Dickson, 2008; Dickson et al., 2006). In

S. cerevisiae their signaling function is primarily mediated by

LCBs, which activate the Pkh1p and Pkh2p protein kinases (Fig-

ure 4A) (Liu et al., 2005; Roelants et al., 2002), although other

sphingolipids can act as signaling molecules as well (Roelants

et al., 2010). If the contribution of LCBs to cellular toxicity in

high iron conditions is due to their signaling function, we hypoth-

esized that strains deficient in these kinases might also exhibit

resistance to high Fe. Indeed, the pkh1D strain exhibited in-

creased resistance to high Fe (Figure 4B), while cells lacking

Pkh2p did not show this phenotype, suggesting a specific role

Figure 4. Inactivation of Sphingolipid Sig-

naling Confers Resistance to Iron Toxicity

(A) Yeast sphingolipid-mediated signal trans-

duction pathways.

(B) Strains were grown on normal minimal medium

(SDC) or SDC containing 7 mM FeCl3.

(C) Legends as in Figure 1A.

(D) Immunoblot analysis of myc-tagged Ypk1p in

normal and high iron conditions in wild-type cells

or cells overexpressing Orm2p. SDS-PAGE was

performed in the presence of 20 mM Phos-tag. To

demonstrate that the higher bands corresponded

to phospho-Ypk1p, the extracts prepared from

cells overexpressing Orm2p were treated with

lambda (l) phosphatase (PP; right lane).

(E) Legends as in (B).

for Pkh1p. Pkh1p has been shown to

activate several signal transduction cas-

cades (Figure 4A). To investigate which

cascade is responsible for mediating

toxicity in high iron conditions, we inacti-

vated the Mpk1p, Sch9p, Ypk1p, and

Ypk2p kinases and assessed the growth

of these mutants in high Fe. Strikingly,

inactivation of Ypk1p resulted in resis-

tance to high Fe, while none of the other

kinase knockout strains exhibited this

phenotype (Figure 4C). This suppression

phenotype is particularly striking consid-

ering that the ypk1D strain shows a

growth defect in normal medium (Fig-

ure 4C). We analyzed the expression of

some genes known to be controlled by

the Pkh1p/Ypk1p kinases, but none of

them showed a change in expression in

high iron or upon Orm2p overexpression

(Figure S2C). Thus, these kinases control

other cellular functions besides the expression of known target

genes.

To directly demonstrate that sphingolipid signaling is activated

during high Fe conditions, we assessed Ypk1p phosphorylation

by immunoblot using a strain expressing myc-tagged Ypk1p

(Figure 4D). In cells shifted to high Fe, we found increased

amounts of slower mobility forms of Ypk1p (Figure 4D). Strik-

ingly, the level of these forms was reduced upon Orm2p overex-

pression (Figure 4D). These slower mobility bands correspond to

phosphorylated forms of Ypk1p, as their mobility was increased

upon treatment of extracts with phosphatase prior to frac-

tionation (Figure 4D). This result directly shows that increased

sphingolipid levels in high iron activate the Pkh1p/Ypk1p signal

transduction cascade and that Orm2p overexpression confers

resistance to high iron by inhibiting this response and reducing

Ypk1p phosphorylation. While this work was being considered,

it was shown that Ypk1p can phosphorylate and inactivate

Orm2p (Roelants et al., 2011; Sun et al., 2012). Therefore, the

observation that Ypk1p depletion could rescue iron toxicity

might indicate that this effect could be due to Orm2p activation
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in the absence of Ypk1p-mediated phosphorylation. If this were

the case, we would not expect any downstream target of Ypk1p

to have any influence on the ability of cells to grow in high iron

conditions. However, we found that inactivation of Smp1p also

rescued the ability of cells to grow in high iron conditions (Fig-

ure 4E). This result contrasts with the observation that Smp1p

inactivation usually results in decreased growth in stress condi-

tions, such as high osmolarity (de Nadal et al., 2003). In contrast,

inactivation of another transcription factor, Rlm1p, had a nega-

tive effect on growth in high iron (Figure 4E). Taken together,

these results show that sphingolipid signaling through Pkh1p,

Ypk1p, and Smp1p contributes to mediating iron toxicity.

DISCUSSION

In this study, we report the finding that genetic or chemical inhi-

bition of sphingolipid synthesis allows yeast cells to grow in

higher iron conditions, showing that sphingolipid levels are

limiting the ability of cells to grow in these conditions. We cannot

completely exclude that the increased growth of cells overex-

pressing Orm2p in high iron is due to general effects on cellular

viability, or that overexpressing Orm2p can confer resistance to

other transition metals. However the effect of Orm2p seems

specific to Fe, as overexpressing Orm2p does not confer resis-

tance to Cu or Zn or to all other stresses tested—indeed, the

opposite effect is observed for Cu, since cells overexpressing

Orm2p are more sensitive to Cu. A link between Fe levels and

sphingolipids was shown previously, as Fe deficiency was found

to reduce sphingolipids (Shakoury-Elizeh et al., 2010). This effect

might be explained by the inactivation in low iron conditions of

sphingolipid biosynthetic enzymes that require Fe as an essen-

tial cofactor. In contrast, we found that high Fe conditions

increase sphingolipid levels. This effectmight be due to a general

increase of synthesis of these lipids in response to environmental

stress, as shown previously (Liu et al., 2005). However, unlike for

other cellular stresses such as heat shock, elevated sphingoli-

pids do not confer resistance to high iron conditions, but rather

are toxic. Thus there is a unique relationship between sphingoli-

pid levels and iron-mediated cellular toxicity, as preventing upre-

gulation is sufficient to allow cells to survive in high Fe.

Our data indicate that sphingolipids mediate cellular toxicity

by acting as signaling molecules. It was shown recently that

sphingolipid signaling affects yeast life span (Huang et al.,

2012). This effect ismechanistically distinct from those described

here, as inactivation of Sch9p increases life span (Huang et al.,

2012) but decreases the ability of cells to grow in high Fe (Fig-

ure 4C). Thus, sphingolipid signaling canmodulate cellular fitness

ina variety ofmechanisms.Sphingolipid signaling throughPkh1p/

Ypk1p was shown to be required for endocytosis (deHart et al.,

2002; Friant et al., 2001), and it is known that somedivalent cation

transporters are endocytosed following exposure to high metal

concentrations (Philpott, 2006). However, our data are inconsis-

tent with the idea that these lipids play a role in limiting Fe toxicity

by controlling Fe transporter endocytosis, since we found slightly

elevated Fe levels in cells overexpressing Orm2p. Instead, sphin-

golipids play a function in mediating Fe toxicity by triggering

a change in cellular properties through the activation of the

Pkh1p/Ypk1p signal transduction cascade. Although we favor

LCBs as regulators of Pkh1p-Ypk1p signaling in high Fe, we

cannot exclude that other sphingolipids are also involved, be-

cause their concentration is also affected when serine palmitoyl-

transferase activity is reduced (Breslow et al., 2010; Huang et al.,

2012). This signaling cascade involves the Smp1p transcription

factor, as Smp1p inactivation increases resistance to high Fe.

Smp1p might mediate downstream events responsible for medi-

ating Fe toxicity, which could include changes in cell cycle events

known tobeaffected inhighFe (Philpott et al., 1998). Alternatively,

other molecular events controlled by sphingolipids, such as the

activity of aminophospholipid flippases (Roelants et al., 2010),

might modify the properties of the membrane or the cell wall

and thus make the cells more sensitive to high Fe.

Iron is generally thought to mediate cellular toxicity by virtue of

its ability to generate damaging ROS (Touati, 2000; Valko et al.,

2005). By contrast, our data show that a significant part of iron

toxicity in yeast involves the activation of sphingolipid signaling.

This result is in agreement with the pioneer work from Lin and

colleagues, who showed that some of the toxic effects of

Fe are independent from oxidative stress in yeast and therefore

from the ability of Fe to generate ROS (Lin et al., 2011). Taken

together, these findings provide a paradigm change by showing

that Fe toxicity in a model eukaryotic unicellular system is

mediated, at least in part, by the activation of a biological signal

transduction cascade. It remains to be investigated if a similar

signaling pathway is activated in other eukaryotic cells exposed

to high iron conditions.

EXPERIMENTAL PROCEDURES

Strains and Plasmids

S. cerevisiae strains were derived from BMA64 (Lee et al., 2005). Genomic

library construction and screening and construction of the plasmids used in

this study are described in Supplemental Information. Cells were grown on

synthetic defined (SD) medium plates with or without specific concentrations

of added FeCl3 or FeSO4 or of other metals, as described in Supplemental

Information. Most of the growth assays were performed at 25�C, unless indi-

cated otherwise in the figure legends.

Sphingolipid and Metal Analysis

Preparation of extracts for the analysis of LCB sphingolipids is described in

detail in Supplemental Information. Analysis of LCB by HPLC was performed

as described (Lester and Dickson, 2001). For measurement of metal content

by ICP-MS, cells were washed with 1 mM EDTA and water after harvesting,

before digestion with nitric acid. ICP-MS measurement was performed as

described (Kropat et al., 2011).

RNA and Protein Analysis

Protein extracts were prepared as described in Supplemental Information.

Western blot analysis of strains expressing myc-tagged Ypk1p was performed

using anti-myc polyclonal antibody. Western blot analysis of strains ex-

pressing Orm1p or Orm2p tagged at the C terminus with the HA epitope

was performed using anti-HA monoclonal antibody. Analysis of Ypk1p phos-

phorylation by phosphatase treatment and fractionation on SDS-PAGE con-

taining Phos-tag is described in Supplemental Information.

Statistical Analysis

Statistical analysis was performed using a two-tailed t test in Excel.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.cmet.2012.06.004.
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Supplemental Experimental Procedures

Yeast strains 
All S. cerevisiae strains used in this study are derived from BMA64 (Baudin et al., 1993).

Strains containing gene knockouts and proteins tagged at the C-termini were generated 

by PCR-mediated gene deletion and tagging as described in (Longtine et al., 1998).

Media 
Yeast cells were grown on synthetic defined (SD) medium plates at 25°C or 30°C. Iron-

replete plates were made by adjusting the pH of synthetic media to 5.8 before 

autoclaving and adding specific concentration of FeCl3 or FeSO4 before pouring. Other 

metals were added in a similar way. The iron concentration of unsupplemented media 

was measured at for YPD plates, and 35 for minimal medium plates (SC or -

URA; average of triplicate samples). Therefore the added iron (5 to 7mM) is in large 

excess of the normal iron concentrations of standard media.

Suppressors screening 
The overexpression genomic library was constructed by partial digestion of genomic 

DNA prepared from the rnt1 strain with Sau3AI. DNA fragments of 3- to 5-kb were size 

selected by agarose gel electrophoresis, purified, and inserted into YEp24 (Botstein et 

al. 1979) linearized with BamHI. 105 E.coli clones were pooled, and the genomic library 

purified using Qiagen columns. Unamplified library was used for screening for 

suppressors of iron toxicity, by transforming 109 wild-type or rnt1 cells with 20μg of 

genomic library DNA. Cells were first plated onto SD–URA plates and incubated at 30°C 

for a day. Cells were then replica plated onto –URA+ 7mM FeCl3 plates and incubated at 

30°C. 100 colonies were picked and confirmed by re-streaking onto –URA plates. 

Plasmids from positive colonies were isolated and sequenced to identify the ORFs.
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Plasmids
Overexpression plasmids containing individual full-length ORM1 and ORM2 open-

reading frames (ORF) were constructed by amplifying each individual ORF, including its 

own promoter sequence and 3'-flanking region and cloning these fragments into YEp24. 

For ORM1, 300 nucleotides upstream of the translation start site and 400 nucleotides 

downstream of the translation stop site were amplified. BamHI and SalI restriction sites 

were added onto the PCR primers and used for cloning. For ORM2, 330 nucleotides 

upstream and downstream of the translation start and stop sites were amplified. BamHI 

and EagI restriction sites were added onto the PCR primers and used for cloning. The 

sequence of each individual ORF was further confirmed by sequencing. To overexpress 

HA-tagged Orm1p and Orm2p, the sequences of ORM1 and ORM2 tagged with the HA-

epitope at their endogenous loci were amplified by PCR from genomic DNA using the 

same sets of primers as described above, and cloned into YEp24.

Protein analysis
In order to analyze Ypk1p-myc levels and phosphorylation state, cells were carefully 

scraped from plates, resuspended in lysis buffer (20mM Tris-HCl pH 7.5, 125mM 

Potassium acetate, 0.5mM EDTA, 0.5mM EGTA, 1mM DTT, 0.1% Triton X-100, 12.5% 

glycerol, protease inhibitor and phosphatase inhibitor cocktails from Roche) and 

vortexed with glass beads for 3 min at 4°C, and left on ice for 3 min. The procedure was 

repeated two more times. Soluble supernatants were obtained by centrifugation and the 

total protein concentrations measured using the Bradford assay. For phosphatase 

treatment, 800 units of lambda phosphatase (New England Biolabs

of proteins and incubated/rotated at 30°C for 1.5 hours. Samples were then fractionated

on 8% SDS-PAGE containing 40μM MnCl2 and 20μM Phostag (Wako Chemicals). Gels 

were washed with transfer buffer containing 1mM EDTA for 10 min twice and with 

transfer buffer without EDTA for 10 min twice before transferring to PVDF membranes.

Polyclonal anti-Myc antibody from Santa Cruz biotechnology was used for Western 

analysis at a dilution of 1:5000. For analysis of Orm1p and Orm2p, cells were 

resuspended in SDS lysis buffer (50mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 

protease inhibitor cocktail and phosphatase inhibitor cocktail) and prepared as described 

above. Samples were analyzed by 10% SDS-PAGE and Western analysis using anti-HA 

antibody (Santa Cruz Biotechnology) at a dilution of 1:10000.
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LCB analysis 
Frozen cells scraped from plates were washed with milliQ water and suspended in 500 

-ethylamine (prepared in HPLC-grade absolute ethanol).  Samples 

were sonicated in a water bath for 5 min at 37°C, heated for 30 min at 65°C, centrifuged,

-

aminoquinolyl-N-hydroxysuccin

samples were treated at room temperature for 40 minutes, 

of 1.5 N KOH (made in methanol) and incubation at 37°C for 30 minutes.  The pH was 

tic acid (made in methanol

sample were assayed by HPLC as described (Lester and Dickson, 2001).

RNA Analysis
Cells were carefully scraped from plates, washed with water, resuspended in RNA lysis 

buffer (Chanfreau et al., 1998), and RNA extraction was performed as described 

(Chanfreau et al., 1998). 5 μg of total RNA was denatured in glyoxal and resolved on a 

1.2% agarose gel. Hybridization with antisense riboprobes was performed as described 

previously (Sayani et al., 2008). All riboprobes were generated by T3MAXIscript kit 

(Ambion) and hybridization was performed at 67°C overnight. 
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Figure S1 (related to Figure 1). ORM2 Overexpression Does Not Confer Higher 
Resistance to a Variety of Cellular Stresses and Does Not Affect Oxidized Protein 
Levels
(A) Strains were grown without or with 0.5 mM H2O2 and incubated for 2 days at 25°C. 

(B) Oxyblot analysis in wild-type and ORM2ox cells grown in high iron. C. Strains were 

grown without or with 1M NaCl and incubated for 2 or 3 days, respectively at 30°C. D. 

Strains were grown at 30°C, heat-shocked at 50°C for 20 minutes and returned to 30°C

for survival rate calculation. E. Strains were grown on normal (pH 5.8) or low pH (pH 2.5) 

and incubated for 1 day at 30°C. The growth curves were also measured for all strains at 

normal or low pH.
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Figure S2 (related to Figures 1, 3 and 4). Analysis of HAC1 Splicing, FET3 mRNA 
and of Mpk1p/High Osmolarity or Cell Wall Target Genes Expression in Normal 
and High Iron Conditions
Strains were grown on normal (-URA) conditions and incubated for 2 days at 25°C

before collecting for RNA blot analysis. The same strains were also grown on 7mM 

FeCl3 and incubated for 6 days (pORM2) and 11 days (YEp24) at 25°C before sampling 

for RNA analysis. In A, 2 μg/ml of tunicamycin was used to induce ER stress. SCR1 was 

used as loading control.
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Figure S3 (related to Figure 3). Reproducibility of the Effect of High Iron 
Conditions and ORM2 Overexpression on LCB Analysis
Shown are the average values of duplicate samples with the S.D. indicated. These data 

and those shown in Fig. 3B were obtained from independent experiments.
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Figure S4 (related to Figure 3B). Detailed Sphingolipid Analysis in Normal and
High Iron Conditions in Wild-Type or ORM2ox Cells
Strains were grown on normal, 7mM FeCl3, 200ng/ml myriocin, 7mMFeCl3+200ng/ml 

myriocin and incubated at 25°C until cells reach to similar size before scraped for LCBs 

analysis. Shown are the levels of inidividual LCB and LCBPs analyzed in the different 

conditions. 
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Table S1. Statistical Analysis of LCB Levels

p-value analysis (two tailed t-test) Sum LCBs Sum LCBPs
YEp24 + 7 mM Fe vs. YEp24 0.00061063 0.02695004
YEp24 + 7 mM Fe + Myr vs. YEp24 + 7 mM Fe 0.000604519 0.002389936
ORM2/YEp24 + 7 mM Fe vs. YEp24 + 7 mM Fe 0.000511298 0.01329189
ORM2/YEp24 vs. YEp24 0.017172147 0.213779098
YEp24 + Myr vs. YEp24 0.001600603 0.183916011
YEp24 + 2 mM Cu vs. YEp24 0.984899384 0.506265705

p-value analysis (two tailed t-test)
Strain/Treatment Sum LCBs Sum LCBPs
YEp24 vs. ORM2 0.017172147 0.213779098
YEp24 vs. YEp24 + 7 mM Fe 0.00061063 0.02695004
YEp24 + 7 mM Fe vs. ORM2+ 7 mM Fe 0.000511298 0.01329189
YEp24 vs. Myr 0.001600603 0.183916011
YEp24 + 7 mM Fe vs. Myr+ 7 mM Fe 0.000604519 0.002389936
YEp24 vs. 2 mM Cu 0.984899384 0.506265705
ORM2 vs. Myr + ORM2 0.016856584 0.14505376
ORM2+ 7 mM Fe vs. ORM2 + Myr + 7 mM Fe 0.000577672 0.189078319
ORM2 vs. ORM2 + 2 mM Cu 0.309257017 0.070071713
2 mM Cu vs. ORM2 + 2 mM Cu 0.339760011 0.39047349
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ABSTRACT 

Divalent metals such as zinc are required for the function of many cellular proteins and 

enzymes, in particular for RNA polymerases during transcription. Because of this 

requirement, organisms have developed elaborate pathways to spare metals in conditions of 

metals deficiency. Here we show that RNA polymerase I (RNAPI) and some associated 

proteins are degraded by vacuolar autophagy during zinc deficiency. This downregulation is 

mediated by export of the RNAPI complex into the vacuole and degradation by vacuolar 

proteases. Export of RNAPI out of the nucleus requires the exportin Xpo1p and the 

de-ubiquitination of the Rpa190p subunit by the Ubp2p and Ubp4p ubiquitin proteases. 

RNAPI downregulation kinetics are influenced by the integrity of specific zinc binding 

subunits of the enzyme, suggesting a potential mechanism of zinc sensing. Degradation of 

RNAPI might be linked to the recovery of the zinc bound to the subunits in the vacuole for 

redistribution to other proteins during zinc deficiency. These results show that zinc deficiency 
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triggers degradation of the most active cellular transcriptional machinery and underscores the 

importance of zinc economy in eukaryotic cell metabolism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

INTRODUCTION 

Cells need to regulate their intracellular metal content within reasonable range. Metals are 

required cofactors for many cellular proteins and enzymes but many of these metals are not 

readily available. Thus most organisms have developed mechanisms to uptake and spare 

metals in conditions of metal deficiency. In particular, unicellular microorganisms express 

transporters that uptake metals from the extracellular medium, and redistribute metals from 

storage compartments (Simm et al., 2007; Van Ho et al., 2002). During metal deficiency 

downregulation of specific metalloproteins occurs, which facilitates metal sparing for 

proteins whose functions are prioritized during the adverse conditions generated by the 

starvation. This also switches metabolic functions to other proteins that work similarly, but 

that are dependent upon metals other than the one being present in reduced amounts (Kaplan 

et al., 2006). This regulation can occur by active degradation of the proteins (Merchant and 

Bogorad, 1986), repression of the transcription of genes encoding these proteins (Bird et al., 

2006; Panina et al., 2003; Shakoury-Elizeh et al., 2003), or degradation of the RNAs 

encoding these proteins (Puig et al., 2005).  

  

Ribosome biogenesis is a very energetically costly process (Warner, 1999). Therefore its 

regulation is tightly connected to cellular demand, nutrient abundance and stress conditions. 

Not surprisingly, many regulatory steps affecting ribosome biogenesis regulation involve 
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regulation of transcription of the ribosomal DNA (rDNA) by RNA polymerase I (RNAPI). 

The most frequent mechanism of regulation of RNAPI activity affects the initiation stage of 

transcription (reviewed in (Grummt, 2003; Moss, 2004)). This regulation usually involves 

modulating the number of RNAPI core complexes associated with transcription factors that 

direct the binding of the polymerase to its promoter target. In addition, additional work has 

shown that RNAPI transcription can also be regulated at the elongation stage (Stefanovsky et 

al., 2006). Negative regulation of RNAPI activity is frequently observed when cells are 

exposed to nutrient deprivation or suboptimal growth conditions (Grummt, 2003; Moss, 2004; 

Moss et al., 2007; Warner, 1999). The signal transduction cascade for some of these 

regulations has been established. For instance, nutrient deprivation-mediated down regulation 

of RNAPI transcriptional activity is mediated by the Target Of Rapamycin (TOR) signal 

transduction pathway (Mayer and Grummt, 2006; Powers and Walter, 1999), while the 

decrease in rRNA synthesis in secretion-defective yeast cells is mediated by the PKC 

signaling pathway (Li et al., 2000). RNAPI is also affected by stresses that affect the integrity 

of the cellular components, such as DNA damage. Induction of DNA damage in mammalian 

cells triggers the ATM signal transduction pathway resulting in an inhibition of RNAPI 

activity (Kruhlak et al., 2007). Exposure of mammalian cells to oxidative stress triggers the 

cytoplasmic export of transcription factor TIF-IA through the JNK2 kinase pathway (Mayer 

et al., 2005), which results in a downregulation of ribosomal RNA synthesis through a 
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reduction of the number of RNAPI core complexes associated with TIF-IA in the nucleus.  

In general, the regulation of RNAPI-driven transcription during stress conditions does not 

affect the overall levels of polymerase complexes, but rather the amount of complexes that 

are competent for transcription initiation or are engaged in initiation or elongation. However, 

the fact that RNAPI activity is regulated during the cell cycle and in conditions of DNA 

damage underscores the importance of coupling RNAPI activity to cellular activity and 

integrity. In this study, we report the unexpected finding that RNA polymerase I complexes 

are down-regulated during zinc deficiency through their export to the vacuole and 

degradation. We propose that the export of RNAPI to the vacuole and subsequent degradation 

provides cells with a source of zinc that can be redistributed to other proteins whose functions 

are prioritized during zinc deficiency.  
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RESULTS 

Downregulation of RNA polymerase I subunits and associated nucleolar proteins during 

Zinc deficiency 

We showed previously that the yeast RNase III Rnt1p cleaves a number of mRNAs 

encoding iron uptake and mobilization proteins, possibly to prevent their accumulation in 

iron-replete conditions (Lee et al., 2005). To investigate a possible regulation of Rnt1p during 

iron deficiency, we assessed the accumulation of Rnt1p by immunoblots of protein extracts 

prepared from cells shifted into a medium containing the non-permeable metal chelator 

bathophenanthroline-sulfonate (BPS), which is commonly used to chelate iron. Strikingly, 

Rnt1p levels started to decrease by 6 hours of exposure to BPS and the protein became 

virtually undetectable after 8 hours (Fig.1A). To investigate the specificity of this 

down-regulation, we analyzed the levels of a subset of nuclear and nucleolar proteins in the 

same conditions. We probed several subunits of RNA polymerases I, II and III, using 

C-terminally Tandem-Affinity Purification (TAP)-tagged strains (Fig.1B). This analysis 

showed that all RNA polymerase I (RNAPI) subunits tested were also down-regulated with 

kinetics similar to that exhibited by Rnt1p (Fig.1B). This effect was not specific to 

TAP-tagged subunits, as a plasmid-borne HA-tagged Rpa135 (Naryshkina et al., 2003) or 

untagged Rpa135p detected with an anti-Rpa135 monoclonal antibody were also 

down-regulated (Fig.1B). In contrast, most RNAPII-specific subunits did not exhibit any 
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change in accumulation (Fig.1B). The only exception was the large subunit of RNAPII 

Rpb1p, which was apparently down-regulated based on immunoblot analysis using the 

monoclonal antibody 8WG16. To test whether this decrease of accumulation of the epitope 

recognized by this antibody (the unphosphorylated C-terminal domain YSPTSPS heptads, 

CTD) is due to a degradation of the entire Rpb1p subunit, or rather to a cleavage of the CTD, 

we used the N200 antibody (Chen and Hahn, 2004) that recognizes the N-terminus of Rpb1p 

(Fig.1A). This analysis showed that a shorter fragment of Rpb1p accumulates during BPS 

treatment, suggesting that the CTD heptad repeats, or a larger C-terminal fragment containing 

these heptads, is cleaved. In agreement with this hypothesis, we observed a small proteolytic 

fragment on high percentage polyacrylamide gels detected by 8WG16 specifically upon BPS 

treatment, which might correspond to the CTD or a slightly larger fragment (Fig.1C). 

Experiments described in Supplemental materials showed that Rpb1p CTD cleavage in cells 

shifted in BPS was the result of a proteolytic artifact occurring during extracts preparation 

(Suppl.Fig.S1). Thus, RNAPII remains intact in these conditions. 

The previous data showed that Rnt1p and RNAPI are down-regulated during Zinc 

deficiency. Previous studies had shown that Rnt1p processing of the pre-rRNA is 

co-transcriptional (Allmang and Tollervey, 1998; Henras et al., 2004), and that Rnt1p 

physically associates with RNAPI (Catala et al., 2008). To investigate if other proteins that 

associate with RNAPI are regulated in a similar manner, we analyzed the levels of several 
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proteins known to associate with RNAPI (Fath et al., 2000). Strikingly, the RNAPI 

interacting proteins Reb1p, Fpr3p, Rrp5p and Cbf5p were all down-regulated during Zn 

deficiency (Fig.S2), showing that this downregulation also affects other proteins that 

associate with RNAPI.  In contrast, the nucleolar marker protein Nop1p and the rDNA 

factor Fob1p were unaffected by a shift into low zinc medium (Fig.S2), showing that this 

downregulation does not affect all nucleolar proteins. Other nuclear proteins such as Tfg1p, 

Smd1p and Smb1p were unaffected as well (Fig.S2). These results show that the 

downregulation of nucleolar proteins during Zn deficiency is limited to a subset of nucleolar 

proteins that can associate with RNA polymerase I. Because the downregulation of RNA 

polymerase subunits were specific to RNAPI and associated proteins, we focused our 

investigations on the mechanisms and pathways required for this pathway.  

BPS is generally used to chelate iron, but it can also chelate zinc (Zhao and Eide, 1996). We 

found that treatment of cells with another chelator EDTA also resulted in Rpa135 

downregulation (Fig.1D and see below), raising the question of which metal deficiency was 

responsible for the effect observed. To investigate whether iron or zinc starvation were 

responsible, we prepared media containing low Zn (LZM) or low Fe (LIM) by incubating 

synthetic medium with chelating beads and adding back all metals, except Fe or Zn. Cells 

shifted into LZM exhibited downregulation of Rpa190-TAP and Rpa135p (Fig.1E). In 

contrast, incubation in LIM did not result in RNAPI subunits downregulation (Fig.1E), 
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showing that the effects observed with BPS and EDTA were due to Zn depletion. The kinetics 

of Rpa135p downregulation were generally slower in LZM than in chelator-containing media 

(Fig.1) and showed more variability (data not shown), possibly because LZM still contains 

traces amounts of zinc that are difficult to consistently remove from the medium because of 

external contaminations (Kay, 2004). Thus, we performed most of the following experiments 

by treating cells with the metal chelators BPS or EDTA. In agreement with a Zn-specific 

effect, we found that cells pre-loaded with Zn by growth in preculture in a minimal medium 

supplemented with 2mM Zn exhibited a slower down regulation than cells pre-grown in 

unsupplemented medium (Fig.1F). To further demonstrate that Zn deficiency is responsible 

for RNAPI down-regulation, we used a strain lacking Zap1p, the main transcription factor 

that activates low-zinc response genes during zinc starvation (Lyons et al., 2000; Wu et al., 

2008). Strains lacking Zap1p are genetically zinc-deficient and we found that they exhibit a 

faster downregulation of Rpa135p than wild-type cells (Fig.1G). This result shows that 

RNAPI downregulation does not require the Zap1p-mediated transcriptional response that 

occurs during zinc starvation, but that genetically depriving the cells of zinc accelerate the 

kinetics of down-regulation. Taken together, these results demonstrate that the 

downregulation of RNAPI subunits is specifically due to zinc deprivation.  

 

RNAPI downregulation is not related to cell death or to known stress pathways 
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Transcription of rDNA and RNAPI activity are affected by a number of stress conditions 

(reviewed in (Grummt, 2003; Warner, 1999)). To investigate whether the downregulation of 

RNA Polymerase I during zinc deficiency is mechanistically linked to stress conditions 

previously known to affect its activity, we monitored RNAPI levels in a variety of conditions 

or in mutants known to affect rDNA transcription. First we found that RNAPI levels were 

unaffected by amino acids starvation (Fig.S3A) although it has been shown that these 

conditions result in a reduction in rDNA transcription. RNAPI activity has also been shown 

to be affected by defects in secretion and a pathway dependent on the Wsc family of putative 

plasma membrane sensors and the Pkc1p protein kinase (Li et al., 2000; Nierras and Warner, 

1999). To investigate if the downregulation of RNAPI observed in zinc deficiency is 

mechanistically connected to this response, we investigated the kinetics of downregulation of 

Rpa135p in a pkc1∆ strain. We found that although a Pkc1p-deficient strain exhibited lower 

levels of RNAPI, it did not result in an inhibition of RNAPI downregulation (Fig.S3B). 

Similarly, RNAPI downregulation occurred with normal kinetics in wsc mutants (Fig.S3C), 

showing that RNAPI downregulation during zinc deficiency is unrelated to the response that 

occurs during plasma membrane synthesis or secretory defects (Li et al., 2000; Nierras and 

Warner, 1999).  

Previous studies had found that the downregulation of RNAPI transcriptional activity during 

nutrient deprivation is mediated by the target of rapamycin (TOR) signal transduction 
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pathway (Claypool et al., 2003; Powers and Walter, 1999). To investigate if the 

downregulation of RNAPI during zinc deficiency is mechanistically related to the TOR 

pathway, we used tor1∆ or fpr1∆ deletion strains that are deficient in TOR signaling. We 

found that RNAPI downregulation does not require an intact TOR pathway, as it occurs 

normally in tor1∆ or fpr1∆ mutants (Fig.S3D). Taken together, these results show that 

RNAPI downregulation during zinc deficiency is unrelated to multiple regulatory pathways 

previously described to affect ribosome biogenesis or integrity.   

To investigate if RNAPI downregulation results from cellular death following prolonged 

exposure to low zinc conditions, we investigated its reversibility. After a 10 hour shift to low 

zinc medium, cells were shifted back to normal zinc medium and the growth and levels of 

Rpa135p and Rpa190 were assessed upon shifting back the cells (Fig.S4). Cells quickly 

resumed growth after a shift back to normal conditions (Fig.S4A), showing that most of the 

cells in the culture did not die during the shift to low zinc conditions. In parallel, Rpa135p 

and Rpa190p levels were quickly restored to normal levels upon this shift back to normal 

zinc medium (Fig.S4B).  Overall these results show that RNAPI downregulation is not due 

to cellular death and is unrelated to known stress conditions previously documented to affect 

ribosome biogenesis and RNAPI activity.  

 

RNAPI  downregulation is rescued in vacuolar proteases mutants 
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 The downregulation of RNA polymerase I subunits could be due to either transcriptional 

downregulation of the genes encoding RNAPI subunits or to post-transcriptional processes. 

We monitored the mRNA levels of genes encoding three RNAPI subunits (RPA135, RPA49 

and RPA43) and found that their levels were unaffected during a shift to low zinc medium 

(Figure 2A).  This result shows that RNAPI downregulation does not involve transcriptional 

repression of RNAPI subunit genes, or degradation of their mRNAs. We next hypothesized 

that this downregulation occurred by increased protein turnover and searched for proteases 

whose expression is changed during zinc deficiency. Some vacuolar proteases were 

previously shown to be upregulated during zinc deficiency (Lyons et al., 2000). To test the 

involvement of these proteases in RNAPI down-regulation, we monitored Rpa135p levels in 

prb1∆, pep4∆ or prc1∆ vacuolar protease mutant strains during a shift in low Zn medium.  

Fig.2B shows that Rpa135p levels can be rescued in low Zn conditions by inactivation of the 

vacuolar proteases Prb1p or Pep4p, but not Prc1p. Similarly, the downregulation of 

GFP-tagged versions of Rpa135p or Rpa43p was rescued in the prb1∆ deletion strain 

(Fig.2C). To test whether this effect was due to a general involvement of vacuolar proteases 

in RNAPI subunits stability under normal conditions, we monitored the half-life of the 

Rpa43p subunit in wild-type and vacuolar protease deficient strains in normal growth 

conditions. To this end, we used a plasmid expressing Rpa43p under the control of the 

MET25 promoter, which is repressed in the presence of methionine. We found that Rpa43p 
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half-life was identical in wild-type and vacuolar protease mutants (Fig.2D). Thus, the 

vacuolar proteases Pep4p and Prb1p contribute to the downregulation of RNAPI during zinc 

deficiency but are not involved in the turnover of RNAPI subunits in normal conditions.  We 

also analyzed the levels of other RNAPI-associated proteins in the pep4∆ and prb1∆ deletion 

strains. Immunoblot analysis of TAP-tagged versions of Reb1p, Fpr3p, Rrp5p and Cbf5p 

showed that the downregulation of these proteins observed during zinc deficiency could be 

rescued by inactivation of the one or both of the vacuolar proteases Pep4p and Prb1p (Fig.2E). 

Some RNAPI associated proteins were rescued by depletion of only one protease, suggesting 

that different proteins of the complex are differentially affected by the activity of each of 

these two proteases (Fig.2E).  

 

RNAPI is exported to the vacuole as a complex during zinc deficiency 

Based on these results, we hypothesized that RNAPI complexes are exported to the vacuole 

during zinc deficiency where they are degraded by the vacuolar proteases Pep4p and/or Prb1p. 

To test this hypothesis, we monitored the localization of the RNAPI subunits fused to GFP in 

wild-type or vacuolar protease mutants grown in normal or low zinc conditions, and assessed 

vacuolar localization using the vital stain FM4-64 (Vida and Emr, 1995)(Fig. 3). As expected, 

GFP signal was observed outside of the vacuole in all strains in normal medium. During Zn 

starvation, we observed a complete loss of GFP signal in wild-type cells, consistent with the 
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downregulation previously observed by western blotting.  In contrast, a predominant 

accumulation of GFP signal was detected inside the vacuole in the pep4∆ strain (Fig.3A). 

This change of localization pattern was specific to RNAPI subunits, and not due to a global 

change in the nucleolar structure during Zn deficiency, as evidenced by our lack of 

observation of any localization change using a Nop1-GFP construct in similar conditions 

(Fig.3B). These experiments showed that RNAPI is exported to the vacuole during zinc 

deficiency, and that the rescue of RNAPI subunit levels observed previously in vacuolar 

protease mutants is directly due to a lack of vacuolar degradation. We renamed the 

downregulation of RNA polymerase I observed during zinc deficiency “vacuolar autophagy”. 

To confirm that vacuolar proteases are involved in RNAPI autophagy, we analyzed RNAPI 

subunits levels and localization in the vps30∆ mutant, in which vacuolar protein sorting is 

defective. This mutant exhibits lower vacuolar proteases activity because of defective sorting 

of these proteases into vacuoles. We observed a delay in RNAPI downregulation in the 

mutant (Fig.S5A), and found that RNAPI accumulates in the vacuoles in this mutant 

(Fig.S5B). This experiment confirms that proper sorting of the proteases in the vacuole is 

required for efficient RNAPI degradation in the vacuole.   

We next asked whether RNAPI disassembles prior to export or whether the entire 

complex is exported to the vacuole for degradation. To investigate this question, we 

performed a TAP-tag purification of RNAPI complexes using extracts from the pep4∆ strain 
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expressing Rpa135p or Rpa190p fused to a TAP-tag grown in normal medium or prolonged 

zinc deficiency conditions. As shown in Fig.S6, the pattern of bands obtained during TAP 

purification was very similar before or after a shift to zinc deficient medium (see also Fig.4A). 

In addition, we also analyzed these complexes using Multidimensional Protein Indentification 

Technology (MudPIT) and could detect the presence of all subunits in sub-stoichiometric 

proportions before and after the shift (Supp.Table S1). Since the majority of RNAPI purified 

during zinc deficiency in the pep4∆ strain is localized in the vacuole (Fig.3A), we conclude 

that the RNAPI is likely exported as an intact complex without disassembly. This observation 

also explains why proteins associated with RNAPI are also found to be down-regulated in 

these conditions (Fig.S2).  

  

Export of RNA Polymerase I into the vacuole requires Xpo1p 

We next investigated the mechanism by which RNAPI complexes are exported from the 

nucleus to be degraded in the vacuole. We first hypothesized that this export requires the 

formation of nucleus-vacuole junctions, which are observed  during piece-meal 

microautophagy of the nucleus (PMN) in starvation conditions (Kvam and Goldfarb, 2007). 

We investigated the nvj1∆ and vac8∆ mutants, which are defective in the PMN pathway, but 

inactivation of these proteins did not rescue RNAPI downregulation (Fig.S3E), showing that 

the PMN pathway is not involved in RNAPI vacuolar autophagy. We next investigated the 



66 
 

potential function of the exportin Xpo1p in this process. Xpo1p is the major nuclear export 

factor for proteins in yeast (Stade et al., 1997). Using the thermosensitive allele xpo1-1, we 

found that genetic inactivation of Xpo1 prior to a shift in low Zn medium resulted in a rescue 

of the downregulation of RNAPI (Fig.3C). Furthermore, inactivation of Xpo1p also resulted 

in an inhibition of the vacuolar localization of RNAPI during zinc deficiency, and resulted in 

an accumulation of RNAPI in the nucleolus (Fig.3D). These results support the idea that 

Xpo1p mediates the export of RNAPI out of the nucleus for subsequent import into the 

vacuole.  

  

Downregulation and vacuolar import of RNAPI requires de-ubiquitination of the large 

subunit Rpa190p  

In order to understand the mechanism of vacuolar import of RNAPI during zinc deficiency, 

we first screened mutant strains defective in known various vacuolar import pathways.  A 

variety of atg mutants, which are defective in the autophagy or cytoplasm to vacuole 

targeting (CVT) pathways (Nair and Klionsky, 2005) were screened for Rpa135p levels in 

zinc deficiency. However none of these mutations were sufficient to rescue or delay the 

downregulation of RNAPI subunits during zinc deficiency (Fig.S3F; Table S2). Therefore 

RNAPI downregulation does not require any the known autophagy or CVT pathways that are 

known to mediate import of proteins in the vacuole. Because covalent modifications often 
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trigger a change in the stability or localization of protein complexes, we next probed blots of 

TAP-purified RNAPI complexes (prepared from a pep4∆ strain) during a shift to low Zn with 

anti-ubiquitin antibody. We detected major high molecular weight (>190 kDa) bands using 

anti-ubiquitin antibodies from TAP-purified RNAPI complexes (Fig.4A), which, given their 

mobility are likely to correspond to Rpa190p. Strikingly, the ubiquitinated band detected 

from purified RNAPI became undetectable after 8 hours in low Zn medium (Fig.4A) showing 

that Rpa190p becomes deubiquitinated in low Zn conditions. These observations suggested 

that de-ubiquitination of the large subunit Rpa190p may be required for, or at least correlated 

with degradation of the RNAPI complexes. To test this hypothesis, we screened a number of 

ubiquitin protease mutants. We first focused on Ubp2p and Ubp4p, as these ubiquitin 

proteases were described as required for sorting proteins to the vacuole or to multivesicular 

bodies (Amerik et al., 2000; Dupre and Haguenauer-Tsapis, 2001; Lam et al., 2009). We 

found that inactivation of the Ubp2p and Ubp4p deubiquitinases resulted in a higher stability 

of RNAPI complexes in low zinc conditions (Fig.4B). Recent work showed that ribosomes 

are degraded during starvation in a process known as ribophagy that is dependent on the 

Ubp3p ubiquitin protease (Kraft et al., 2008). The kinetics of Rpa135p downregulation were 

unaffected in a strain lacking Ubp3p (Fig.4B) showing that RNAPI downregulation does not 

require Ubp3p and likely is not mechanistically related to ribophagy. Similarly, Rpa190p 

levels were not rescued upon inactivation of two other deubiquitinases Ubp8p and Ubp14p 
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(Fig.4B), showing that the stabilization observed in the ubp2 and ubp4 strains was specific to 

these two ubiquitin proteases.  

We next tested the effect of the inactivation of Ubp2p and Ubp4p on RNAPI localization 

during a shift to low zinc conditions. Strikingly, stabilization of RNAPI in these strains 

correlated with inhibition of vacuolar import, as most of the RNAPI subunits localized 

outside of the vacuole when these mutant strains were grown in low zinc conditions (Fig.5A). 

These experiments demonstrate that the Ubp2p and Ubp4p ubiquitin proteases are 

specifically required for vacuolar import of RNAPI during zinc deficiency. This result is 

consistent with their demonstrated role in sorting vacuolar proteins and multi-vesicular 

bodies.  

 

Inactivation of the ubiquitin ligase Rsp5p mediates vacuolar autophagy of RNAPI 

uncoupled from zinc deficiency 

If de-ubiquitination of RNAPI is a major determinant of the RNAPI vacuolar authophagy 

pathway, we predicted that inactivation of the Rsp5p ubiquitin ligase would also result in a 

Pep4/Prb1-dependent degradation of RNAPI complexes independent of cellular zinc levels. 

Indeed, using an rsp5-1 thermosensitive mutant allele of Rsp5p, we found that the abundance 

of Rpa190p was quickly decreased during a shift of this allele to non-permissive temperature 

(Fig.4C). In contrast, the stability of Rpa190p was unaffected by a shift to 37°C in the 
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wild-type strain. Strikingly, the downregulation of Rpa190p observed upon a shift of the 

rsp5-1 mutant to the non-permissive temperature was abolished when the Pep4p protease was 

inactivated (Fig.4C). This result suggests that the downregulation of RNAPI observed in the 

rsp5-1 mutant occurs through vacuolar degradation. To demonstrate unambiguously that this 

is the case, we followed Rpa190p localization in these strains grown in normal medium, 

before or after a shift to 37°C. We observed a loss of GFP signal in the rsp5-1 mutant shifted 

to non-permissive temperature (Fig.5B), consistent with the downregulation observed by 

immunoblot analysis. However, when the rsp5-1 pep4∆ double mutant was shifted to the 

same temperature, the GFP signal was recovered and accumulated in both the vacuole and the 

nucleolus. The vacuolar signal is probably due to the partial inactivation of Rsp5p at 

restrictive temperature which results in only a fraction of the RNAPI complexes being 

exported.  Taken together, these results show that inactivation of the Rsp5p results in 

vacuolar autophagy that is similar to what was observed during zinc deficiency, and strongly 

suggests that de-ubiquitination of Rpa190, or another subunit of the RNAPI complex, is a 

main determinant in triggering vacuolar export and degradation of the RNAPI complex.  

 

Downregulation of RNAPI during Zinc deficiency dramatically reduces ribosomal 

RNAs synthesis 

 Based on the downregulation or cleavage of several RNAPI subunits, (Fig.1), we predicted 
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that RNAPI transcriptional activity might decrease during prolonged zinc starvation resulting 

in a decrease in ribosomal RNA production. During a shift to BPS-containing medium, we 

observed a decrease in mature ribosomal RNAs (Fig.6A) and many pre-rRNAs processing 

intermediates as shown by northern blotting (Fig.6A). To confirm reduced levels of 

transcription, wild-type cells were treated with BPS for 10 hours before performing 

transcriptional pulse-chase analysis using 3H-uracil to monitor the kinetics of rRNAs and 

tRNAs production (Fig.6B,C). This experiment showed that incorporation of 3H in rRNAs is 

decreased in wild-type cells treated with BPS compared to cells grown in normal medium, 

with a decrease in the production of full-length 18S, 25S, and 5.8S rRNAs. Comparison of 

the incorporation and processing profiles obtained with wild-type cells treated with BPS and 

of the rnt1∆ strain grown in normal medium showed that the level of rRNAs transcription 

was lower in wild-type cells shifted in BPS than in rnt1∆ cells. This result shows that a 

profound inhibition of RNAPI transcription is observed during zinc deficiency, in agreement 

with the downregulation of RNAPI complexes. RNA polymerase III activity was also 

affected, as shown by the decreased production of the 5S rRNA and tRNAs in wild-type cells 

treated with BPS compared to normal medium (Fig.6C). This observation might be explained 

by the fact that RNA Polymerase III activity is regulated according to RNAPI activity 

(Laferte et al., 2006). Overall, these results show that the observed depletion of RNAPI 

subunit during zinc deficiency results in a marked decrease of ribosomal RNAs production in 
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these conditions.  

 

RNA Polymerase I downregulation is influenced by the integrity of Zn-finger containing 

Subunits 

We next investigated the mechanisms by which RNAPI might sense zinc deficiency to be 

targeted to the vacuole. RNAPI binds zinc (Treich et al., 1991) and two of its subunits, 

Rpa135p and Rpa12p contain Zn-finger motifs (Naryshkina et al., 2003; Van Mullem et al., 

2002). In order to assess the importance of Zn finger domains in the downregulation of 

RNAPI, we first used a version of Rpa135p tagged with the HA epitope and expressing two 

previously described mutant versions in its zinc finger motif (C1107A and C4); (Naryshkina 

et al., 2003). Strikingly these mutated versions of Rpa135p were down-regulated with a faster 

kinetics than the wild-type version (Fig.7A), suggesting that the integrity of the zinc finger 

domains of Rpa135 is important for the kinetics of down-regulation. We also analyzed a 

strain lacking Rpa12p, as this small subunit contains two zinc-finger motifs but is 

non-essential (Van Mullem et al., 2002). In contrast we found that strains lacking Rpa12p 

exhibit a slower downregulation of Rpa135p. This phenotype was specific to Rpa12p and was 

not observed in a strain lacking a non-zinc binding, non-essential subunit, Rpa49p (Fig.7B,C).  

Taken together these results show that the integrity of zinc-finger containing subunits of 

RNAPI subunits can influence the kinetics of downregulation of RNAPI during zinc 
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deficiency. This result suggests that one or several of these subunits might serve as a zinc 

sensor to probe the intracellular zinc content and trigger a sensing mechanism that exposes 

the RNAPI complex to the action of ubiquitin proteases for vacuolar export.  
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DISCUSSION 

The results presented in this study show that zinc starvation (either induced by BPS or EDTA 

treatment or in zinc-limited medium) results in vacuolar autophagy of RNAPI subunits and 

some associated proteins. This regulation dramatically decreases ribosomal RNA and tRNA 

transcription, which accounts quantitatively for most of the transcriptional activity in rapidly 

growing cells. Most RNA polymerase II subunits tested in this study were unaffected, 

suggesting that RNAPII transcription is still functional in low zinc conditions, which allows 

for the expression of genes induced during zinc deficiency (Lyons et al., 2000). These results 

are consistent with previous observations in Euglena showing that Zn deficiency results in 

the formation of only one peak of RNA polymerase activity, which is likely to be an 

alpha-amanitin resistant form of Pol II (Falchuk et al., 1985).  Our results might also shed 

light on older studies showing that rats fed on a zinc-deficient diet show reduced RNA 

polymerase activity (Terhune and Sandstead, 1972), although these results could be due to 

zinc depletion from the polymerases rather than to the active degradation mechanism 

demonstrated here. Thus, it is likely that the results that we present here using yeast illustrate 

a conserved mechanism of zinc economy.  

 

The mechanisms of RNAPI export and vacuolar import during zinc deficiency 

Our results support a model showing that RNAPI (and probably Rpa190) de-ubiquitination 
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by Ubp2/Ubp4p triggers a nuclear export and vacuolar import of the RNAPI complex. This 

regulated vacuolar degradation can be recapitulated independently from zinc deficiency using 

the rsp5-1 mutant strain which is defective for ubiquitination. This result strongly suggests 

that de-ubiquitination plays a major role in triggering vacuolar import of RNAPI and its 

degradation. One of the interesting mechanisms that remains to be determined is to 

understand what triggers the de-ubiquitination, export of RNAPI and the degradation in the 

vacuole upon a decrease in low zinc. We show in this study that the integrity of some of the 

zinc finger subunits can influence the kinetics of degradation. These results suggests that the 

Rpa12p and or Rpa135p subunits might serve as a zinc sensor to probe the intracellular zinc 

content and trigger a sensing mechanism that exposes the RNAPI complex to the action of 

ubiquitin proteases for vacuolar export. Such a mechanism might involve conformational 

changes in the RNAPI complex upon a loss of zinc by the zinc binding subunits, which might 

trigger the binding of Ubp2p or Ubp4p.  

 

Why degrade RNA Polymerase I during Zinc Deficiency? 

It has been shown previously that cells reduce the expression of or degrade proteins 

containing certain metals during starvation of the corresponding metals (Bird et al., 2006; 

Merchant and Bogorad, 1986; Puig et al., 2005), in order to spare these particular metals 

and/or redistribute them to other proteins. Biochemical and structural studies have shown that 
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many subunits of all three eukaryotic RNA polymerases contain multiple zinc atoms (Cramer 

et al., 2001; Donaldson and Friesen, 2000; Naryshkina et al., 2003; Treich et al., 1991). 

Therefore, degradation of RNA polymerase might provide a last-resort zinc reservoir during 

prolonged zinc deficiency. Interestingly, the vacuole is not only the site of degradation of 

RNA polymerase subunits but also the site of zinc storage and redistribution (Simm et al., 

2007). The degradation of RNA polymerase subunits during zinc deficiency might represent 

an extreme example of metal sparing, which seems to indicate that the function of other 

cellular zinc-binding proteins are prioritized compared to those involved in ribosomal RNAs 

production. In addition, downregulation of RNAPI and of rRNA transcription might 

ultimately result in ribosome depletion and turnover, which could also provide a source of 

zinc given the abundance of zinc bound by Zn-finger proteins in ribosomes. Because this 

downregulation is quickly reversible (Fig.S4), it provides cells with the ability to quickly 

restore translational activity when zinc is re-introduced to cells. Nevertheless, our observation 

that yeast cells degrade the most active transcriptional machinery during zinc deficiency 

underscores the importance of zinc economy in cellular metabolism.  
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EXPERIMENTAL PROCEDURES 

 

Yeast strains, Plasmids and Media  

All yeast strains and plasmids used in this study are shown in strains & plasmids table. For 

low zinc condition, cells were grown to log phase in synthetic defined (SD) media, washed 

twice with sterile water and shifted to SD media containing either 50uM BPS or 1mM EDTA 

for the indicated times. For the temperature sensitive mutants, cells were first grown in SD 

media to log phase at 25°C and shifted to 37°C for the indicated times. For the temperature 

sensitive mutants in low zinc condition, cells were grown to log phase at 25°C and shifted to 

37°C for two hours. Cells were then washed twice with pre-warmed (37°C) sterile water and 

shifted to pre-warmed low Zn media for the indicated times.  

 

Western Blot Analysis  

Cells were harvested and resuspended in the lysis buffer (200mM Tris-HCl pH 8.0; 320mM 

Ammonium sulfate; 5mM MgCl2; 10mM EGTA pH 8.0; 20mM EDTA pH 8.0; 1mMDTT; 

20% glycerol; 1mM PMSF; 2mM benzamidine HCl and protease inhibitor cocktail) and 

vortex with glass beads for 8 min at 4°C. Supernatants were collected by centrifugation and 

total protein concentration was measured using the Bradford method. Samples were analyzed 

by 8% SDS-PAGE and transferred to PVDF membrane for Western blot analysis. Antibodies 
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used for probing Westerns include anti-Rpa135 (1:5000; gift from M. Oakes and M. Nomura), 

anti-Rnt1 (gift from M. Danin-Kreiselman), 8WG16 (1:5000; obtained from Covance), 

anti-GFP (1:10000; monoclonal antibody JL-8 obtained from Clontech), peroxidase 

anti-peroxidase (1:1000; obtained from Rockland), anti-HA (1:10000; obtained from Santa 

Cruz Biotechnology), anti-Nop1 (1:10000; obtained from EnCor Biotechnology), and 

anti-Ubiquitinylated proteins (1:5000; clone FK2 obtained from Millipore). 

  

Northern Blot Analysis - 

RNA extraction was performed as described previously (Chanfreau et al., 1998). 5 µg of total 

RNA were glyoxal denatured and resolved on a 1.2% agarose gel. Northern hybridization was 

performed as described previously (Sayani et al, 2008). All probes were generated by PCR 

products and hybridization was performed at 65°C overnight. 

 

Tandem Affinity Purification  

TAP purification was performed as described previously (Rigaut et al., 1999) with the 

following modifications. First, cells were harvested and resuspended in IPP50 or IPP150 

buffer with 25% glycerol. Cell suspension was immediately frozen by liquid nitrogen and 

stored at -80°C. Cells were lysed by manual grinding with pre-chilled mortar and pestle for 

10 min in liquid nitrogen. The grinding-freezing was repeated until the cells became 



79 
 

power-like and lysate was thawed on ice before centrifugation. Second, Calmodulin beads 

were incubated with elution buffer at 4°C for 30min before samples were eluted.  

 

Vacuolar Membrane Staining and Localization Microscopy– 

Cells containing Pol I-GFP fusion proteins were grown to log phase and harvested. Cells 

were resuspended in fresh medium and labeled with the vacuolar membrane dye FM4-64 

(20µM, Invitrogen). Cells were incubated (shaking) at 30°C for 20 min and washed with 

fresh media twice to remove excess dye. The labeled cells were then put back into fresh 

media to grow at 30°C for 2 hours. Live cells were visualized immediately after labeling by 

fluorescent microscope. For low zinc or non-permissive temperature shift, cells were first 

shifted to low zinc media or non-permissive temperature. Two hours prior to the indicated 

times, cells were harvested and labeled with FM4-64 dye as described above for two hours 

and visualized immediately after by fluorescent microscope.  
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FIGURES 

 

Figure 1. Downregulation of yeast nucleolar proteins during Zinc deficiency 

A. Western blot analysis of Rnt1p after a shift into BPS-containing medium. The same 

membrane was probed with an anti-Rnt1p antibody and an anti-hexokinase antibody. Extract 

from a rnt1D strain was included as a negative control. 

B. Western blot analysis of RNA polymerase subunits during BPS treatment. TAP-tagged 

strains were used, except for Rpb1, for which a wild-type strain was used and the 8WG16 

mAb (CTD) or N200 antibodies (NTD) was used, and for Rpa135 for which a monoclonal 

anti-Rpa135p antibody was used.  

C. The CTD of Rpb1 is cleaved during BPS treatment. Shown is a western blot analysis of 

Rpb1 using 8WG16 and a high percentage acrylamide gel (lower panel).  

D.  The Rpa135 Pol. I subunit is degraded. Shown is a western analysis of an N-terminally 

HA-tagged version of Rpa135.  

E. Downregulation of RNA polymerase subunits is due to zinc limitation. Shown are western 

blots of Rpb1 (8WG16) or Rpa190-TAP in low zinc medium (LZM) or low iron medium 

(LIM). 

G. Rpa135p downregulation occurs faster in a strain genetically deficient for zinc. Shown is 

an Rpa135 western analysis in wild-type and zap1∆ strains.  
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Figure 2. Stabilization of RNAPI subunits during zinc deficiency in vacuolar protease 

mutants.  

A. Northern analysis of RNAPI subunit mRNAs during zinc deficiency. B. Immunoblot 

analysis of Rpa135p in wild-type and vacuolar protease mutants. C, same as B except that 

Rpa135-GFP and Rpa43-GFP were used. D. Analysis of Rpa43 half-life in wild-type and 

vacuolar protease mutants. Cells expressing Rpa43p-GFP under the control of a MET 

promoter (repressed by Methionine) were pregrown in the absence of Met, and shifted for 

the indicated times in a Met-containing medium. Rpa43p-GFP levels were analyzed using 

anti-GFP antibodies. E. Immunoblot analysis of RNAPI-associated protein in wild-type 

and vacuolar protease mutants. Genes encoding Pep4p or Prb1p were disrupted in strains 

expressing various TAP-tagged proteins, and the level of these tagged subunits assessed 

during a low zinc shift.  
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Figure 2 
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Figure 3. Export of RNA polymerase I subunit to the vacuole during zinc deficiency.  

A. Localization of Rpa49-GFP in wild-type, pep4∆or prb1∆ strains in normal medium (0 hrs 

in EDTA) or after 8 hours in low zinc medium. Green, Rpa49-GFP localization. The vacuole 

was stained with the FM4-64 dye (red).  

B. Localization of Nop1-GFP in normal and low zinc conditions. Legends as in A, except that 

the strains were transformed with a plasmid expressing Nop1-GFP.  

C. Genetic Inactivation of Xpo1p rescues RNAPI down-regulation. Wild-type or Xpo1-1 

cells were shifted for 2 hours at 37°C before a shift to low zinc medium.  
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Figure 3
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Figure 4. Loss of Ubiquitination of Rpa190 triggers RNAPI downregulation   

A. Analysis of Ubiquitin in purified RNAPI preparations. RNAPI was TAP-purified from 

pep4∆ cells expressing a TAP-tagged version of Rpa190p grown in normal medium or after 4 

or 8 hours in a low zinc medium. TAP purified RNAPI complexes were visualized by 

Sypro-Ruby staining (right), or analyzed by immunoblot using anti-Ubiquitin antibody, or 

anti-Rpa135 monoclonal antibody. Whole cell extracts were analyzed by immunoblot using 

the anti-Ubiquitin antibody.  
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Figure 4 
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Figure 5. Localization  of RNA Polymerase I subunits in Ubiquitin Proteases and 

Ligase mutants.  

A. Localization of Rpa190-GFP in wild-type, ubp2∆ or ubp4∆ strains in normal medium (0 

hrs in EDTA) or after 8 hours in low zinc medium. Green, Rpa190-GFP localization. The 

vacuole was stained with the FM4-64 dye (red).  

B. Localization of Rpa190-GFP in wild-type and rsp5-1strains in normal conditions at 25°C 

and 37°C. Green, Rpa190-GFP localization. The vacuole was stained with the FM4-64 dye 

(red). 

 

 

 

 

 

 

 

 

 

 

 



89 
 

Figure 5 
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Figure 6. Downregulation of RNAPI transcriptional activity during zinc deficiency.  

A. Pulse chase analysis of large RNAs. Shown is the profile of 3H incorporation of 

pre-rRNAs and rRNAs after chase with unlabeled uracil. An ethidium bromide staining of the 

gel was performed prior to transfer to the membrane to standardize for loading.  

B. Pulse chase analysis of 5.8S, 5S and tRNAs. Shown is the profile of 3H incorporation of 

small RNAs after chase with unlabeled uracil. Samples were loaded on a polyacrylamide gel 

and transferred onto a membrane prior to fluorography. The membrane was then hybridized 

with a 32P probe against the 5.8S rRNA for loading control.  
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Figure 6 
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Figure 7. The kinetics of RNAPI vacuolar autophagy is influenced by the integrity of 

zinc finger containing subunits.  

A. Analysis of Rpa135 Zinc finger mutants. Wild-type or Zinc finger mutant (C1107A or C4) 

versions of Rpa135 are HA-tagged (Naryshkina et al., 2003), and expressed in wild-type cells 

expressing endogenous Rpa135p. B. Analysis of Rpa135p levels during zinc deficiency in 

wild-type and rpa12∆ strains. Rpa135p levels were probed using anti-Rpa135p monoclonal 

antibody. C, Analysis of Rpa135p levels during zinc deficiency in wild-type and rpa49∆ 

strains.  
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Figure 7 
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SUPPLEMENTAL FIGURES AND TABLE 
 

 

Figure S1  RNA polymerase II large subunit CTD cleavage is a post-lysis artifact in 

extracts prepared from cells shifted in BPS-containing medium.  

The CTD of Rpb1 is known to be sensitive to proteolytic cleavage during extract preparation 

and although protease inhibitors were included in our extracts, we could not rule out the 

possibility that the CTD cleavage observed in extracts prepared from cells shifted in BPS did 

not occur after cells lysis.  To test whether the CTD cleavage is due to in vivo cleavage or 

rather to a post cells lysis artifact, we mixed cells harvested before (A0), or after BPS 

incubation (A10) and prepared protein extracts from these mixed cells (lane B(0+10), Figure S1). 

If CTD cleavage in BPS-shifted cells is due a proteolytic activity in the extracts, one might 

expect to see the complete disappearance of the full-length band in this extract prepared from 

mixed cells. As a control, extracts prepared separately from these two time points were mixed 

prior to loading ½(A0+A10). This experiment showed that in the extract prepared from mixed 

cells, the full-length Rpb1p disappears, demonstrating that CTD cleavage is indeed a 

proteolytic artifact that occurs post cells lysis. In contrast, Rpa135 was not affected in the 

extracts prepared from mixed cells, showing that RNA polymerase I subunits degradation 

occurs in vivo. 
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Figure S1 - related to Figure1. Analysis of Rpb1 and Rpa135 in extracts from cells 

prepared prior to or after switch to BPS-containing medium.  

 

A0, extracts prepared prior to shift to BPS; A10 extracts prepared after 10 hours in BPS. 

½(A0+A10) samples contain protein extracts from A0 and A10 samples mixed after extract 

preparation. B(0+10), protein extracts prepared from a mixture of cells harvested either prior or 

after BPS shift. Membranes were blotted using the indicated antibodies.  
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2- Analysis of RNAPI associated proteins and other nuclear proteins during a low zinc 

shift 

 

Figure S2. Related to Figure 1. Cells expressing TAP-tagged subunits of RNAPI associated 

proteins (Reb1p, Fpr3p, Rrp5p, Cbf5p), other nucleolar (Fob1p) or nuclear (Tfg1p, Smd1p, 

Smb1p) proteins were shifted in a medium containing EDTA for the indicated times, and 

protein levels analyzed using antibodies. Extracts prepared from wild-type cells were also 

analyzed by immunoblot using anti-Nop1p monoclonal antibodies.  
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Figure S2 
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3- Down-regulation of RNAPI in low zinc conditions is unrelated to other stresses or 

mutants previously described to affect RNAPI activity. 

 

Figure S3. Related to Figure 2. A. Analysis of Rpa135p during amino acids starvation. B-F, 

analysis of Rpa135p levels in mutant backgrounds.  Wild-type or the indicated mutant 

strains were shifted in a medium containing EDTA for the indicated times, and Rpa135p 

protein levels analyzed using anti-Rpa135p monoclonal antibody. PGK1 was used as a 

loading control. 
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Figure S3 
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4- Down-regulation of RNAPI in low zinc conditions is quickly reversible. 

 

Figure S4. Cells expressing GFP-tagged Rpa135 (dotted line) or Rpa190p (solid line) were 

shifted in a medium with EDTA for 10 hours. Aliquot samples were taken at time zero, 6 

hours and 10 hours. After 10 hours, cells were harvested, washed and returned to normal 

minimal medium. Aliquots were taken after 30 minutes, 1 hour, 1 hour 30minutes, 2, 3 and 4 

hours. The growth curves are shown in panel A, the level of Rpa135-GFP and Rpa190-GFP in 

panel B.  
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Figure S4 
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Figure S5 - Down-regulation of RNAPI is delayed in a vps30∆ mutant defective in 

vacuolar proteases sorting. 

Rpa135-GFP levels were analyzed in wild-type and vps30∆ mutant defective in vacuolar 

proteases sorting.strains after a shift in EDTA-containing medium (panel A). In parallel, the 

localization of Rpa135p was followed and compared to the vacuole (red), revealed by 

staining with the FM4-64 dye. 
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Figure S5 
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6 - TAP purification of RNAPI complexes before or after a shift in low zinc conditions. 

Figure S6. Rpa135p and Rpa190p were TAP-tagged in a pep4∆ strain, and extracts prepared 

from strains grown in normal medium or after 8 hours in an EDTA-containing medium were 

used for TAP purification. Shown are the protein eluates after TAP purification. Proteins were 

visualized by Sypro-Ruby staining. 
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Figure S6 
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Supplemental Table S1 

Mass Spectrometric analysis of RNAPI subunits in normal medium and zinc deficiency 

conditions. An aliquot of the samples described above purified either using 50mM or 150mM 

NaCl were analyzed by mass spectrometry. The numbers indicated are normalized spectral 

abundance factors (NSAF).  They correspond to the total number of spectra identified for 

each protein normalized by the length of each protein and the total number of spectra 

identified in the run. 
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Supplemental Table S1 

RPA190-TAP          

Salt 

concentration 

150 

mM 

150 

mM 

50 

mM 

50 

mM 

Hours in 

EDTA 0 8 0 8 

RPA12  8401 6439 5607 3663 

RPA135  1754 2632 1278 2054 

RPA14  3158 3492 1329 2142 

RPA190  1177 5633 2441 5510 

RPA34   4068 4188 2518 2620 

RPA43  4842 4740 3483 3259 

RPA49  2817 4474 871 707 

RPB8 791 1300 595 0 

RPC10  3349 3688 1708 3690 

RPC19  15813 9679 5357 5333 

RPC40   5530 8432 3625 2260 

RPO26  3345 3576 946 1704 

     

RPA135-TAP           

Salt 

concentration 

150 

mM 

150 

mM 

50 

mM 

50 

mM 

Hours in 

EDTA 0 8 0 8 

RPA12 10616 14036 3160 2032 

RPA135 2384 4418 1380 2596 

RPA14 3032 4416 1553 1545 

RPA190 1574 10295 2321 2946 

RPA34  9334 4154 11941 5704 

RPA43 4719 15112 4899 6674 

RPA49 3920 1437 1375 1224 

RPB8 2744 414 740 695 

RPC10 5652 7285 2653 3749 

RPC19 12651 12964 10462 8346 

RPC40  8055 6372 4253 3866 

RPO26 1998 4517 1329 4697 
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Table S2. Mutant Strains screened for RNAPI down-regulation during zinc deficiency.  
 
 

Strain Pol Subunit tested  
doa1∆ Rpa135  
vid24∆ Rpa135  
doa3-1 Rpa135  
sen3-1 Rpa135  
fpr1∆ Rpa135  
tor1∆ Rpa135  
rpd3∆ Rpa135  
rck1∆ Rpa49  
rck2∆ Rpa135, Rpa49  

wsc1∆,wsc2∆ Rpa135  
wsc1∆,wsc3∆ Rpa135  

pkc1∆ Rpa135  
vps6∆ Rpa135  
vps21∆ Rpa135  
vps64∆ Rpa135  
vps8∆ Rpa135  
vps4∆ Rpa135  
vps23∆ Rpa135  
vps36∆ Rpa135  
atg1∆ Rpa135  
atg7∆ Rpa135  
atg11∆ Rpa135  
atg17∆ Rpa135  
atg19∆ Rpa135  
vac8∆ Rpa135  
nvj1∆ Rpa135  
ubp3∆ Rpa135  
bre5∆ Rpa135  
ubp1∆ Rpa135,190  
ubp6∆ Rpa135,190  
ubp8∆ Rpa135,190  
ubp14∆ Rpa135,190  
ubi4∆ Rpa135  
erg6∆ Rpa135  
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SUB592 Rpa135  
fpr3∆ Rpa135  
fpr4∆ Rpa135  

fpr3∆,fpr4∆ Rpa135  
fpr1∆,fpr3∆ Rpa135  

fpr1∆,fpr3∆,fpr4∆ Rpa135  
def1∆ Rpa35  
ssd1∆ Rpa135  
sec1-1 Rpa135  
siz1∆ Rpa49  
siz2∆ Rpa49  

siz1∆,siz2∆ Rpa49  
zip3∆ Rpa49  

siz1∆,siz2∆,zip3∆ Rpa49  
mms21-sp Rpa135,Rpa49  
ulp1∆ Rpa49  
uba2ts Rpa49  
asr1∆ Rpa49  
slx5∆ Rpa49  
slx8∆ Rpa49  
zap1∆ Rpa135, Rpa49  
zrt1∆ Rpa49  
zrc1∆ Rpa49  

zrt1∆zrt2∆ Rpa190  
zrt1∆zrt3∆ Rpa190  
zrt1∆zrc1∆ Rpa190  
mex67-5 Rpa49  
mms1∆ Rpa135  
rtt101∆ Rpa135  
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FUTURE DIRECTIONS 
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From the work presented in Chapter 2, it is clear that iron toxicity does not result from 

oxidative stress. Instead, sphingolipid signaling mediates iron toxicity. However, further 

studies need to be done in order to understand why activation of sphingolipid-mediated 

signaling in high iron conditions leads to cellular toxicity. Identification of the downstream 

targets of sphingolipid signaling in high iron conditions can provide insight into why this 

signaling pathway leads to cellular toxicity. Moreover, further studies on regulation of Orm 

proteins in high iron conditions can also help us understand the regulation of sphingolipid 

signaling in response to different iron concentrations. Furthermore, it is important to 

investigate why excess iron can trigger an increase in sphingolipid synthesis, which leads to 

cellular toxicity. In other eukaryotes, such as human, Orm proteins inhibit sphingolipid 

synthesis (Breslow et al, 2010). Therefore, it is important to investigate whether a similar 

signaling pathway is induced in response to high iron in other eukaryotic cells.  

As shown in Chapter 3, we discovered that the RNA polymerase I complex is subject to 

degradation during zinc deficiency and that this degradation is mediated by the nuclear 

exportin Xpo1 and vacuolar proteases Pep4 and Prb1. However, the mechanism involved in 

transporting the RNAPI complex into the vacuole is still unknown. It is important to further 

investigate the mechanism of the RNAPI complex import into the vacuole in order to provide 

a complete story of the down-regulation RNAPI complex during zinc starvation. Moreover, 

we have shown that de-ubiquitination is required for the down-regulation of the RNAPI 
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complex during zinc starvation. It still remains unknown whether RNAPI subunits or the 

associated proteins are deubiquitinated during zinc starvation. Therefore, it is important to 

identify the deubiquitinated protein(s) and the mechanism which triggers the 

de-ubiquitination during zinc starvation. Furthermore, based on the data shown in Chapter 3, 

we hypothesize that one of the zinc-binding subunits of RNAPI complex may function as a 

zinc sensor to trigger the down-regulation of RNAPI during zinc starvation. Therefore, it is 

important to study whether the zinc-binding domains of RNAPI subunits play important roles 

in the down-regulation of RNAPI complex during zinc deficiency.  
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	Introduction
	Many transition metals are essential trace elements in all living organisms. These metals function as important cofactors for critical cellular molecules, such as nucleic acids, enzymes, proteins and lipids. Without sufficient amounts of these transit...
	Iron Homeostasis and Iron Toxicity
	Among many transition metals in living organisms, iron is one of the most important metals. Iron can exist in one of two reduction-oxidation, or redox forms: the reduced form, Fe2+, and the oxidized form, Fe3+. Because of this redox characteristic, ir...
	Iron Uptake
	In Saccharomyces cerevisiae, one of the mechanisms cells use to maintain iron homeostasis is regulation of iron uptake from the environment. Unlike other eukaryotes, yeast cells do not have iron export systems to remove an excess of iron. Therefore, t...
	In the reductive uptake pathway, before being transported into the cells, the oxidized ferric iron needs to be reduced to ferrous iron by metalloreductases, such as Fre1 and Fre2 in the cell membrane (Dancis et al, 1990; Anderson et al, 1992; Georgats...
	Both iron transporters are regulated primarily at the transcriptional level. FET3/FTR1, FET4 and the metalloreductases FRE1/FRE2 are all part of the iron regulon (Yamaguchi-Iwai et al, 1995; Waters and Eide, 2002; Jensen et al, 2002). The yeast iron r...
	In the non-reductive pathway, yeast cells utilize siderophore-bound iron. Siderophores are low molecular-weight compounds which can dissolve insoluble ferric ions via chelation to a soluble Fe3+ compound (Neilands, 1995). S. cerevisiae does not synthe...
	Vacuolar Iron Storage
	As mentioned above, yeast cells induce changes in iron transporter pathways, iron storage systems and iron-sulfur biosynthesis in response to cellular iron levels. In high iron conditions, yeast cells utilize homeostatic responses, including down-regu...
	It is believed, in the present paradigm, that the production of reactive oxygen species generated from high cellular iron concentration is the major cause of iron toxicity. However, recent work has shown that, in the anaerobic condition, iron is still...
	Zinc Homeostasis and Zinc Deficiency
	Zinc is another essential trace element in all organisms. Many enzymes and proteins, including the zinc-finger proteins, zinc-binding transcriptional factors and RNA polymerases, require zinc as an important cofactor for their cellular function and st...
	Zinc Uptake
	In Saccharomyces cerevisiae, zinc uptake is the major mechanism for maintaining cellular zinc homeostasis. In yeast, high-affinity and low-affinity zinc transporters can mediate zinc uptake in the plasma membrane. ZRT1 and ZRT2 genes encode Zn2+ speci...
	As with the regulation of iron uptake systems, zinc transporters are regulated at both the transcriptional and post-translational levels (Zhao and Eide, 1997; Lyons et al, 2000; Gitan et al, 1998; Gitan and Eide, 2000).
	When extracellular zinc is limited, the expression of ZRT1, ZRT2 and FET4 is induced by Zap1 transcriptional factor in order to increase zinc uptake (Zhao and Eide, 1997; Lyons et al, 2000). Zap1 is a metalloprotein and can act as a transcriptional ac...
	On the other hand, when cellular zinc concentration is high, zinc atoms can bind to AD1 and AD2 domains and inhibit the ability of Zap1 to activate transcription (Bird et al, 2000; Herbig et al, 2005; Bird et al, 2003). Therefore, Zap1 can function as...
	Vacuolar Zinc Storage
	Another cellular mechanism yeast cells utilize to maintain zinc homeostasis is zinc storage in the vacuole. As with iron, an excess of zinc can be stored in the vacuole for later use. Zinc transporters are localized in the vacuolar membrane to transpo...
	In addition to its role in up-regulating vacuolar zinc storage in zinc-replete conditions, Zrc1 also plays an important role in zinc shock tolerance during zinc starvation. When cytosolic zinc levels are low, cells induce expression of zinc transporte...
	Cellular Responses to Zinc Deficiency
	Many important cellular proteins and enzymes rely heavily on zinc atoms for their catalytic and structural functions. When intracellular zinc concentration is not sufficient for normal cellular functions, cells can initiate several homeostatic respons...
	Several studies have shown that, in mammalian cells, zinc deficiency can lead to oxidative stress (Powell, 2000). Recent study has confirmed that yeast cells experience more oxidative stress during zinc-limited conditions (Wu et al, 2007). One mechani...
	Over the last decade, our understanding of zinc deficiency in yeast and other organisms has advanced significantly. Many studies have uncovered novel cellular mechanisms in response to zinc deficiency and provided new insights into zinc homeostasis wi...
	Contribution Of My Studies To Metal Homeostasis In Saccharomyces cerevisiae
	The Novel Role of Sphingolipid in Iron Toxicity
	As mentioned above, under anaerobic conditions, iron is still toxic to yeast cells and that there is no induction of antioxidant transcripts in high iron conditions (Lin et al, 2011). This suggests that oxidative damage resulting from reactive oxygen ...
	We found that a higher level of sphingolipids intermediates was observed in yeast cells grown in high iron conditions. In addition, by over-expressing Orm1/2 or by the use of myriocin, a potent inhibitor of serine palmitoyltransferase, yeast cells bec...
	Vacuolar Autophagy of RNAPI in Response to Zinc Deficiency
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