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In the yeast Saccharomyces cerevisiae, a family of genes was identified by DNA 

microarrays. These genes were called IZH1-4 (Implicated in Zinc Homeostasis) because their 

expression was dependent on the zinc concentration in the cell. The IZH genes encode membrane 

proteins with seven transmembrane spanning domains and three highly conserved motifs. 

Muliple sequence alignments revealed that the IZH gene products (Izhs) belong to a large and 

ubiquitous family of proteins that includes the progestin and adiponetin receptors (PAQRs). 

Eleven members of this protein family have been identified in vertebrates, and homologues can 

be found in species ranging from bacteria to humans. The human PAQRs have started to capture 

the attention of researchers due to their implication in the development of diseases like obesity 

and type 2 diabetes. Sequence alignment has also indicated that Izh proteins share distant 

similarity with the yeast alkaline ceramidases Ypc1p and Ydc1p, two enzymes involved in the 

sphingolipid metabolic pathway.  

A first approach to the characterization and elucidation of the role(s) for IZHs is presented. 

First of all, IZH2 is shown to be induced under zinc deficiency via the zinc sensor Zap1p. 

Furthermore, the IZH2 gene and its homolog IZH4 respond to excess of zinc, cobalt, and nickel, 

as well as to iron deficiency via the hypoxic transcription factor Mga2p. Interestingly, when 
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expressed in media replete in iron and zinc, the Izh2 protein (Izh2p) seems to be ubiquitinated. 

However, in a medium deficient in iron or zinc Izh2p does not appear to be ubiquitinated. 

On the other hand, different lines of evidence are presented that indicate that IZHs are also 

implicated in lipid metabolism. In this regard, we initially show that IZH1, and IZH4, are slightly 

inducted by the fatty acid palmitate, whereas IZH3 is induced by oleate. Interestingly, IZH2 is 

highly induced by myristateat the transcriptional and post-translational levels.  

Other lines of evidence suggesting a potential involment of the IZHs in lipid metabolism 

come from the observation that mutation of the IZH3 gene produces a nystatin resistant 

phenotype. Nystatin is an antifungal that interacts with ergosterol in the yeast plasma membrane. 

Sterol analysis indicates that izh3Δ mutant presents alterations in the sterol composition. 

Specifically, we demonstrate that izh3Δ has lower levels of free ergosterol than a wild type 

strain, thus suggesting a role for IZH3 in the sterol metabolic pathway. 

Despite the distant similarity with alkaline ceramidases, we could not demonstrate that Izhs 

function as ceramidases per se; however when overexpressed, the Izhs induced the synthesis of 

free sphingoid bases. Furtheremore, we show preliminary data indicating that the overexpression 

of Izhs can result in the de novo sphingolipid biosynthesis. 

Finally, strong evidence is presented indicating that Izh2p and Izh3p are plasma membrane 

proteins that are associated with microdomains formed by sterols and sphingolipids called lipid 

rafts. This result not only supports our hypothesis that Izhs are membrane receptors, but also it 

opens new and exciting avenues regarding the role of these proteins in lipid metabolism.  
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CHAPTER 1 
INTRODUCTION  

Zinc Homeostasis  

Zinc is an essential metal for growth and metabolism of yeast and higher eukaryotes (Wu 

et al., 2006). Zinc is also an important catalytic cofactor for more than 300 enzymes and a 

structural component of many proteins (Taylor et al., 2003; Wu et al., 2006). Because the 

importance of zinc for cells, a variety of disorders have been attributed to alterations in the zinc 

content. For instance, zinc deficiency is associated with impaired cell division and 

differentiation, retarded growth, dysfunction of the immune system, anemia, and defects in 

appetite among others (MacDiarmid et al., 2000; Wu et al., 2006). Zinc deficiency is also 

associated with increased levels of lipid and protein oxidation as well as oxidative DNA damage 

(Keen et al., 1989; Oteiza et al., 1995). In this regard, zinc deficiency represents a high risk 

factor for cancer, and other human diseases (Ho, 2004). Notwithstanding the deleterious effects 

of zinc deficiency to cells, excess of zinc is also toxic (Koh et al., 1996). Therefore, organisms 

have evolved with intricate mechanisms that regulate the appropriate acquisition, 

compartmentalization, and storage of zinc by the cell (zinc homeostasis).  

Most of the progress in the understanding of zinc homeostasis at the molecular level, 

comes from pioneering studies performed by David Eide, and coworkers in the budding yeast 

Saccharomyces cerevisiae. Their findings have started to uncover the mysteries of subcellular 

distribution of zinc and have revealed that zinc homeostasis is remarkably more complex than 

was originally described.  

A central component of metal ion homeostasis systems is the regulation of the ion flow 

across lipid membranes. In this regard, lipids serve as barriers to the diffusion of charged and 

hydrophobic particles. Compounds and small peptides that bind tightly to zinc may partially 
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shield the charge and act to ferry the ion across membranes. In eukaryotes, metal ion transport is 

mediated by different families. One of them is named the ZIP family (so called for being ‘Zrt-, 

Irt- like proteins) because their members play prominent roles in transporting zinc and iron from 

outside the cell to the cytoplasm (Gaither and Eide, 2001). ZIP transporters have also been found 

to mobilize stored zinc by transporting the metal from within an intracellular compartment into 

the cytoplasm. A second group of transporters, the CDF family (Cation Diffusion Facilitator), 

transports zinc in the direction opposite to that of the ZIP proteins, promoting zinc efflux or 

compartmentalization, by pumping zinc from the cytoplasm out of the cells, or into the lumen of 

an organelle. In yeast, several members of the ZIP family have been identified. For instance 

Zrt1p and Zrt2p are encoded by ZRT1 (Zhao and Eide, 1996a), and ZRT2 genes (Zhao and Eide, 

1996b) (Zinc Regulated Transporter 1 and 2 respectively) and constitute the high, and low 

affinity zinc uptake systems, respectively. Other characterized members of this family Zip1-

Zip4, and Irt1 of the plant Arabidopsis thaliana, transport zinc (and in the case of Irt1p, iron and 

manganese) across the membranes of plant cells (Eide et al., 1996).  

In S. cerevisiae, zinc uptake is controlled at transcriptional level in response to intracellular 

zinc levels. For example, transcription of ZRT1and ZRT2 is highly induced in zinc-limited cells. 

Regulation of these genes in response to zinc is mediated by the transcription factor Zap1p (Zhao 

and Eide, 1997). Zap1p (Zinc activator protein) not only regulates the transcription of ZRT1 and 

ZRT2 but also, its own transcription (Gaither and Eide, 2001).  

How does Zap1p activate transcription? Studies conducted by Eide and co-workers have 

indicated that under zinc deficiency, Zap1p binds to a consensus sequence of 11 bp 

(ACCTTNAAGGT), called ZRE (Zinc Responsive Element), in the promoter region of Zap1p-
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target genes (Zhao et al., 1998) (Figure 1-1). The transcriptional regulatory effect of Zap1p is 

repressed in zinc-replete cells (e.g. 10 μM ZnCl2). 

The Budding Yeast Saccharomyces cerevisiae as a Model System  

Saccharomyces cerevisiae is a unicellular and non-pathogenic eukaryote whose genome 

was completely sequenced in 1996. Because it is a close relative of pathogenic fungi such as 

Candida albicans and Candida glabrata (Figure 1-3), and the fact that it shares many 

homologous genes with higher eukaryotes, this microorganism is a powerful tool to study 

biochemical events that can further be extrapolated to more sophisticated and evolved systems. 

In this regard, yeast combines a well-described biochemistry and ease of genetic 

experimentation. These, characteristics are very useful for mapping out complex signal 

transduction pathways (Chung and Obeid, 1999). Furthermore, metabolic pathways that are 

poorly understood in higher eukaryotes, including mammals, are more easily understood as a 

result of studies performed in S. cerevisiae  

Identification of IZHs on the Saccharomyces cerevisiae Genome  

The fact that single and multiple deletions of the zinc transporter genes ZRT1, ZRT2, and 

ZRT3 were not lethal for the cells, suggets, at first glance, that these genes are not essential for 

cell viability, and suggests the presence of other genes with overlapping functions. 

Because the above mentioned genes are Zap1p target genes, the ZAP1 regulon was screened by 

DNA microarrays in order to identify new Zap1p-target genes (Lyons et al., 2000). The results of 

this study revealed 46 new genes as potential Zap1p targets. Two of these genes, YDR492w and 

YOL002c contain a putative ZRE consensus sequence in their promoters and were highly 

expressed under zinc-limitation via Zap1p (Lyons et al., 2000; Lyons et al., 2004). YOL002c, 

and a third homologous gene YOL101c, were induced by high levels of zinc, (Lyons et al., 

2004). A fourth homolog YLR023c, discoved by sequence alignments, revealed phenotypic 
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effects on zinc tolerance (Lyons et al., 2004). Due to their transcriptional metalloregulation, zinc 

related phenotypes, and highly conserved motifs containing potential metal-binding residues, this 

novel family of genes was renamed like the IZH family (Implicated in Zinc Homeostasis), and its 

members were named as follows. IZH1 (YDR492w), IZH2 (YOL002c), IZH3 (YLR023c), and 

IZH4 (YOL101c) (Lyons et al., 2004).  

Regulatory Sequences Surrounding the IZH Genes 

In the promoter regions of some of the IZHs, a group of regulatory sequences have been 

identified by using RSA-TOOLS (http://rsat.ulb.ac.be/rsat) (Hertz et al., 1999). First of all, the 

promoter regions of IZH1 and IZH2 have a zinc responsive element sequence (ZRE) (Figure 1-4 

A and B, respectively). 

On the other hand, IZH2 and IZH4 have in their promoter regions a putative low oxygen 

response element (LORE), (Figure 1-4 B and C, respectively). Under hypoxia (low oxygen) or 

conditions that mimic hypoxia such as excess of cobalt and nickel, the transcription factor 

Mga2p regulates the transcription of target genes via the LORE. It has been proposed that the 

mentioned transition metals may disrupt the production of reactive oxygen species which may be 

important signaling molecules in the oxygen response pathway (Huang et al., 1996). Lyons et al 

2004, demonstrated that not only cobalt and nickel, but also excess of zinc can mimic hypoxia 

and induce the transcription of IZH2 and IZH4. Therefore, these two genes have been proposed 

to be part of the hypoxic response (Lyons et al., 2004). 

Another speculative regulatory element known as Oleate Response Element (ORE) has 

been detected in the promoter region of IZH1, IZH2 and IZH4 (Lyons et al., 2004) (Figure 1-4 A, 

B, and C, repectively). It has been found that in the presence of fatty acids like oleate, the 

transcription factors Oaf1p and Pip2p form a heterodimer that binds to the ORE consensus 

sequence in the promoter of target genes (Einerhand et al., 1993).  

http://rsat.ulb.ac.be/rsat�
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The binding of Oaf1p and Pip2p to ORE is the proposed mechanism by which both 

transcription factors regulate the fatty-acid dependent gene activation (Karpichev et al., 1997; 

Kapichev and Small, 1998). Interestingly, despite the presence of ORE in the promoter region of 

IZH2, this gene is transcriptionally regulated by exogenous myristate (a saturated fatty acid of a 

carbon chain of 14 carbons, C14:0) (Karpichev et al., 2002; Lyons et al., 2004). In this regard, 

the results shown in this dissertation contribute to expand our knowledge with the finding that 

IZH1, IZH3, and IZH4 are also regulated by fatty acids at transcriptional level. The presence of 

different regulatory elements in the promoter regions of the IZH suggests, at first glance, a dual 

role for these genes in metal ion homeostasis and lipid metabolic pathways. 

The IZH Gene Family Encodes Membrane Proteins  

The IZH gene family encodes membrane proteins with predicted seven transmembrane 

spanning domains (7TMs), and highly conserved motifs (Figures 1-5 and 1-6), which are 

summarized as follows: (i) a long motif N-terminal to TM1 that generally resembles 

PxnGYRxnNEX2Nx2T/SH; (ii) an Sx2Hx2S motif at the C-terminus of TM2; (iii) a DX9GS 

motif at the beginning of TM3; (iv) a Px2H motif in TM5 where the H residue is generally only 

conserved in higher eukaryotes; and (v) the loop between TM6 and TM7 containing PER/KxnPG 

and Hx2F/WH motifs with a conserved histidine in the middle of TM7 being most common. 

Furthermore, IZHs encode proteins that belong to the ubiquitous and recently discovered family 

of membrane protein receptors and named as PAQRs (Progestin and Adipo Q Receptors). 

Multiple sequence alignments (Figure 1-6) (Lyons et al., 2004), as well as phylogentic analysis 

(Figure 1-7) performed for the four yeast proteins, revealed a high similarity between these 

proteins and the PAQRs. Like the Izhs, PAQR genes encode proteins with seven transmembrane 

domain proteins.The topology model presented in Figure 1-5 has been confirmed for the yeast 

Izh2p and Izh4p (Kim et al., 2003), as well as the human PAQR1 and PAQR2 (Zhu et al., 2003). 
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.Because Izhs are membrane proteins with seven transmembrane domains, it has been we 

have proposed that the Izhs are membrane receptors. Interetingly, phylogenetic analysis has 

revealed that some members of the Izhp family such as Izh1p, Izh2p, and Izh3p have 

homologous proteins in other fungi, some of which are very pathogenic (Figure 1-3). Since S. 

cerevisiae is a non-pathogenic fungus, investigating the role of these proteins can shed light into 

the mode of action of pathogenic fungi. 

The PAQR Family of Proteins 

Even though PAQRs are widely dispersed throughout eubacteria and ubiquitous in 

eukaryotes, very little is known about PAQR genes from any of these organisms. In fact, the first 

published characterization of a member of the PAQR protein family was of a protein cloned 

from the opportunistic pathogen Bacillus cereus. This protein, when expressed in E. coli, 

conferred hemolytic activity onto the host strain, and therefore, it was named hemolysin III, 

(Hly3) (Baida and Kuzmin, 1995). A subsequent study suggested that Hly3 was capable of 

inducing large pores in erythrocyte membranes on the order of 30-35 Å, in diameter (Baida and 

Kuzmi, 1996). Rehli et al., 1995 reported that the gene PAQR11 was highly induced during 

differentiation of human macrophages from monocytes. The gene product, PAQR11, was 

postulated to function as a receptor based on the fact that, like G-protein coupled receptors, it has 

seven predicted transmembrane domains. However, no sequence similarity with known G-

protein coupled receptors was found (Rehli et al., 1995). The next relevant published finding was 

the discovery of a PAQR-like gene in the α-proteobacterium Azospirillum brasilense. In this 

case, the PAQR encodes a chimeric protein that consists of an N-terminal Hly3-like domain 

fused to a C-terminal domain that is identical to the CheA hisidine kinase involved in chemotaxis 

(Hauwaerts et al., 2002).  
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In humans, the PAQR family of genes encodes membrane protein receptors, which 

mediate hormonal signaling (Hsieh et al., 2005). For example, PAQR1 and PAQR2 (also called 

AdipoR1, and AdipoR2, respectively) function as receptors for the insulin-sensitizing hormone 

adiponectin (AdipoQ), (Yamuchi et al., 2003a). Adiponectin is an adipocyte-derived 

proteinaceous hormone related to tumor necrosis factor (Shapiro and Scherer, 1998) that acts as 

an anti-diabetic and ant-atherogenic adipokine by enhancing insulin sensitivity (Yamauchi et al., 

2003b). In fact low circulating levels of AdipoQ are associated with type 2 diabetes, obesity and 

coronary artery disease (Shimada et al., 2004). In a separate study the human PAQR5 (mPRγ), 

PAQR7 (mPRα), and PAQR8 (mPRβ) proteins were identified as membrane receptors for the 

hormone progesterone (Zhu et al., 2003a). These receptors transmit rapid and non-genomic 

steroid signals (Zhu et al., 2003b). Interstingly, adiponectin and steroid receptors are part of the 

same family, which remains to be mystery since they recognize hormones that are highly 

different structurally. 

Izh2 is an Osmotin Receptor Protein 

Osmotin is a secreted polypeptide found in the tobacco leaves, which is closely related to 

the natural sweetener thaumatin (Veronese et al., 2003). Both proteins belong to the PR-5 family 

of plant defensins. Unlike thaumatin, osmotin is a potent antifungal that induces apoptosis in 

Saccharomyces cerevisiae by signaling suppression of cellular stress responses via RAS2/cAMP 

(3’,5’-cyclic Adenyl Mono Phosphate) (Narasimhan et al., 2001). The antifungal activity of 

osmotin is dependent on the fungal cell wall composition (Veronesse et al., 2003). For example, 

while glycoproteins repress the osmotin action, phosphomannans enhance its toxicity (Yun et al., 

1997). In addition to this, the interation between osmotin and specific plasma membranes 

receptors, is required for the osmotin antifungal activity (Narasimhan et al., 2005). Recently, it 
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was reported that the overexpression of the yeast Izh2 protein mediated the apoptotic effects of 

osmotin via a RAS2 signaling pathway (Narasimhan et al., 2005). A possible mechanism by 

which Izh2p mediates cell death involves the interaction of osmotin with Izh2p. This interaction 

activates RAS2/cAMP pathway with the concomitant suppression of stress responses and the 

subsequent accumulation of reactive oxygen species and cell death (Narasimhan et al., 2005). 

Therefore, Izh2p has been recognized as an osmotin receptor (OsmoR). 

The IZHs and their Connection with Lipid Metabolic Pathways  

The first insight about the role of the IZHs in a pathway different from metal homeostasis 

was postulated by Karpichev et al., 2002. In that report, the YOL002c (IZH2) gene was shown to 

be highly induced in cells grown in the presence of myristate (C14:0) as the sole carbon source. 

In contrast, mutations of this gene produced defects in the growth of cells were exposed to 

myristate. This observation suggested a regulatory role for IZH2 in lipid metabolism. During 

those studies, it was also found that the mutation of IZH2 (izh2Δ) produced a resistant phenotype 

against the antibiotic nystatin. Because nystatin preferentially binds to ergosterol in the yeast 

plasma membrane (Lees et al., 1995), it was proposed that the izh2Δ mutant has alterations in 

sterol composition. Furthermore, Cherry et al., 1998 reported that the IZH3 transcription is 

induced and the IZH4 transcription is repressed by defects in the ergosterol biosynthetic 

pathway. These observations, combined with the fact that some Izhp vertebrate orthologs (e.g. 

membrane progestin receptors) function as a receptors for structurally related steroids, identify 

ergosterol metabolism as a likely biochemical pathway in which to place the IZH genes and 

consequently the Izh proteins.  

Besides sterols, the yeast membranes contain sphingolipids. In the yeast plasma 

membrane, sterols like ergosterol and sphingolipids are the main components of the detergent-
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resitant microdomains termed lipid rafts (Pike, 2003; Schnabl et al., 2004). Rafts are conceived 

as platforms that mediate the sorting of proteins, and are implicated in membrane trafficking 

pathways like endocytosis and exocytosis (Lawrens and André, 2006). Interestingly, the 

sphingolipid pathway is also directly connected with other metabolic pathways, including fatty 

acid synthesis, elongation and sterol metabolism (Sims et al., 2004). Furthermore, as mentioned 

before, multiple sequence alignments and phylogenetic analysis have also revealed that Izhs (or 

yeast PAQRs) have distant similarity to a family of yeast membrane proteins known as alkaline 

ceramidases (Figures 1-6 and 1-7).  

Ceramidases are enzymes that catalyze the deacylation of ceramides to generate sphingoid 

bases and fatty acids (Figure 1-8). Ceramide and its metabolites act as signaling molecules for 

apoptosis and proliferation. Therefore, the ceramide/sphingoid base ratio is considered to be a 

‘rheostat’ that governs these events. Three types of ceramidases have been identified and 

classified as acidic, neutral, and alkaline according to their optimum pH (Mao et al., 2000a; Mao 

et al., 2000b). Acidic ceramidase is localized in lysosomes and is primarily responsible for 

catabolism of ceramide. On the other hand, neutral and alkaline ceramidases have been 

implicated in signal transduction and cell regulation (Merrill et al., 1997; Dickson, 1998).  

Thus far, two alkaline ceramidases, Ypc1p and Ydc1p, have been cloned and characterized 

in S. cerevisiae (Mao et al., 2000a; Mao et al., 2000b). Although Ypc1p catalyzes the 

deacylation of phytoceramide to phytosphingosine, Ydc1p catalyzes the deacylation of 

dyhydroceramide to dyhydrosphingosine. In this dissertation, we have established a connection 

between IZHs and the fatty acid, sterol and sphingolipid metabolic pathways.  

Structurally, sphingolipids are defined and distinguished by the presence of a sphingoid 

base backbone. In mammalian cells, this is usually C18-sphingosine, whereas in yeast cells, this 
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sphingoid backbone is C18-phytosphingosine (Figure1-8). Other variations, in yeast include C20-

phytosphingosine, C18-dihydrosphingosine, C20-dihydrosphingosine, and a variety of other 

hydroxylated analogs of C18-phytosphingosine. Collectively, sphingosine, dihydrosphingosine, 

phytosphingosine, and related long-chain amino bases are also termed as sphingoid bases. The 

next building block in the sphingolipid structure is ceramide, (or phytoceramide in yeast). 

Ceramide is derived from sphingosine by the acylation at the 2-amino position by a fatty acid of 

varied carbon chain length; with C26 being the most abundant fatty acid found in yeast 

ceramides. Ceramide is the backbone of more complex sphingolipids. S. cerevisiae has three 

complex sphingolipids, inositol phosphoceramide (IPC), manosylinositol phosphoceramide 

(MIPC) and manosyl di-inositolphosphoceramide (M(IP)2C) (Figure1-8). Ceramide is at the 

center of the sphingolipid pathway regulating the synthesis of various sphingolipids. In addition 

to this, ceramide is considered the point where animal and fungal sphingolipid biosynthesis 

begins to diverge.  

Summation 

This research entails the study of the IZH family of genes in the yeast Saccharomyces 

cerevisiae. Investigating the role(s) of this family of genes has been one of our main aims. Based 

on our observations, we propose that IZHs have a dual role in metal and lipid metabolic 

pathways. Different lines of evidence that support these hypotheses are addressed and discussed 

herein. In Chapter 2, we show the transcriptional and post-translational responses of some of the 

IZHs by several metals such as zinc, iron, cobalt and nickel. In Chapter 3 we demonstrate that the 

expression of some of the IZH genes and proteins are also regulated by exogenous fatty acids at 

transcriptional and translational levels, respectively. Genetic and biochemical studies suggest 

that IZHs can also be implicated in the sterol metabolic pathway (Chapter 4) as well as in the 

sphingoilid pathway (Chapter 5). In Chapter 6, the localization of the proteins Izh2p and Izh3p in 
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plasma membrane and in the detergent-resistant microdomains termed lipid rafts supports our 

hypothesis that some members of the Izh family are implicated in metabolic pathways such as 

sterols and sphingolipids. This investigation is just the starting point to understand more 

complicated metabolic pathways in higher eukaryotes. 

In this dissertation, and according to the yeast nomenclature, a gene is reprented by IZH. A 

protein encoded by the IZH gene is called Izhp, or Izh protein. A single mutation of the IZH gene 

is referred to as izhΔ or simply izh, and a wild type strain is in some cases represented like WT. 
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Figure 1-1.  Zap1p activation is zinc dependent.  Under zinc depletion, Zap1p binds to a zinc 

response element (ZRE) consensus sequence in the promoter region of target genes 
inducing their expression. 

 

 
Figure 1-2.  A common budding yeast Saccharomyces cerevisiae cell, and some of the most 

important and well characterized zinc transporters.  
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Figure 1-3.  Phylogentic analysis of the Izhp family and its closer and more distant homologues 

in yeast. 
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Figure 1-4.  Regulatory elements surrounding IZH1, IZH2 and IZH4 genes suggest dual role in 

metal and lipid metabolism.  In the figure, ZRE stands for zinc responsive element, 
LORE is the low oxygen response element, and ORE is oleate response element. 

 

 
 
Figure 1-5.  Predicted topology for the Izhp family.  Izh are membrane proteins with seven 

transmembrane spanning domains and four highly conserved motifs facing the 
cytoplasm (black circles in the figure).  The C-terminus is proposed to be outside 
whereas the N-terminus is inside the cell, specifically in the cytoplasm.  
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Figure 1-6.  Sequence alignment of important conserved regions in PAQRs, hemolysins and 

ceramidases.  The alignment was performed using CLUXTALX.  Predicted 
transmembrane segments (TMs) are indicated by solid bars.  Highly conserved 
regions are highlighted in grey. 

 

 
 
Figure 1-7.  Phylogentic showing the Izhp family, its closer and more distant homologues in 

yeast, and other organisms. 
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Figure 1-8.  The Sphingolipid biosynthetic pathway in the yeast Saccharomyces cerevisiae.  
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CHAPTER 2 
METALLOREGULATION OF IZHS  

Introduction  

Elucidating the role of genes of unknown function is sometimes a difficult task; especially 

if very few precedents exist that mark the route to follow. This chapter constitutes a first 

approach to determine the role of a group of genes of unknown function termed IZHs. 

The catalyst for this chapter were pioneering studies conducted by David Eide and co-

workers, in the yeast S. cerevisiae, which revealed the existence of a complex system, 

orchestrated by different gene products that regulate the homeostasis of zinc and iron in the cell. 

Part of this system includes the IZH family of proteins (Lyons et al., 2000). Two members of the 

IZH family, IZH1 and IZH2, were found to be highly induced under zinc deficiency via the 

transcription factor Zap1p. Interestingly, the expression of IZH2 and its homologue IZH4 was 

induced by excess of zinc in a Zap1p-independent manner. 

Overall, the results presented contribute to our understandings about metalloreuglation in 

the yeast S. cerevisiae. The fact that IZH2 is positively affected by two opposite effects (zinc 

deprivation, and excess of zinc), opened the possibility to explore new avenues in which the 

IZHs could function. In fact, excess zinc, cobalt and nickel, as well as iron chelation, can 

modulate the expression of genes via the hypoxia sensor Mga2p (Lyons et al., 2004; 

Vasconcelles et al., 2001). As mentioned in Chapter 1, under hypoxia (low oxygen), or in the 

presence of toxic metals, the transcription factor Mga2p is believed to bind a low oxygen 

responsive element (LORE) in the promoter regions of Mga2p-target genes. The presence of 

putative LOREs in the promoter regions of IZH2 and IZH4 led us to speculate that these two 

genes can be Mga2p-target genes. With this in mind, evidence supporting the regulatory effect 

exerted by certain transition metals on the transcriptional response of IZH2 and IZH4 is 
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presented. Additionally, we show that the response of IZH2 to metals like zinc and iron also 

occurs at post-translational level, and that such a response is dependent on the cellular metal 

status. 

We confirm that the transcriptional response of IZH2 under zinc deficiency is Zap1-

dependent, and that IZH2 is a Zap1p-target gene (Lyons et al., 2004). Also, we show that IZH2 

and IZH4 are Mga1p-target genes (Lyons et al., 2004).  

Besides the effect exerted by certain metals on the transcriptional activation of IZH2, we 

show that zinc and iron regulate the accumulation of the Izh2 protein. Indeed, under zinc or iron 

deficiency, the expression of Izh2p was strongly observed. By contrast, growth in a medium 

replete in either iron or zinc decreases the expression of the Izh2 protein. Furthermore, we 

present evidence suggesting that Izh2p seems to be ubiquitinated in medium that is iron or zinc-

replete. 

Taken together, the results presented in this chapter constitute a pivotal piece of evidence 

implicating two members of the IZH family in metalloregulation. Furthermore, our results match 

with the idea that in some cases, transcriptional and translational responses are directly related. 

Materials and Methods  

Yeast Strains and Plasmids  

The yeast strains used in this study are listed in Table 2-1. Those strains were obtained 

from two different sources, (i) EUROSCARF ( http://web.uni-frankfurt.de/fb15/mikro/euroscarf) 

and (ii) from Dr. David Eide yeast collection (eided@missouri.edu).The IZH promoters were 

fused to a lacZ reporter gene as follows. PCR-amplified genomic fragments from approximately 

1,000 bp upstream to ATG were inserted by homologous recombination, into the episomal 

YEp353 vector, and between the EcoRI and BamHI sites (Lyons et al., 2000). Resultant IZH-

lacZ promoter reporter fusions were used to perform β-galactosidase assays.  

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_plusSign=%2B&_targetURL=http%253A%252F%252Fweb.uni-frankfurt.de%252Ffb15%252Fmikro%252Feuroscarf�
mailto:eided@missouri.edu�
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For protein expression, the C-terminus of the Izh2p was tagged with the triple 

hemagglutinin epitope (3xHA). The HA-epitope tag is a peptide from human influenza 

hemagglutinin protein, which has the amino acid sequence, YPYDVPDYA (Mo et al., 2001). 

The tagged construct was generated by Dr. Thomas Lyons, according to published procedures 

(MacDiarmid et al., 2002). Briefly, the ZRC1 promoter and open reading frame in the 

YCpZRC1-3xHA plasmid were exchanged with those of IZH2. This was accomplished by gap 

repair of Age 1-digested YCpZRC1-HA to generate the pIZH2-3xHA. This construct has the 

IZH2 gene driven by its native promoter and retains the ZRC1 terminator sequence. To provide a 

galactose inducible construct, the native IZH2 promoter was exchanged with the GAL1 promoter 

using gap repair of pIZH2-3xHA plasmids previously cut with EcoR1. The resultant pIZH2-

3xHA plasmid contained the GAL1 promoter to drive protein overproduction. In both cases, the 

tagged or untagged protein is overexpressed using the galactose inducible promoter (GAL1). 

Yeast Media 

In this chapter, β-galactosidase assays and protein expression were performed using 

different types of media, which are briefly described as follows. While all the β-gaslactosidase 

assays were performed in a medium that uses glucose as a carbon source, protein expression was 

carried out in either a growth medium supplemeted with glucose or galactose. Synthetic medium 

supplemented with either glucose (also called dextrose), or galactose, as a carbon source (SD or 

SGal, respectively) was used as a medium that contains all metals. To limit either zinc, or iron 

availability, or both, chelexed synthetic medium supplemted with either dextrose (CSD) or 

galactose (CSGal) was used according to Lyons et al., 2004. Finally, to fully limit availability of 

iron, low iron medium (LIM) was used according to Kupchak et al., 2007. LIM was supplementd 

with an aprropriated carbon source. 
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Each growth medium was prepared as follows (Apendix A for more details). One liter (1 

L) of synthetic medium was prepared by dissolving 1.7 g Yeast Nitrogen Base (YNB) without 

amino acids and ammonium sulfate (Fisher). This medium was then supplemented with 5 g of 

ammonium sulfate (Fisher), 2% alpha (+) glucose (99%, anhydrous), or 2% D (+) galactose 

(Across-Organics), and 0.01% of appropriate amino acids (Sigma). For β-galactosidase assays 

under excess of metals like zinc, cobalt, and nickel; synthetic medium (SD medium) was 

supplemented with ZnCl2 to a final concentration of 3 mM (excess), whereas CoCl2 and NiCl2 

were added to a final concentration of 400 μM. 

One liter of CSD medium was prepared by dissolving, 20 g of dextrose, 5.1 g of YNB 

without divalent cations, amino acids, ammonium sulfate, and phosphates (Qbiogene), and 0.1 g 

of appropriate amino acids, into sterile nano-pure water. Chelex-100 ion exchange resin (25 g) 

from Sigma was added, and the culture was stirred overnight at 4oC. After removal of the resin, 

the pH was adjusted to 4.0 with HCl, and the following were added to recommended final 

concentration: MnSO4, CuSO4, CaCl2, MgSO4, and KPO4 monobasic (Appendix A, for details), 

nano-pure water was added to 1 L. This medium is devoid of iron or zinc. To generate medium 

that is replete in these metals either zinc or iron was added back to CSD to a final concentration 

of 10 μM (repletion). The solution was then filter-sterilized into polycarbonate flasks. Before 

being used, all plastic used for CSD media preparation and cell culturing was washed with 

Acationox detergent (Baxter Scientific Products, McGaw Park, IL).  

One liter of LIM was prepared by dissolving, 1.7 g of YNB without amino acids and 

ammonium sulfate (Fisher), 20 g of glucose (or galactose) (Acros Organics), 20 mL 1.0 M 

sodium citrate (pH 4.2), and 5 g of ammonium sulfate. This medium was then supplemented with 

0.1 g of appropriate amino acids, as well as 1.0 mM EDTA, at pH 8.0. MnCl2 was added back to 
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LIM to a final concentration of 20 μM, and ZnSO4 was added to a final concentration of 0.8 

μg/mL (or 5 μM). Iron deficiency and iron repletion were generated by adding either, 1 μM or 1 

mM FeCl3, respectively. The solution was then filter sterilized into polycarbonate flasks.  

Yeast Transformations and Assays 

Yeast transformations were performed to introduce plasmids into appropriate strains. To 

do this, single colonies of each strain were grown for 1 overnight (e.g. 12-18 h) in 1X YPD to 

saturation. Aliquots of the overnights were inoculated in fresh 1X-YPD and grown to OD600 of 

1.0 to subsequently being used for yeast transformations. Yeast transformations were performed 

by using standard procedures and using the lithium acetate method (Gietz and Woods, 1994) 

(Appendix B). 

Promoter reporter activities were measured by using β-galactosidase assays, which are 

spectrophotometric assays. In this type of assays the enzyme β-galactosidase, which is encoded 

by the Escherichia coli lacZ gene hydrolyzes the synthetic chromogenic substrate o-nitrophenyl-

β-D-galactopyranoside (ONPG), generating o-nitrophenol, which is yellow in aqueous solution. 

The course of this reaction is followed by monitoring absorbance at 420 nm (Lederberg, 1950). 

For yeast, the β-galactosidase assay is performed by permeabilizing the cells with 0.1% sodium 

dodecylsulfate (SDS) and chloroform (1:1, v/v), and then by suspending the cells in β-

galactosidase assay buffer, pH 7.0. After incubation with ONPG for a period of time, the reaction 

is terminated with a solution of 1 M Na2CO3 and the OD420 is measured.  

Before each assay, cells were inoculated from overnight cultures (OD600 = 3-4) into the 

appropriate media to an initial OD600 of 0.1. Cells were grown at 30oC to mid-log phase (OD600 

of 0.5). β-galactosidase activity was assayed as described by Guarente et al., 1983, and is 

expressed in Miller units. The activity was calculated as follows: (A420 x 1000) / min x mL of 



 

36 

culture used x culture A600). Results for experiments are reported are the product of three 

independent samples; each experiment was done in triplicate.  

Preparation of Microsomes  

Microsomes were prepared according to the procedures described by Gable et al., 2000; 

Mo et al., 2002 with some minor modifications as follows. Cells in early exponential phase of 

growth (OD600 of 0.8) were centrifuged for 5 min, at 3,000 rpm and 4oC. Pellets were washed 

twice with sterile cold water, and re-suspended at 2 mL/g wet cell weight in mitochondrial 

isolation buffer (MIB), which is composed of 0.6 M mannitol, 20.0 mM HEPES-KOH, pH 7.4, 

1.0 mM EDTA, pH 7.5, and the protease inhibitors, 1.0 mM phenylmethylsulfonyl fluoride 

(PMSF), and 2 μg/mL of pepstatin A (Sigma) was prepared according to published procedures 

(Gitan and Eide, 2000). Glass beads (acid-washed glass beads, from Sigma) were added to just 

below the meniscus (approximately 250 μL), and cells were lysated by six cycles (1 min each 

time) of vortexing with cooling on ice (1 min) between each cycle. Unbroken cells, beads, and 

debris were removed by centrifugation at 3,000 X g, 4oC, for 10 min. The low speed supernatant 

was then ultra-centrifuged at 130,000 X g (45,000 rpm), for 90 min using a Beckman 75 Ti rotor, 

to provide the microsomal pellet. Microsomal pellet, which is enriched in membrane proteins, 

was then resuspended in 200 μL MIB buffer supplemented with 15% glycerol. 

Western Blot Analysis of Protein Expression 

Protein concentration was determined by the BCATM protein assay (Pierce) using bovine 

serum albumin (BSA) as standard. Samples were suspended to 1 mg/mL in 1X SDS-PAGE 

loading buffer, prepared by mixing 0.0625 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-

mercaptoethanol, 0.001% bromophenol blue, and sterile water. Protein suspensions were warmed 

at 37oC for 30 min followed by centrifugation at 12,000 rpm during 50 sec. Equal concentrations 
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of protein (22 μg per lane) were loaded onto a 10% SDS-PAGE gel followed by Western blot 

analysis.  

Western blot was performed following standard procedures (Sambrook and Russell, 2001) 

as follows. After separation in an SDS-PAGE gel, proteins were transferred to a polyvinylidene 

fluoride membrane (PVDF) (from Millipore) at 80 volts, 4oC, and during 1 h using a tank 

transfer chamber (Bio Rad). Blots were then washed three times, 5 min each time with 1X Tris-

Buffered Saline solution, (TBS), pH 7.4, (TBS is 20 mM Tris-base, 500 mM NaCl, pH 7.4) 

supplemented with 0.05% Tween 20 (Fisher), followed by blocking in 1X TBS-Tween 20, 

supplemented with 5% nonfat milk, for 1 overnight, at 4oC and with constant agitation.  

For detecting Izh2p-3xHA, blots were probed for 2 h, with the primary antibody rabbit 

polyclonal IgG anti-HA at a dilution of 1/500 (HA-probe (Y-11): sc-805, from Santa Cruz). 

After washing three times (5 min each time) with 1X TBS-Tween 20, blots were probed for 1 hr 

at room temperature with the secondary antibody, horseradish peroxidase-conjugate goat anti-

rabbit IgG obtained from Santa Cruz (at a dilution of 1/10000, v/v). The bound antibodies were 

detected by the ECL Western blotting detection system and using the super signal west pico 

chemiluminescence kit (Pierce), and exposing a CL-XPsureTM film (Pierce).  

Immunoprecipitation of Izh2p and Western Blot Analysis 

The microsomes were solubilized at 1 mg/mL with 2 mM sucrose monolaurate, > 97% 

TLC grade, (Fluka) for 20 min at room temperature. After centrifugation at 33,500 rpm for 30 

min in a 75 Ti rotor (Beckman Coulter), the supernatant (containing the solubilized microsomes) 

was collected. Soluble microsomes (100 μL) were incubated with 20 μL of mouse monoclonal 

IgG anti-HA with agarose beads-conjugate [HA-probe (F-7): sc7392 AC, Santa Cruz], as the 

immunoprecipitated antibody, for one overnight, at 4oC and with constant agitation. Suspension 
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was spun down at 1,000 rpm for 50 sec, and the resultant precipitates were washed three times 

with 500 μL of cold 1X Phosphate Buffered Saline (1X PBS), pH 7.4 (Fisher). Proteins were 

eluted by re-suspending in 60 μL 1X SDS-PAGE loading buffer. SDS-PAGE protein separation 

and subsequent Western blot analysis were performed in identical fashion as described in former 

section.  

To investigate the ubiquitination of Izh2p, a blot was probed with a rabbit polyclonal anti-

ubiquitin obtained from Abcam, as primary antibody (1/8000, v/v dilution), for 2 h and at room 

temperature followed by incubation with a horseradish peroxidase-conjugated goat anti-rabbit 

(sc-2004 Santa Cruz) at a dilution of 1/10000, for 1 h at room temperature, as secondary 

antibody. Blots were developed in identical fashion as described before. 

Results 

IZH2 is a Zap1p Target Gene 

IZH2 possesses a putative zinc responsive element (ZRE) in its promoter region, which has 

the sequence TCCTCTAGGGT. In a wild type strain, the IZH2-lacZ construct yielded 2-fold 

more activity under zinc deficiency than under zinc repletion (8.1 ± 0.9 vs. 3.6 ± 0.3, Figure 2-1 

A). In a zap1Δ strain, however, the induction of IZH2-lacZ under zinc deficiency was highly 

repressed, whereas a slight induction of the IZH2-lacZ activity was observed under zinc repletion 

(2.9 ± 0.0 vs. 5.2 ± 0.2) (Figure 2.1 A). Taking together, our data demonstrate that the IZH2-lacZ 

activity is induced by zinc deficiency via Zap1p. Furthermore, under zinc repletion, the IZH2-

lacZ activity is also dependent on the presence of the ZAP1 gene. From a different stand point, 

we also found that zinc deficiency causes a significant accumulation of the Izh2 protein (Figure 

2-1 B), suggesting that zinc deprivation has an post-translational effect on Izh2p. Thus, we can 

conclude that IZH2 is a bona fide Zap1p-target gene. 
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IZH2 and IZH4 Are Part of the Hypoxic Response  

To illustrate with examples those genes that can be expressed under hypoxia or conditions 

that mimic hypoxia like excess of zinc and iron deficiency, table 2-2 was generated (Lyons et al., 

2004). This table lists genes with an average induction of > 2-fold in cells exposed to 3 mM zinc 

(excess) (n=2), and includes known targets of the Mga2p hypoxia sensor, OLE1 and Ty1 

elements (Vasconcelles et al., 2001; Zhang et al., 1997; Lyons et al., 2004). The remaining genes 

are known to be induced by either low pO2 (hypoxia) (Cherry et al., 1998; Kastaniotis and 

Zitomer, 2000), or by iron deficiency via the Aft1p iron-responsive transcription factor 

(Rutherford et al., 2003). A screen for regulatory elements in the promoters of high zinc-

regulated genes by using RSA-TOOLS, generated probability-based consensus matrices that 

matched with two groups of genes. One group has promoters containing the LORE (low oxygen 

element). The promoters of the other group have the FeRE (iron responsive element). With these 

matrices, 750 bp of the promoters of all genes shown in Table 2-2 were scanned, and found that 

most of the O2-regulated promoters contained putative LOREs and that all of the Aft1p-target 

promoters contained putative FeREs. 

The IZH4 promoter contains a potential LORE sequence between -189 and -197 bp, but 

does not contain a FeRE, suggesting that it is a target of Mga2p instead of Aft1p. To address this, 

we tested the effects of mga2Δ and aft1Δ mutations for their effects on IZH4-lacZ activity. 

Figure 2-2 A, shows that although the induction of IZH4-lacZ in response to zinc was still 2-fold 

in an aft1Δ mutant, the basal levels of activity of the reporter construct was increased 5-fold.  

Figure 2-2 B confirms that the LORE-lacZ hypoxia reporter is also induced by high zinc in an 

Mga2p-dependent fashion (data generated by Brian Kupchak), as well as by aft1Δ deletion 

(recall that LORE is the low oxygen responsive element). Figure 2-2 C shows that basal and 
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zinc-inducible expression of IZH4-lacZ depends on Mga2p. In addition, other stimuli that are 

known to induce the hypoxic response in yeast, such as high Co2+ and Ni2+ (Vasconcelles et al., 

2001), also induce IZH4-lacZ. These responses are not seen in an mga2Δ strain. The IZH2 

promoter also contains a putative LORE consensus sequence between -137 and -145 bp. IZH2-

lacZ is weakly induced by Co2+ and Ni2+ in an Mga2p-dependent manner (Figure 2-2 C), (data 

generated by Lisa Regalla). As observed for LORE-lacZ (control), the increase of the IZH2-lacZ 

activity under excess of zinc is not maintained in an mga2Δ mutant, suggesting that Mga2p is 

responsible for maintaining elevated expression in high zinc (Figure 2-2 C). Since Mga2p binds 

to LORE, the promoter reporter constructs, LORE-lacZ, and OLE1-lacZ were used as positive 

controls to see the effect of cobalt on their transcriptional response. Figure 2-2 D confirms that 

these reporters are also induced by Co2+ via Mga2p.  

Regulation of IZH4 by Excess of Several Transitions Metals is only Mga2p-Dependent 

MGA2 and its paralog SPT23 show considerable sequence homology, with 43% of the 

amino acids being identical and 60% being similar (Jiang et al., 2001). Therefore, function of 

Mga2p and Spt23p is in many cases redundant (Zhang et al., 1997). In fact, Zhang et al., 1999 

reported that one of the Mga2p-target genes, OLE1 was transcriptionally activated by both 

MGA2 and SPT23 under hypoxic conditions.  

Because IZH4 was strongly regulated by excess of zinc, cobalt, and nickel via Mga2p, we 

investigated if SPT23 had the same effect as MGA2 on the transcriptional response of this gene. 

By using β-galactosidase assays, we show that although the IZH4-lacZ activity slightly decreases 

in presence of cobalt in a spt23Δ strain (39.5 ± 3.4 for WT vs. 20.9 ± 0.2 for spt23Δ), no 

significant change in the promoter reporter activity was observed under excess of zinc and nickel 

in the mutant strain (Figure 2-3). In contrast, the IZH4-lacZ activity was fully repressed in an 
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mga2Δ knockout strain under the same conditions. These results indicate that the transcriptional 

regulation of IZH4 under hypoxic mimicking-conditions is mainly dependent on Mga2p but not 

on Spt23p. 

Iron Deficiency Affects the Expression of IZH2 and IZH4  

Besides the excess of certain transition metals, iron chelation has a similar regulatory effect 

on Mga2p-target genes (Vasconcelles et al., 2001). In order to examine the effect of iron 

deficiency on the expression of IZH2 and IZH4, β-galactosidase assays were performed. To do 

so, a chelexed synthetic medium (CSD), where the iron concentration was limited to 50 nM (iron 

deficiency) or 10 μM (iron repletion) was used. Figure 2-4 A and B shows that under iron 

deficiency Mga2p is required to induce the IZH2-lacZ, IZH4-lacZ, and OLE1-lacZ activities. 

However, LORE-lacZ activity was just slightly affected under those conditions, suggesting the 

possibility of a different co-activator for Mga2p in the promoter regions of IZH2, IZH4, and 

OLE1. Interestingly, although the β-galactosidase activities under the two tested conditions are 

similar for the positive controls, the effect of iron deficiency is still more prominent than iron 

repletion. These results constitute another piece of evidence that strongly suggests that IZH2 and 

IZH4 are Mga2p-target genes. 

Since iron deficiency has a dominant effect on the transcription of IZH2, we were 

interested in investigating if the accumulation of Izh2 protein was also affected by iron 

deficiency. With this in mind, the Izh2p was expressed from the pIZH2-3xHA plasmid, in which 

the IZH2 gene is driven by its own promoter. Protein expression was performed in CSD medium 

supplemented with glucose as carbon source, deficient of iron, or supplemented with 10 μM 

FeCl3 (iron repletion). As expected, iron deficiency also induces the accumulation of Izh2p, 

(Figure 2-4 C). 
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Ubiquitination of Izh2p is Dependent on Nutritional Conditions 

We tested if Izh2p was post-translationally modified when overexpressed in low iron 

medium (LIM). To investigate this, pRS316-GAL1-IZH2-3xHA construct was used, which 

provides galactose inducible expression. Overexpression of Izh2p was carried out in replete 

media supplemented with galactose (SGal). Synthetic medium supplemented with glucose (SD) 

was used as control medium to demonstrate specificity of the band for Izh2p. In addition to this, 

LIM medium supplemented with galactose or glucose (LIMGal and LIMD, respectively) was 

also used to test the effect of iron deprivation and iron repletion, on the expression of Izh2p. 

When the Izh2p was overexpressed in synthetic complete medium, or in LIMGal containing 1 

mM FeCl3 (iron repletion), a group of bands at higher molecular weight than the one 

corresponding to the Izh2p molecular weight (36.3 KDa) was seen in the Western blot (Figure 2-

5 A, lanes 4 and 12, respectively). Interestingly, when Izh2p was overexpressed in LIMGal (1 

μM FeCl3, iron deficiency), only the band at 36.3 KDa was observed (Figure 2-5 A, lane 8). 

Initially, we speculated that those bands at higher molecular weight could be due to the 

formation of complexes between Izh2p and other proteins. Alternatively, we envisioned the 

possiblity that Izh2p is ubiquitinated in media replete of iron or other metals, and that under iron 

deprivation (1 μM FeCl3) the ubiquitination of Izh2p does not occur (Figure 2-5 A lane 8). To 

test these possibilities, we first immunoprecipitated Izh2p expressed in SGal and in LIMGal (1 

μM FeCl3). The Western blot analysis showed a band at a molecular weight between 75 KDa and 

50 KDa besides the band at 36.3 KDa (Figure 2-5 B, lane 1). To determine if the band at higher 

molecular weight was the result of Izh2p ubiquitination, another Western blot was carried out 

and an antibody against the ubiquitin protein was used to investigate ubiquitination. Ubiquitin is 

a small and highly conserved eukayotic protein with a molecular weight of about 8.5 KDa (Baker 
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and Baker, 1987; Peng et al., 2003). Interestinlgy, only the band between 75 KDa and 50 KDa 

was observed (Figure 5-2 C, lane 1), suggesting that Izh2p when overexpressed in a synthetic 

complete medium is undergoing ubiquitination.  

To explore the effect of zinc deficiency and zinc repletion on the overexpression of Izh2p, 

Western blot analysis was carried out. In this case, Izh2p was expressed in a chelexed synthetic 

medium supplemented with galactose as a carbon source (CSGal), and either no ZnCl2 (zinc 

deficiency) or10 μM ZnCl2 (zinc repletion) was added to the growth medium. Interestingly, 

similar results than those obtained with synthetic complete medium and LIMGal (1 mM FeCl3) 

were obtained (Figure 2-6, A and B). After immunoprecipitation, the band between 75 KDa and 

50 KDa was observed only when Izh2p was overexpressed in CSGal (10 μM ZnCl2) (Figure 2-6 

B). These results suggest that the overexpression of Izh2p in a medium replete of zinc also 

induces the protein ubiquitination. To confirm this, it is necessary to do a Western blot and use 

the anti-Ub antibody to see if the band between 75 KDa and 50 KDa is in fact the result of 

ubiquitination. 

Discussion 

The discovery of the IZH family, along with the discovery that the expression of IZH1 

IZH2 and IZH4 is zinc-dependent, opened the possibility that this family of genes is implicated 

in zinc homeostasis. This hypothesis was then supported with the finding that IZH1 and IZH2 

have a putative zinc responsive element (ZRE) in their promoter regions (Lyons et al., 2000) 

(Figure 1-3, panels A and B for details). The presence of a ZRE is necessary and sufficient to 

confer Zap1p-regulated expression onto a promoter (Zhao and Eide, 1996a; Zhao and Eide, 

1996b). Robust evidence is presented herein, that demonstrates that IZH2 is a bona fide Zap1p-
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target gene, and, therefore, a potential role for this gene in the metabolism of zinc is envisioned 

(Lyons et al., 2004).  

On the other hand, the fact that the IZH2 and IZH4 are induced by high zinc implies the 

existence of a transcription apparatus that is involved in the modulation of the transcriptional 

response of these two genes under excess of metals. Indeed, in the promoter regions of IZH2 and 

IZH4 a putative LORE consensus sequence was reported by Lyons et al., 2004, (Figure 1-4 

panels B and C, respectively). LORE is a low oxygen response element and the DNA binding 

site for the hypoxia sensor Mga2p (Jiang et al., 2001). Besides low pO2 (hypoxia), excess of 

metals like zinc, cobalt, or nickel, have been proven to be inducers of the hypoxic response 

(Lyons et al., 2004; Vasconcelles et al., 2001; Gong et al., 2001; Rutherford et al., 2003).  

High metals are believed to induce Mga2p by displacing iron from important sites. Not 

surprisingly low iron also induces Mga2p. Herein, we present evidence that suggests that the 

function of some of the IZHs goes beyond a role in zinc metabolism. For example IZH4, and to a 

lesser extent, IZH2, are induced under excess of Zn2+, Co2+, Ni2+, as well as by iron deficiency, 

and deletion of Aft1p, the iron-sensing transcription factor (Figure 2-2 A, B, and C). 

Interestingly, we have found that the metalloregulation of IZH2 and IZH4, under the conditions 

used, depends on the Mga2p hypoxia-responsive transcription factor, suggesting that IZH2 and 

IZH4 are Mga2p-target genes and part of the hypoxic response (results published by Lyons et al., 

2004).  

In addition to Mga2p, Spt23p, an Mga2p-related protein, was found to regulate hypoxic 

genes (Zhang et al., 1997; Nakagawa et al., 2002). In fact, studies performed by these groups 

indicated that both proteins are required for transcription of OLE1, a well known hypoxic gene. 

During the course of those studies, it was also found that, when synthesized, Spt23p and Mga2p 
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are dormant proteins anchored through their C-terminal tails on the endoplasmic reticulum or 

nuclear envelopes. Under hypoxia, both proteins are ubiquitinated with the subsequent release of 

the N-terminal transcription factor domains into the cytosol, where they transcriptionally activate 

of OLE1. Although, we tested the effect of the spt23Δ deletion in the transcriptional response of 

IZH4-lacZ, under excess of metals, we did not see any significant effect (Figure 2-3), indicating 

that the transcriptional response of IZH4 under the tested conditions is exclusively dependent on 

Mga2p.  

In Chapter 1, we mentioned that Izhs are homologous with the hemolysin 3 subfamily 

(Hly3). In the α-proteobacterium Azospirillium brasilence, Hly3 genes encode a chimeric protein 

with a Hly3-like N-terminus fused to the CheA chemotaxis histidine kinase (Hauwaerts et al., 

2002). The involvement of Hly3-CheA from A. brasilense in hypoxia sensing emphasizes the 

importance of our finding that IZH2 and IZH4 are hypoxic genes, and suggests a conservation of 

function across species. 

Even though our studies regarding transcriptional regulation provides striking information 

related to the role exerted by two the IZHs in the metabolism of metals, we were also interested 

to explore effect of iron and zinc on Izh2p accumulation. To do this, the expression of Izh2p in 

metal replete media (CSD + 10 μM ZnCl2 or FeCl3) versus media that are deficient in either zinc 

or iron (CSD - ZnCl2 or FeCl3) were investigated. Our data, indicate that Izh2p is also induced 

under deprivation of either metal (Figure 2-1 B and Figure 2-4 C, respectively), suggesting that 

the effect of zinc and iron deficiency goes beyond a simple transcriptional response. In this 

scenario, is possible that Izh2p exerts a role directly by scavenging either of these metals to 

supply the cell requirements. Alternatively, Izh2p can signal other molecules (e.g. metal 

transporters) that will directly uptake the required metal. In this regard, Kupchak et al., 2007 
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found that overexpression of IZH2 constitutively represses FET3 under iron deficiency. FET3 

encodes a high affinity iron transporter (Fet3p), which is implicated in high-affinity iron-uptake 

(Rutherford and Bird, 2004). 

Another important finding was that when Izh2p was overexpressed in a medium 

supplemented with metals and in a medium replete of iron, the protein appears to be 

ubiquitinated (Figure 2-5 A, lanes 4 and 12, B and C, lane 1). Ubiquitination is a cellular 

mechanism that mediates the sorting of proteins to the ensosomal/vacuolar pathway in response 

to nutritional signals (Pizzirusso and Chang, 2004). In this sense, it is plausible that a high 

dosage of Izh2p is the driving force for the activation of the ubiquitin pathway, which results in 

the trafficking of the protein to the vacuole for further degradation. Another posiibility is that 

since Izh2p is a membrane protein, its ubiquitination occurs to be removed from the membrane 

to further fulfill other roles within the cell.  

On the other hand, in an iron limiting medium (LIM, containing 1 μM FeCl3), Izh2p is not 

ubiquitinated, suggesting and inherent role for Izh2p under metal deprivation (Figure 2-5 A, lane 

8, and B and C, lane 3).  

Takeng together, the results presented in this chapter let us envision that Izh2p is directly 

involved in the regulation of zinc and iron homeostasis. At transcriptional level, more studies are 

required to completely understand the mechanisms by which the responses of IZH2 and IZH4 are 

mediated by metal concentrations.  
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Table 2-1.  List of strains used in Chapter 2 
Strain Mutation Source/Derivation Genotype 

BY4742 Wild type EUROSCARF MAT α; his3; leu2; ura3; lys2 

DY1457 Wild type David Eide MAT α; ade6, his3; trp1; leu2; 
ura3; can1-100c 

ZHY6 zap1 David Eide MAT α;ade6; his3; trp1;leu2; 
ura3;can1-100c  

Y15968 mga2 EUROSCARF MAT α; his3; leu2;lys2; ura3; 
YIR033w::KanMX4 

Y14869 spt23 EUROSCARF MAT a; his3; leu2;met15 ura3; 
YKL020c::KanMX4 

Y04438 aft1 EUROSCARF MAT a; his3; leu2;met15 ura3; 
YGL071w::KanMX4  
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Table 2-2.  Genes induced > 2-fold by zinc excess  
Group Gene name  Fold induction 
Induced by SSN6 deletion or 
by low oxygen 
 
 
 
 
 
 
 
 
 
 
 
 
 

IZH4* 
OLE1* 
HSP26* 
YGL039w* 
ERG3* 
PIR3 
YOR38w* 
HSP30* 
COS10* 
IZH2* 
NCE103* 
AHP1* 
YGR161c* 
HSP104* 
YOL106w† 

6.6 
3.4 
3.4 
2.9 
2.8 
2.6 
2.3 
2.3 
2.2 
2.1 
2.0 
2.0 
2.0 
2.0 
2.8 

Miscellaneous  PDR3* 
MGA2* 
UBS1 
HSP150 

2.6 
2.3 
2.1 
2.0 

Iron metabolism FIT3† 
FIT2† 
TAF1† 
TIS11† 
ENB1† 
ARN1† 
FTR1*† 

7.6 
7.2 
6.2 
3.6 
3.4 
3.0 
2.4 
 

Iron metabolism FRE1† 

SIT1† 
FET3† 
HMX1† 

2.3 
2.2 
2.0 
2.0 

Ty retrotansposons  YBL005w-A (YBLWTy1-1) 
YER138c (YERCTy1-1) 
YER160c (YERCTy1-2) 
YHR214c-B (YHRCTy1-1) 
YML045w (YMLWTy1-2) 
YBR012w-A/-B (YBRWTy1-2) 
YCL019w/20w (YCLWTy2-1) 
YJR026w/27w (YJRWTy1-1)* 
YJR028w/29w (YJRWTy1-2) 
YML039w/40w (YMLWTy1-1) 
YMR045c/46c (YMRCTy1-3)* 
YMR050c/51c (YMRCTy1-4) 

2.1 
2.2 
2.3 
2.2 
2.6 
2.2/2.2 
2.1/2.4 
2.2/2.5 
2.2/2.2 
2.2/2.6 
2.0/2.6 
2.3/2.6 

*Genes in bold have promoters containing putative regulatory elements scoring > 7.0 when using the 
LORE or FeRE matrices generated by RSA-TOOLS. *LORE-containing, †FeRE-containing 
Tables 2-1 and 2-2 were reproduced, with permission, from Lyons TJ, Villa NY, Regalla, LM, Kupchak 
BR, Vagstad A, and Eide DJ (2004) Metalloregulation of yeast steroid receptors homologs. Proc Natl 
Acad Sci USA 101: 5506-5511 (Table 2, supplemetary information, and Table 1, page 5508). 
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Figure 2-1.  Zinc regulation of IZH2.  Panel A shows that the activity of the IZH2-lacZ promoter 

reporter is increased by zinc deficiency in a Zap1p-dependent manner (black bars). 
On the other hand, the IZH2-lacZ activity is repressed under zinc repletion (10 μM 
ZnCl2) (grey bars).  Panel B is a Western blot showing that the expression of Izh2p 
under zinc deficiency is also induced. 



 

50 

 
 
Figure 2-2.  Transcriptional regulation of IZH2 and IZH4 by different metals.  Panel A shows the 

effect of aft1Δ mutation on IZH4-lacZ activity.  B, effect of zinc excess, Mga2p, and 
Aft1p on LORE-lacZ activity. In panels A and B, grey bars show activity in + zinc 
(10 μM ZnCl2), white bars show activity in + + zinc (3 mM ZnCl2).  C shows the 
Mga2p dependence of IZH4-lacZ and IZH2-lacZ activities in cells exposed to 10 μM 
ZnCl2 (grey bars), 3 mM ZnCl2 (white bars), 400 μM Co2+ (hatched bars), or 400 μM 
Ni2+ (black bars).  D, shows the effect of Mga2p + zinc (10 μM ZnCl2, grey bars), and 
400 μM Co2+ (hatched bars) on LORE-lacZ and OLE1-lacZ activities.  Panels A, B, 
and C were reproduced, with permission, from Lyons TJ, Villa NY, Regalla, LM, 
Kupchak BR, Vagstad A, and Eide DJ (2004) Metalloregulation of yeast steroid 
receptors homologs. Proc Natl Acad Sci USA 101: 5506-5511 (Figure 3, page 5508). 

 



 

51 

WT

β-
ga

la
ct

os
id

as
e 

ac
tiv

ity
 

(M
ill

er
 U

ni
ts

)

0

10

20

30

40

50

60 No metals

3 mM Zn2+

400 μM Co2+

400 μM Ni2+

spt23Δ mga2Δ

IZH4-lacZ
 

 
Figure 2-3.  Transcriptional activation of IZH4-lacZ in cells exposed to excess of different metals 

is dependent on the presence of MGA2 but independent on SPT23.  
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Figure 2-4.  Iron regulation of IZH2 and IZH4.  A and B show the effect of iron deficiency, and 

the presence of Mga2p, on the transcriptional regulation of IZH2-lacZ, IZH4-lacZ, 
LORE-lacZ, and OLE1-lacZ activities.  C is a Western blot showing that the 
expression of Izh2p is positively modulated by iron deficiency.  In the panels 
corresponding to β-galactosidase activities, gray bars show activity in + iron (10 μM 
FeCl3, iron repletion), and black bars show activity in - iron (no FeCl3, iron 
deficiency). 
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Figure 2-5.  Post-translational effect of iron deficiency on the overexpression of Izh2p.  Figure 

shows Western blot analysis of Izh2p under different nutritional conditions.  A shows 
the Izh2-3xHA protein expression in different growth media (e.g. SD, SGal, LIMD, 
and LIMgal).  B is aWestern blot of immunoprecipitated samples.  C shows the 
ubiquitination of Izh2p.  In panels A and B, an antibody against the HA epitope tag 
was used to identify Izh2-3xHAp.  In panel C, an antibody against ubiquitin was used 
to determine protein ubiquitination.  In the figure, SD and SGal stands for synthetic 
medium, supplemented with glucose and galactose, respectively.  LIMD and LIMGal 
represent low iron media, supplemented with glucose and galactose, respectively.  
Iron deficiency is 1 μM FeCl3 and 1 mM FeCl3 is iron repletion. 
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Figure 2-6.  Zinc-dependence on the translational response for Izh2p.  A is a Western blot 

showing the overexpression of Izh2p in cells exposed to - zinc deficiency (no ZnCl2 
added to the growth medium) and + zinc repletion (10 μM ZnCl2).  B shows a 
Western blot for the Izh2-3xHA immunoprecipitates. Izh2p was overexpressed in 
chelexed synthetic medium supplemented with galactose (CSGal).  In the figure + 
HA and - HA represent HA-tagged and untagged Izh2protein, respectively. 
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CHAPTER 3 
DUAL REGULATION OF THE IZHS BY METALS AND FATTY ACIDS: THE FIRST LINE 

OF EVIDENCE IMPLICATING THE IZH FAMILY IN LIPID METABOLISM  

Introduction  

Saccharomyces cerevisiae is able to survive on a wide range of growth media due to its 

ability to activate pathways that enable the utilization of fermentable and non-fermentable carbon 

sources. Fatty acids are one of those nutrients that tightly regulate gene expression when used as 

a sole carbon source (Choi et al., 1996; DeRusso et al., 1999; Black et al., 2000; Kandasamy et 

al., 2004).  

In the S. cerevisiae genome, a myriad of genes of known and unknown function have been 

found to be activated or repressed, at transcriptional and translational levels, when cells are 

grown in media supplemented with fatty acids. Perhaps one of the most interesting examples that 

illustrate the regulatory effect exerted by fatty acids is the oleate-dependent activation of genes 

encoding proteins implicated in the fatty acid β-oxidation pathway and peroxisomal proliferation 

(Hiltunen et al., 2003). In S. cerevisisae, peroxisomal β-oxidation is the only means to catabolize 

long chain fatty acids (Luo et al., 1996). Oleate, a very abundant fatty acid in yeast cells, is a cis-

Δ-9 monounsaturated fatty acid containing an acyl chain of 18 carbons in length, (Vasconcelles 

et al., 2001). 

Despite the positive effect exerted by fatty acids in the transcription of specific genes, 

other genes are transcriptionally repressed in response to changes in a carbon source. One of 

those genes that illustrate such an opposite effect is OLE1. This gene encodes Δ-9 fatty acid 

desaturase, an enzyme involved in the formation of unsaturated fatty acids. In presence of oleate, 

the expression of OLE1 is repressed. Conversely, transcription of this gene is induced when cells 

are grown in the presence of saturated fatty acids (McDonough et al., 1992). Interestingly, the 
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hypoxia sensors MGA2 and SPT23 have been implicated in the transcription of OLE1 

(Kandasamy et al., 2004). Jiang et al., 2002, reported that in S. cerevisiae the presence of the 

LORE (low oxygen response element) is important for the transcriptional regulation of target 

genes via Mga2p, and that certain lipids like unsaturated fatty acids can repress the LORE-

dependent induction of Mag2p targes like OLE1. Thus, hypoxia and unsaturated fatty acids work 

in opposing manners (Kwast et al., 1999; McDonough et al., 1992; Nakagawa et al., 2001; 

Vasconcelles et al., 2001).  

In the promoter regions of genes regulated by certain fatty acids, a consensus sequence 

termed as an Oleate Response Element (ORE) has been identified (Kos et al., 1995). This 

sequence is the binding site for the transcription factors Oaf1p and Pip2p. Upon addition of 

oleate, these two proteins bind to ORE as a heterodimeric complex, and mediate oleate-

dependent transcriptional activation (Karpichev and Small, 1998; Baumgartner et al., 1999). 

Interestingly, three of the four IZH genes, (IZH1, IZH2, and IZH4), contain putative ORE 

sequences in their promoter regions (Figure 1-4, panels A, B, and C for details).  

In this chapter, we present some evidences that suggest other roles for the IZHs besides 

their implication in the metabolism of metals. First of all, we show that IZH2-lacZ promoter 

reporter fusion responds independently to both zinc and the addition of myristate. Second, we 

demonstrate a dual regulatory effect exerted by metals and fatty acids. For example, we found 

that certain fatty acids and metals like cobalt when added to the same growth medium produce an 

additive effect on the induction of IZH2-lacZ and IZH4-lacZ activities. Even more interesting is 

the finding that these regulatory effects occur at transcriptional level via the hypoxic sensor 

Mga2p. This last result illuminates the idea that diverse metabolic pathways like metals and 

lipids can converge to the point where genes like the IZHs, are up-regulated. 
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Also, we show that supplementation of growth medium with fatty acids as a sole carbon 

source, elicits the transcriptional and post-translational response of IZHs. In this regard, one of 

the most promising results is the strong transcriptional and post-translational induction of IZH2 

by myristate (a saturated fatty acid with a chain of 14 carbons in length). Surprisingly, the 

transcriptional induction of IZH2-lacZ occurs via Oaf1p/Pip2p. This finding was unexpected, 

since these two transcription factors are known to be activated by oleate but not by myristate. 

Furtheremore, we also show that Oaf1p and Pip2p are required to maintain the weak but still 

measurable IZH2-lacZ activity in presence of oleate.  

Overall, the regulatory effects of different fatty acids on the transcription of the IZHs, is 

investigated. Furtheremore, a dual regulatory effect of metals and fatty acids on the trnacription 

of IZH2 and IZH4 is established during this study. Taken together the results presented herein, 

suggest a dual implication of IZHs in metals and lipid metabolism. 

Materials and Methods  

Yeast Strains and Plasmids  

Yeast strains used in this chapter are listed in table 3-1. As mentioned elsewhere, the IZH-

lacZ fusions were generated by gap repair of the plasmid vector YEp353 (Lyons et al., 2000). 

Briefly, PCR products were generated from genomic DNA that contained 1,000 bp of the target 

promoter sequence flanked by regions of vector homology. These fragments were gel-purified 

(Promega) and co-transformed into the BY4742 wild type strain with EcoRI- BamHI-digested 

YEp353; transformants were selected for Ura+ prototrophy. Plasmids were then transferred to 

Escherichia coli and confirmed by sequencing. Although the IZH2 Open Reading Frame (ORF) 

has two ATG codons, only the fusion of the second in-frame ATG of in the IZH2 (ORF) to lacZ 

resulted in a functional promoter-reporter construct (IZH2-lacZ). 
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Biochemical Assays 

Yeast transformations were performed according to standard procedures, in identical 

fashion as described in Chapter 2. 

Promoter reporter activities were measured by β-galactosidase assays (Chapter 2). Before 

each β-galactosidase assay, cells were grown aerobically during one overnight in synthetic 

medium containing dextrose (SD medium). When required, and unless otherwise indicated, the 

SD medium was supplemented with 1 mM of the respective fatty acid, and 0.5% Tergitol-NP40 

(Sigma). To limit zinc availability, chelexed-synthetic medium (CSD) was used. CSD was 

prepared in identical fashion as described in Chapter 2 (Apendix A for more details). When 

myristate was used along with zinc, a 37.5% (w/v) stock solution of the fatty acid was dissolved 

in 50% EtOH, 25% Tween-40 and then added to the CSD growth medium to a final 

concentration of 0.375% (Lyons et al., 2004). 

Protein expression, immunoprecipitation, and Western blot analysis were performed as 

described in Chapter 2.  

Results 

Fatty Acids Exert a Regulatory Effect on the Expression of IZHs  

Previously Karpichev et al., 2002 reported that the expression of IZH2 was induced by 

exogenous myristate. In that publication, they also reported that addition of monounsaturated 

fatty acids like oleate induced the Oaf1p/Pip2p-dependent regulatory effect of target genes. As 

mentioned before, putative ORE sequences are present in the IZH2 (-159 to -167 bp), IZH1 (-302 

to -328 bp), and IZH4 (-204 to -263 bp) promoters (Karpichev et al., 2002). Herein, we have 

confirmed that IZH2-lacZ responds independently to both, zinc and the addition of exogenous 

myristate (Figure 3-1) (Lyons et al., 2004).  
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We have also found that while IZH1-lacZ and IZH3-lacZ respond to exogenous oleate 

(C18:1), stearate (C18:0), and palmitate (C16:0) (Figures 3-2 A and C, respectively), the IZH4-

lacZ reporter responds to the addition of palmitate (Figure 3-2 D), and the transcriptional 

activation of the IZH2-lacZ reporter was exclusively observed in presence of myristate (Figure 3-

2 B). Interestingly, we also found that the transcriptional regulation of IZH2 by myristate and 

oleate is Oaf1p/Pip2p-dependent (Figures 3-3 A and B, respectively). These results suggest that 

the Oaf1p/Pip2p complex is not exclusively activated by oleate, and that myristate can also 

mediate the activation of this transcription factor complex.  

The Expression of the Izh Proteins is Regulated by Fatty Acids  

Due to the effect exerted by several fatty acids in the transcriptional response of the IZH 

gene family, we decided to investigate if this effect also exists at level of protein accumulation. 

To do this, 3xHA epitope-tagged IZH constructs under the control of their own promoter or a 

galactose inducible promoter (for protein overexpression) were used. A polyclonal antibody 

against the HA tag, probe Y-11 was used to recognize each of the Izh1-3xHA fusion proteins in 

the Western blots. Cells expressiong untagged Izh proteins or the empty plasmid vector 

(pRS316-GAL1), were used as negative controls. Interestingly, we did not see any change in the 

expression profile of Izh1p when the IZH1 contained its own promoter (Figure 3-4 A). However, 

when Izh1p was overexpressed in galactose, a slightly induction of Izh1p expression, upon 

addition of plamitate, was observed (Figure 3-4 B). Likewise, Izh2p was induced by myristate 

(Figures 3-4 C and D). Also, the expression of Izh3p was induced only when the cells were 

spiked with oleate for 2 h (Figure 3-4 F). In contrast, the expression of Izh3p was fully repressed 

upon incubation with oleate for 12 h (Figure 3-4 E). This could be attributed to toxic effects of 

oleate during long periods of incubation. To detect Izh3-3xHAp, the protein had to be 

concentrated by immunopreciopitation. Immunoprecipitation was done in identical fashion as 
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explained in Chapter 2 and using a mouse monoclonal anti-HA conjugated with agarose beads to 

pull down the 3xHA-tagged Izh3p. Immunoprecipitates were then detected by Western blot. For 

Izh4p, addition of plamitate did not produce any significant effect on the levels of accumulation 

of Izh4p (Figure 3-4 G).  

In general, the results obtained with the Western blots indicate that the effect of the 

exogenous fatty acids goes beyond a mere transcriptional response, and that certain fatty acids 

constitute a sufficient stimulus to induce the expression of the majority of the IZH gene products. 

Taken together, these results represent additional evidence suggesting a strong implication of 

IZHs in lipid metabolism. 

Transcriptional Regulation of IZH2 and IZH4 in Presence of Metals and Fatty Acids 
Occurs via Mga2p.  

In the former chapter, the Mga2p-dependent regulation of IZH2-lacZ and IZH4-lacZ 

activities by excess of metals was reported. Nakagawa et al., 2001; Vasconcelles et al., 2001, 

reported that OLE1 has an LORE in its promoter region and that its expression was induced in 

response to excess of cobalt and saturated fatty acids via Mga2p. In that study, the expression of 

OLE1 was also found to be repressed by unsaturated fatty acids like oleate (C18:1) and 

palmitoleate (C16:1). 

Like OLEI, IZH2 and IZH4 contain in their promoter regions a low oxygen responsive 

element (LORE) and an oleate responsive element (ORE) (Karpichev et al., 2002; Lyons et al., 

2004). Therefore, it is plausible that under similar stimuli, IZH2 and IZH4 respond like OLE1. 

To investigate if the expression of IZH2 and IZH4 upon the simultaneous addition of Co2+and 

myristate, as well as Co2+ and oleate were Mga2p-dependent, we performed reporter gene assays. 

Surprisingly, we found that the simultaneous addition of Co2+ and myristate produced an additive 

effect on the IZH2-lacZ activity (Figure 3-5 A). On the other hand, the inducible effect of Co2+ 



 

61 

on the IZH4-lacZ reporter activity was partially repressed upon addition of myrsistate (Figure 3-

5 B). The transcriptional response of the promoter-reporter fusions analyzed in this study, were 

Mga2p-dependent (Figure 3-5 A and B).  

In addition to this, we also investigated the effect of adding oleate and cobalt to the same 

growth medium. IZH2 and IZH4 respond similarly to OLE1 under these external stimuli and this 

response is Mga2p dependent. In effect, oleate repressed the Co2+-dependent induction of the 

IZH2-lacZ reporter (Figure 3-6 A). Moreover, these effects were even more stringent when the 

MGA2 gene was knocked out. Similarly, the inducible effect of Co2+ in the IZH4-lacZ reporter 

activity was also fully repressed by oleate (Figure 3-6 B). These transcriptional responses were 

also confirmed for the positive controls LORE-lacZ and OLE1-lacZ (Figure 3-6 C and D, 

respectively). Overall, our results suggest a connection between the hypoxia and the fatty acid 

metabolic pathways. In this scenario, it is totally feasible that the hypoxia pathway controls the 

levels of unsaturated fatty acids in S. cerevisiae, by regulating the expression of three genes 

OLE1, IZH2, and IZH4. 

Discussion 

Saccharomyces cerevisiae cells can grow on a variety of carbon sources, including fatty 

acids. When used as a sole carbon and energy source, fatty acids elicit the transcriptional and 

translational up-regulation of different genes. Herein, we report that IZHs respond to exogenous 

fatty acids at the transcriptional and post-translational levels, suggesting a role for the IZHs in 

lipid metabolism.  

Also, we demonstrate that zinc deficiency and the addition of myristate acid have an 

additive effect on the induction of the IZH2-lacZ activity and that response to each stimulus is 

independent of each other. The transcriptional response of IZH2 under zinc deficiency is Zap1-

dependent, whereas the induction of the gene by myristate appears to be dependent on the 
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presence of the transcription factors Oaf1p/Pip2p. Although oleate did strongly induce IZH2-

lacZ activity, per se, single mutations of OAF1 and PIP2 produce repression on the IZH2-lacZ 

activity, indicating that both transcription factors are required for activation.  

Another interesting finding was that oleate overrides the cobalt-induction of IZH2-lacZ and 

IZH4-lacZ activities, and that such a repressing effect is Mga2p dependent. Furthermore, 

myristate and cobalt have a strong additive effect on the IZH2-lacZ activity. These results 

suggest a critical role for IZH2 and IZH4 under diverse stimuli such as hypoxia and exogenous 

fatty acids.  

The results presented in this chapter, constitute a first piece of evidence that reveal the 

promiscuity of this family of yeast proteins. Their dual regulation by metals and fatty acids 

makes of these proteins an attractive target of research. Understanding how such divergent 

metabolic pathways can transcriptionally and post-translationally affect a family of proteins is 

vital because it can contribute to the elucidation of how these metabolic pathways are tightly 

regulated. Undoubtedly, alternative hypotheses need to be addressed to decipher this metabolic 

puzzle. 

For future work, it is imperative to investigate the mechanism by which some of the IZH 

genes can respond to different nutritional stimuli. A first experiment that can illuminate the 

results presented in this chapter is a DNA microarray experiment using the nutritional conditions 

reported herein. With this type of experiment we can have a global idea about which genes and 

which metabolic pathways are affected under hypoxic conditions and the use of fatty acids as a 

sole carbon source. Microarray data can then be compared to the β-galactosidase data reported in 

this chapter. Furthermore, Western blots can be used to explore the post-translational response of 

the IZH and other genes found by DNA microarrays. 
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Table 3-1.  List of strains used in Chapter 3 
Strain Mutation Source/Derivation Genotype 

BY4742 Wild type EUROSCARF MAT α; his3; leu2; ura3; lys2 

Y10355 oaf1 (yaf1) EUROSCARF MAT α; his3; leu2; lys2; ura3; 
YAL051w::KanMX4 

Y11660 pip2 (oaf2) EUROSCARF MAT α; his3; leu2; lys2 ura3;; 
YOR363c::KanMX4  

Y15968 mga2 EUROSCARF MAT α; his3; leu2;lys2; ura3; 
YIR033w::KanMX4 
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Figure 3-1.  Zap1p-dependent regulation of IZH2-lacZ. The IZH2-lacZ reporter responds to both 

zinc and exogenous myristate (C14:0).  Black bars show reporter activity in –zinc, 
and gray bars show reporter activity in + zinc (10 μM ZnCl2).  In this, and all other 
figures showing lacZ data, a representative experiment performed in triplicate is 
shown and the error bars represent ± standard deviation.  Figure reproduced, with 
permission from Lyons TJ, Villa NY, Regalla, LM, Kupchak BR, Vagstad A, and 
Eide DJ (2004) Metalloregulation of yeast steroid receptors homologs. Proc Natl 
Acad Sci USA 101: 5506-5511 (Figure2 D, page 5507). 
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Figure 3-2.  Transcriptional regulation of IZHs by exogenous fatty acids.  A, ZH1-lacZ and 

IZH3-lacZ activities are slightly induced by addition of palmitate (C16:0), stearate 
(C18:0) and oleate (C18:1).  B, shows that while the IZH2-lacZ activity is highly 
induced by myristate (C14:0), (panel B-left), the IZH4-lacZ activity is induced by 
palmitate (C16:0), (panel B-right). 
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Figure 3-3.  Oaf1p/Pip2p dependence of the IZH2-lacZ activity in presence and in absence of 

myristate (C14:0) and oleate (C18:1), (panels A and B, respectively). 
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Figure 3-4.  Post-translational response of the Izhp family upon addition several fatty acids.  

Panels A and B show the effect of palmitate (C16:0) in the expression of Izh1p. The 
effect exerted by C16:0 is remarkable when Izh1p was overexpressed, panel B.  C and 
D, the expression of Izh2p is highly induced upon addition of myristate (C14:0).  E 
and F, time-dependence of Izh3p expression upon addition of oleate (C18:1).  G, no 
effect of C16:0 on the expression Izh4p was observed. 
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Figure 3-5.  Dual regulation of IZH2 and IZH4 by exogenous myristate (C14:0) and cobalt.  A 

and B show the Mga2p dependence of IZH2-lacZ and IZH4-lacZ activities in cells 
exposed to 400 μM Co2+, 1 mM myristate, and the addition of both 400 μM CoCl2, 
and 1 mM C14:0.  A shows that exogenous C14:0 has an additive effect on the Co2+-
dependent induction of IZH2-lacZ activity.  B, the addition of C14:0 partially 
represses the inductive effect of Co2+on the IZH4-lacZ activity.  
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Figure 3-6.  Regulation of IZH2 and IZH4 by exogenous oleate (C18:1) and cobalt.  A, Mga2p 

dependence of IZH2-lacZ activity in cells exposed to 1 mM C18:1.  Panels A, B, C, 
and D, show the repressive effect of 1 mM C18:1 in the Co2+-dependent induction of 
the promoter -reporter activities.  Mga2p-independence of the IZH4-lacZ, LORE-
lacZ, and OLE1-lacZ activities upon addition of C18:1 is shown in panels B, C, and 
D, respectively. 
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CHAPTER 4 
NYSTATIN-RESISTANCE OF IZH3Δ, IS ASSOCIATED TO ALTERATIONS IN THE 

ERGOSTEROL CONTENT 

Introduction  

Sterols are essential structural and regulatory components of eukaryotic cell membranes 

(Figure 4-1) (Veen et al., 2003; Müllner et al., 2005). Although cholesterol is the main sterol in 

mammals, ergosterol is the most abundant sterol in fungal membranes (Reiner et al., 2006).  

In yeast, sterols are found in two main forms: (i) free sterols and (ii) steryl esters. Free 

sterols accumulate in the plasma membranes where their main role is to maintain membrane 

integrity and fluidity (Veen et al., 2003). Steryl esters, on the other hand, are found in lipid 

particles, where they serve as storage reservoirs or as intermediates in intracellular transport 

(Zinser et al., 1993, Yang et al., 1996; Valachovič et al., 2001). When free sterols are required, 

esterified sterols are hydrolyzed producing free sterols and fatty acids, which are then mobilized 

to plasma membranes to fulfill the membrane requirements (Köffel et al., 2006).  

Despite its structural role, ergosterol has been recently implicated in regulation of cell cycle 

progression, cell polarization and membrane function during mating, endocytosis and vacuolar 

fusion as well as protein sorting along the secretory pathway and signal transduction (Reiner et 

al., 2006).  

Because sterols are required to maintain the fluidity and integrity of the fungal membranes, 

the sterol pathway has emerged as a potential target for the development of antifungal drugs 

(Carrillo-Muñoz et al., 2006). The reason for this is the specificity of some antifungals toward 

distinct sterols. For example, some antifungals like azoles inhibit enzymes at specific steps of the 

sterol pathway (Gachotte et al., 1997), and others like nystatin and amphotericin B exert their 

action by interacting directly with sterols like ergosterol (Sharma, 2006).  
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Currently fungal infection is one of the major causes of mortality in immunocompromised 

patients such as those with AIDS. In addition, treatments of chemotherapy, organ transplantation, 

and environmental stresses like UV radiation are also potential causes of fungal infection 

(Kontoyiannis et al., 2002). Members of the Candida spp family, in particular, are the major 

cause of virulence (Mukhopadhyay et al., 2002). Besides azoles, polyene antifungals like 

amphotericin B and nystatin have been widely used in the treatment of fungal infections 

(Dupont, 2006). 

Although S. cerevisiae is a non-pathogenic fungus, its genetic similarity to Candida spp 

makes it a safe model system to investigate the mechanisms that govern polyene effects.  

Nystatin, a polyene antifungal (Figure 4-2 C), isolated from Streptomyces noursei (Marini 

et al., 1960), selectively targets ergosterol in the fungal plasma membrane (Lees et al., 1995) 

generating pores in the plasma membrane through which the leakage of nutrients occurs and the 

concomitant cell death (Lampen et al., 1962) (Figure 4-2 panels A and B). Despite the variety of 

studies performed, the mechanism by which nystatin exerts its fungicidal effect still remains 

unclear. 

Karpichev et al., 2002 reported that mutation of the fungal gene IZH2 (izh2Δ) caused 

resistance to nystatin (or a normal growth in presence of nystatin). Nystatin resistance has been 

associated with mutations that lead to changes in the sterol composition or the sterol content in 

the cell membranes (Lampen et al., 1960; Hapala, et al., 2005). Although we could not confirm 

the results reported by Karpichev et al., 2002, we found that the mutation of the IZH3 gene 

(izh3Δ) was consistently resistant to nystatin.  

In this chapter, we report for the first time the identification and initial characterization of 

izh3Δ as a novel nystatin resistant mutant. As a first approach to this discovery, phenotypic 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dupont%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus�
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studies revealed that izh3Δ grows better than wild type and the single mutations izh1Δ, izh2Δ, 

and izh4Δ in a medium supplemented with nystatin. Second, complementary studies where the 

IZH3 gene was re-introduced into the izh3Δ mutant, rescued the nystatin-dependent growth 

defects. Finally, by using different analytical techniques, we demonstrate that izh3Δ shows 

alterations in the sterol composition; particularly, we have discovered that this mutant has less 

free ergosterol than wild type, suggesting that the IZH3 gene could be involved in the sterol 

biosynthetic pathway.  

Even though nystatin requires ergosterol for toxicity (Bhuiyan et al., 1999), recent studies 

have revealed that sphingolipids can also be targets for the nystatin action (Leber et al., 1997). 

Phenotypic studies conducted to see the dual effect of nystatin and certain sphingoid bases in the 

growth pattern of the wild type strain BY4742 and the single and multiple izhΔ mutants suggest 

that sphingoid bases can ameliorate the toxic effects of nystatin. This observation also opens the 

possibility that the IZH3 gene could be implicated in related sterol metabolic pathways such as 

the sphingolipid biosynthetic pathway.  

Materials and Methods 

Yeast Strains and Reagents 

The strains used in this chapter are described in Table 4-1. Deletions were generated by Dr. 

Thomas Lyons (during his post-doctoral fellow) using PCR-based gene disruption using short 

flanking homology, according to Wach et al., 1994. Multiple, mutations were generated from 

heterozygous quadruple knockout strain engineering by successive rounds of mating and 

sporulation. The kanMX4 (kanamycin) markers in the izh2, izh3, and izh4 strains were replaced 

with the hphMX4 (hygromycin), natMX4 (nourseothricin), and ura3MX4(URA+) cassettes, 

respectively (Goldstein and McCusker, 1999).  
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Nystain (Nys), sterylamine, and ergosterol, lanosterol, and cholesterol were obtained from 

Sigma. The sphingolipids C18-phytosphingosine (C18-PHS) and C18-dihydrosphingosine (C18-

DHS), C2-phytoceramide (C2-PHC), C16-phytoceramide (C16-PHC), and C18-pytoceramide (C18-

PHC) were obtained from Avanti Polar Lipids. The solvents for GC-MS or HPLC-MS analysis 

were from Burdick & Johnson.  

Yeast Transformations  

Yeast transformations were performed as described before. In this case, the centromeric 

plasmid vector pRS315-CEN (empty vector), or the plasmid vector expressing IZH3 via its own 

promoter were introduced into the izh3Δ mutant. Likewise, the pRS316-GAL1 (empty vector) or 

the plasmid vector expressing IZH3, were transformed into izh3Δ. Finally, the pRS316-GAL1 

and the plasmid expressing each of the IZHs were also transformed into the wild type strain 

BY4742. 

Yeast Growth Media and Conditions  

Cells were grown aerobically, during one overnight in liquid synthetic media, prepared 

with 0.67% Yeast Nitrogen Base without amino acids and ammonium sulfate (Fisher), and 

supplemented with 0.5% ammonium sulfate, 2% glucose and appropriate amino acids at a final 

concentration of 0.01% (SD medium). For gene overexpression, glucose was replaced with 2% 

galactose as carbon source (SGal medium). For growth in solid media, the SD- or the SGal-

medium was supplemented with 1X bacto agar (Fisher). Cell growth in liquid media was 

monitored using a UV-VIS 170-2525 SmartSpec Plus spectrophotometer (Bio-Rad).  

For ultraviolet spectrometric, or gas chromatography mass spectrometric analysis (GC-

MS) of total sterols, cells (50 mL liquid culture) containing the WT strain, or the izh3Δ mutant 

were grown to stationary phase (OD600 of 3.0-4.0), followed by centrifugation at 3000 rpm, 4oC 
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for 5 min. Pellets were washed twice with cold sterile nano-pure water, and their net wet weight 

was determined. When used, 5 U/mL of nystatin was added to the growth media at a very early 

OD600 (e.g. OD600 of 0.1). Once again, cells were grown to stationary phase (OD600 of 3.0-4.0), 

followed by harvesting in identical fashion as described just before. 

For high performance liquid chromatography-mass spectrometric analysis (HPLC-MS) of 

total and free sterols, cells (5 mL) where the izh3Δ strain was transformed with the empty vector 

pRS315-CEN (same than izh3Δ strain), or the pRS315-CEN expressing IZH3 (same than WT), 

were grown for one overnight, to saturation. Fresh liquid media (50 mL) were inoculated with 

aliquots of the overnights and grown to logarithmic phase (OD600 of 1.0). Cells were then 

harvested by centrifugation at 3,000 rpm, 4oC and for 5 min. Resultant pellets were washed twice 

with cold sterile water, and freeze dried by using a lyophilizer. Dried cells were further used for 

sterol extractions. 

Phenotypic Studies  

Cells were grown overnight to saturation (OD600 of 3.0) at 30oC, in synthetic medium 

supplemented with glucose as a carbon source. Cells were then serially diluted at OD600 = 1.0, 

0.1, and 0.01, and aliquots of 5 μL of these dilutions were plated on synthetic medium agar 

plates supplemented with 5 U/mL, or 10 U/mL nystatin dissolved in DMSO. Nystatin solutions 

were always prepared and immediately used to avoid degradation.  

For the phenotypic studies in presence of sphingolipids, +/- 12.5 μM C18-PHS, and C18-

DHS sphingoid base-like stearylamine (dissolved in 100% ethanol), +/- 0.5 μM C2-PHC, C16-

PHC and C18-PHC (dissolved in a mixture of cholorform : methanol at a ratio 1:1, v/v) were used 

to plate 5 μL of each serial dilution. Plates were incubated in the dark, at 30oC for 3 days; and 

observed for growth. 
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Complementation Studies 

The izh3Δ mutant strain, containing the kanMX4 cassette was transformed with the 

centromeric plasmid vector pRS315 (pRS315-CEN) or with the pRS315-CEN plasmid, 

expressing the IZH3 via its native promoter. To see the effect of overexpressing IZH3 in 

presence of nystatin, the mutant izh3Δ was also transformed with both the pRS316 plasmid 

containing the strongly inducible GAL1 promoter (pRS316-GAL1), or with the pRS316-GAL1 

plasmid expressing IZH3, in a medium supplemented with galactose.  

Sterol Extractions 

For UV and GC-MS analysis, sterols were extracted according to the protocol described by 

Arthington-Skaggs et al., 1999. Briefly, pellets were suspended in 3 mL of 25% alcoholic 

potassium hydroxide solution (25 g of KOH and 35 mL of sterile nano-pure water, and brought 

to 100 mL with 100% ethanol), and mixed by vortexing for 1 min. Cells suspensions were 

transferred to 13 X 100 mm borosilicate glass tubes with screw-caps, and incubated in the dark 

in 85oC for 2 h. Following incubation, tubes were allowed to cool at room temperature. Sterols 

were then extracted with 4 mL of a mixture of sterile nano-pure water and n-heptane (1:3, v/v) 

followed by vigorous vortex mixing during 3 min. The heptane layer was transferred to new 

sterile 13 X 100 mm borosilicate glass test tubes with screw-cap. The obtained sterol extracts 

were used for UV spectrophotometric analysis.  

Extractions of total and free ergosterol were performed adapting the protocols described by 

Bailey and Parks, 1975; Megumi et al., 2005. For semi-quantitative sterol analysis of total and 

free ergosterol, 0.026 μmoles of the internal standard cholesterol (e.g. 3 μl 8.7 mM solution of 

cholesterol prepared in ethyl acetate) were added to dried cells before extraction. Samples were 

briefly dried under a stream of N2, and followed by sterol extraction. On the other hand, for 
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quantitation, 0.625 μM cholesterol was added to the samples after extraction and just before 

injection into the HPLC-MS instrument in order to compensate for variations in ionization 

efficiency and stability of the samples.  

Total sterol extraction, was performed as follows. Cells were suspended in 1 mL absolute 

ethanol followed by addition of 6 mL of methanol and 0.4 g of KOH. Saponification of the 

mixtures was carried out by heating at 75oC for 40 min. After the mixture was cooled down at 

room temperature, 2 mL of sterile water was added, and the sterols were extracted twice with 2 

mL of petroleum ether, each time. The fractions of petroleum ether were collected and 

evaporated to dryness under a stream of N2, and then weighed. 

For free ergosterol extraction, dried cells were suspended in 400 μL of DMSO, and heated 

for 1 h at 100oC. After cooling at room temperature, the mixture was mixed with 3 mL of sterile 

H2O and then extracted three times with 2 mL of petroleum ether. After each extraction, 

suspensions were briefly centrifuged to help layer separation. Extracts containing the free 

ergosterol, (enriched in the petroleum ether layer) were combined and evaporated to dryness 

under a stream of N2. 

Sterol Analysis by Ultraviolet Spectroscopy  

For qualitative and semi-quantitative analysis of ergosterol and Δ5, 7, 22, 24(28)-

dehydroergosterol [4(28)-DHE], total sterol extracts were scanned spectrophotometrically 

between 190 and 310 nm using a UV-visible CARY Varian spectrophotometer. Quantitation of 

the ergosterol and 24(28)-DHE contents was performed according to the method described by 

Breivik and Owades, 1957, applying the equations: % ergosterol + % 24(28)-DHE = (A281 / 290) 

/ pellet weight. % 24(28)-DHE = (A230 / 518) / pellet weight. % ergosterol = (% ergosterol + % 

24(28)-DHE) - % 24(28)-DHE, where 290 and 518 are the E values (in percentages per 
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centimeter) determined for crystalline ergosterol and 24(28)-DHE, respectively (Breivik and 

Owades, 1957). Results are reported as the percentage of each sterol per wet weight of cells 

Analysis of Sterols by Gas Chromatography-Mass Spectrometry (GC-MS) 

Before GC-MS analysis, sterol extracts as well as ergosterol, lanosterol and cholesterol 

were converted into their more volatile trimethylsilyl (TMS) ether counterparts following the 

procedure described by Gerst et al., 1997 with some modifications. Briefly, non-saponifiable 

lipid extracts (100 μL) were transferred into glass screw-cap GC vials, and spiked with 5 μL of a 

2.58 nM solution of cholesterol. After vortexing thoroughly, suspensions were dried under a 

stream of N2. Dried samples, and standards were treated with 200 μL of a N,O-

bis(trimethylsilyl)-trifluoroacetamine (BSTFA) with 1% trimetylchlorosilane (TMCS), (Fluka). 

The silylation reactions were carried out at 45oC, in the dark, for 1 h. Silylated sterols were 

identified by GC-MS, by comparing their retention times with the silylated standards. This was 

performed by Dr. Cristina Dancel at the Mass Spectrometry Laboratory, department of 

Chemistry, University of Florida) 

Tandem GC-MS was done on a Thermo Scientific Trace DSQ instrument, equipped with 

an Rtx-5MS column (15 m x 0.25 mm i.d. x 0.25 μm d.f.). 2 μl of each solution was introduced 

into the capillary column at 1-min splitless mode, with helium carrier gas flowing at a rate of 0.7 

mL/min. The injector was kept at 225oC while the transfer line and ion source were at 200oC. 

The GC column was maintained at 200oC for 2 min and then heated to 280oC at 20oC/min. Mass 

spectra were generated via electron ionization (EI) and compared against those in the NIST EI 

Spectral Library (Appendix C). The silylated derivatives of standard ergosterol and lanosterol 

were analyzed to validate retention times and to generate a calibration curve with cholesterol as 

the internal standard.  
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The calibration curve was generated by plotting the peak area ratio of the standards 

ergosterol and lanosterol to the peak area of cholesterol against the concentration in picomolar 

(pM) of each standard. The concentrations of ergosterol and lanosterol in the samples were 

determined from the calibration curve, and expressed in picomolar (pM).  

Analysis of Total and Free Ergosterol by High Performance Liquid Chromatography-
Atmospheric Pressure Chemical Ionization- Mass Spectrometry (HPLC-APCI-MS) 

HPLC-APCI-MS analysis of sterols was done (in conjunction with Dr. Cristina Dancel at 

the Mass Spectrometry laboratory, department of Chemistry, University of Florida), using an 

Agilent 1200 Series HPLC System equipped with a Phenomenex Luna C18 column (150 x 2.0 

mm, 5μ). Sterol extracts were dissolved in 9:1 isopropanol-hexane and 5 μL of each solution was 

injected. Methanol was used as the mobile phase in isocratic mode and at a flow rate of 0.4 

mL/min. Ions were obtained by atmospheric chemical ionization (APCI) and detected with an 

Agilent 6210 time-of-flight (TOF) mass spectrometer. For semi-quantitation, and quantitation 

analyses, a stock solution of 25 μM ergosterol was prepared in 9:1, v/v isopropanol : hexane, and 

diluted with methanol before injection. Semi-quantifitation of total and free ergosterol was based 

on comparing the peak areas of the sterol chromatograms as follows. The ratio of peak area for 

ergosterol to peak area for cholesterol was calculated, and normalizing to OD600 of 1.0. Free 

ergosterol quantitation was based on the response factor method and using cholesterol as internal 

standard. 

Results 

IZH Genes Affect the Tolerance to the Antifungal Nystatin 

We have observed that single and multiple deletions of the IZH genes grow with wild type 

characteristics (Figure 4-3 A) indicating that none of these genes is required for viability. 

However, under exposure to the antifungal drug nystatin, defects in the growth were observed for 
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the wild type BY4742 and for all the izhΔ mutant strains except for izh3Δ, which displayed a 

remarkably resistant phenotype under these conditions (Figure 4-3).  

In order to investigate if the resistant phenotype observed for izh3Δ was not due to side 

mutations during the period of incubation with nystatin, complementation studies were 

performed. If izh3Δ is in fact resistant to nystatin, we would expect that when the IZH3 gene is 

re-introduced into the izh3 mutant strain, the sensitivity to nystatin must rescue. In order to 

investigate this, the centromeric plasmid pRS315-CEN (empty vector), and the pRS315-CEN 

plasmid vector containing the IZH3 gene driven by its own promoter were introduced into the 

izh3Δ strain by yeast transformation. Likewise, the effect of overexpressing IZH3 gene in 

presence of nystatin was also investigated by introducing the pRS316-GAL1 plasmid vector or 

the pRS316-GAL1 containing the IZH3 gene into the izh3Δ by the same procedure. In both cases, 

IZH3 restored the wild type nystatin-growth defect in the resistant strain (Figures 4-3 B and 4-3 

C). In addition, when the all the IZH1, IZH2, and IZH4 genes and the vector control (pRS316-

GAL1) were overexpressed in a medium supplemented with 2.5 and 5 U/mL nystatin, the cells 

grew better. Interestingly under these conditions IZH3 showed defects in its growth. At a higher 

concentration of nystatin (e.g.10 U/mL) cells did not survive (Figure 4-3 D). These latter results 

confirm that the presence of the IZH3 gene produces sensitivity to nystatin and that the presence 

of IZH1, IZH2, and IZH4 has the opposite effect conferring resistence to nystatin. 

Another important aspect was investigating if the resistance of izh3Δ to nystatin occurred 

at a particular stage of growth, or if it was independent on the state of growth. In yeast, a growth 

curve has different stages, which can be monitored by measuring the optical density of the 

growth cultures (OD600) (Figure 4-4 A). To investigate if the effect of nystatin was dependent of 

the cell growth stage, phenotypic studies of WT and izh3Δ were analyzed in presence of nystatin, 
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at different OD600 [e.g. 0.25 and 0.5 (logarithmic phase) and 3.4 (stationary phase)]. 

Interestingly, izh3Δ always showed resistance to nystatin independently of the stage of growth 

(Figure 4-4 B). 

Nystatin Induces Alterations in the Total Sterol Composition of Wild Type and izh3Δ   

Because nystatin preferentially targets sterols in the plasma membrane, we envisioned the 

possibility that cells harboring the izh3Δ mutation shows alterations in the sterol composition or 

the sterol content, and therefore that the IZH3 gene is required to maintain the appropriate levels 

of sterols in the membranes. We explored this possibility by determining the sterol content in 

both wild type and izh3Δ. To do this, ultraviolet spectrophotometry was used as a first approach. 

This technique takes advantage of the unique spectral absorption patterns of ergosterol and its 

precursor 24(28)-DHE. In fact, both sterols have a characteristic UV spectrum with three peaks 

at 271, 281, and 293 nm, with a maximum at 281 nm (Figure 4-5 A). In addition, 24(28)-DHE 

has a side-chain diene that results in absorptions at 230, and 235 nm (Figure 4-5 B). The UV 

spectra of the sterol extracts of wild type and the izh3Δ indicate that these strains have the same 

sterol profile. In addition a peak at 205 nm was also identified, which corresponds to squalene 

(Figures 4-5 A and B).  

In absence of nystatin, the content of ergosterol and 24(28)-DHE was the same (Figure 4-6 

A), although, the levels of 24(28)-DHE were very low (< 0.2%). Interestingly, upon addition of 

of nystatin, 24(28)-DHE seems to be accumulated (Figure 4-6 B). On the other hand no 

significant difference was observed for the levels of ergosterol (Figure 4-6 B). These results 

suggest that nystatin induces the production of precursors of ergosterol. Unfortunately, UV-VIS 

did not allow us to identify sterols other rather than squalene, ergosterol and 24(28)-DHE.  
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Gas Chromatography-Mass Spectrometric (GC-MS) Analysis Revealed not Significant 
Differences in the Basal Levels of Total Sterols for Wild Type and izh3Δ 

Even though, UV spectrophotometry has been widely used for the analysis of sterols that 

contain the Δ5,7- diene systems, identification of other sterols is outside the capability of this 

technique (Woods, 1971). Therefore, GC-MS was used as an alternative method not only to 

validate the UV-spectrophotometric results but also to characterize other sterols and to quantify 

them by using standards. Before analysis, samples had to be derivatized by silylation with 

BSTFA containing 1.0% TMCS. The resultant silylated ethers were then suitable for electron 

ionization and mass spectrometric analysis. A calibration curves using ergosterol and lanosterol 

allowed to quantitfy the content of these sterols in the samples analyzed (Figure 4-7 A) 

(Appendix C). Interestingly, the data generated with this technique suggest that both wild type 

and izh3Δ have the same basal levels of ergosterol and lanosterol (Figure 4-7 B). Since 24(28)-

DHE is not commertially available, we could not quantify this sterol in our samples. 

Alterations in the Free Ergosterol Content Were Observed for the Mutant izh3Δ 

Ergosterol can be present in two forms, forming esters with fatty acids (steryl ergosterol) 

and as free ergosterol. As mentioned elsewhere in this chapter, free ergosterol is primarily found 

in plasma membrane where it plays a structural role, contributing to maintain the integrity of the 

plasma membrane (Veen et al., 2003). To investigate the total and free ergosterol content in wild 

type and the mutant izh3Δ, HPLC-APCI-MS was used. One advantage of using HPLC-APCI-MS 

over GC-MS is that the first one does not require pre-treatment of the samples (or derivatization), 

which is time consuming, and can affect the results if the dreivatixation is incomplete. The use of 

HLPC-MS let us establish significant conclusions regarding the ergosterol content of 

izh3Δ versus that one of wild type. First, we confirmed that the total ergosterol content was 
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similar for both samples (Figure 4-8 A).This observation was in agreetment with the results 

obtained with UV-spectrophotometry and GC-MS analysis.  

Because ergosterol is the most abundant sterol in yeast, and a well known-target for 

nystatin, we hypothesize that the izh3Δ’s plasma membrane has alterations in the ergosterol 

content. Plasma membrane has been proposed to be the place where nystatin makes a first 

contact (Sharma, 2006). Since free ergosterol is predominantly found in plasma membrane, we 

reasoned that izh3Δ could have less free ergosterol than wild type; and consequently nystatin 

would have less chance to be deleterous for the mutant yeast membrane. To test this hypothesis, 

we first semi-quantifed the free ergosterol content of izh3Δ and wild type, by using HPLC-APCI-

MS. As we expected, the content of free ergosterol in the mutant was dramatically diminished 

(Figure 4-8 B).  

In an effort to quantify free ergosterol in both WT (pRS315-CEN-IZH3) and the mutant 

izh3Δ (pRS315-CEN transformed with a izh3Δ strain) single standard quantitation method was 

used. To do this, the peak area for ergosterol’s m/z 379.3, was normalized to the peak area 

corresponding to cholesterol at m/z 369.3 (internal standard). Concentration of ergosterol in each 

sample was calculated using a 3.75-μM standard solution, and normalized to OD600 (For each 

experiment OD600 was 1.0, see materials and methods for more details). Free ergosterol content 

is reported in μM. This method allowed us to quantify free ergosterol and demonstrate that izh3Δ 

has altered sterol composition compared to wild type, (Figure 4-8 C) (Appendix D). Our results 

not only support our hypothesis, but also, suggest an implication of IZH3 in the sterol 

biosynthetic pathway.  
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Addition of Certain Sphingolipids Ameliorate the Aberrant Nystatin Effects on Wild Type 
and izhΔ Mutants 

In addition to sterols, sphingolipids are other important components of plasma membranes 

(Eisenkolb et al., 2002). Kerridge, 1986 and Leber et al., 1997 suggested that besides sterols, 

certain sphingolipids like the mannosyl-diionosytolphosphorylceramide, the most abundant 

sphingolipid if S. cerevisiae, are also be targets for nystatin. With this in mind, we investigated 

the effect on the growth of wild type and the single, and multiple izhΔ mutations upon the 

simultaneous addition of nystatin and sphingolipids to the growth culture. To do this, phenotypic 

studies in solid agar-syntheric medium were conducted. Interestingly, the sphingoid bases C18-

PHS and C18-DHS were able to alleviate the toxic effects of nystatin (Figure 4-9). In fact, in a 

medium supplemented with any of the sphingoid bases (e.g. C18-PHS or C18-DHS) and nystatin, 

the growth of wild ype and the single and multiple izhΔ mutations was normal (Figure 4-9). On 

the other hand, ceramides and stearylamine (a sphingolipid-like compound) failed to alleviate the 

toxic effects of nystatin (Figure 4-10 A and B, respectively). Taken together, these results 

confirm our idea that sphingolipids and sterols like ergosterol could be potential ligands for 

nystatin. 

Discussion  

In this chapter, we have identified izh3Δ as a novel nystatin-resistant mutant. Even more 

interesting, we have discovered this phenotype is associated with alterations in the sterol content 

for the mutant strain. This finding suggests a potential implication of IZH3 gene in sterol 

metabolism. 

We first, have shown that the growth of izh3Δ, upon addition of nystatin, was normal 

compared to the defects in the growth observed for the wild type strain and the other single and 

multiple mutation strains (Figure 4-3 A). The discovery that IZH3 rescues the sensitivity of the 
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cell to nystatin, suggests that the observed nystatin resistant phenotype for izh3Δ is not due to 

side-mutations and that is in fact, the mutation of IZH3, per se, which produces such a phenotype 

(Figure 4-3 B, C, and D). Additionally, we found that the overexpression of IZH1, IZH2, and 

IZH4, but not IZH3 ameliorate the toxic effect of nystatin (in a concentration-dependent 

manner), with the concomitant resistant phenotype (Figure 4-3 D). Another important discovery 

was that the resistant of izh3Δ to nystain is independent on the growth stage (Figure 4-4 B). 

Based on this result we could speculate that the izh3Δ plasma membrane has a lipidic 

composition that is perhaps different from the other izhΔ mutants and the wild type. Thus, 

experiments that elucidate the lipidic composition of the izh3Δ plasma membrane can generate 

valuable information that contributes to understand the izh3Δ resistant phenotype. 

Because nystatin preferentially interacts with ergosterol (Ghannoum and Rice, 1999; 

Sharma, 2006), this lipid became the first candidate to investigate. Also, we contemplated the 

possibility that IZH3 could have a role in the sterol biosynthetic pathway. It is known that upon 

mutation, genes that are implicated in the sterol pathway have alterations in the sterol 

composition or sterol content (Arthinggton-Skaggs et al., 1996; Baudry et al., 2001). Therefore, 

as a first approach to justify the observed phenotypes, we used different analytical techniques 

like UV-spectrophotometry, and gas-chromatography/mass spectrometry (GC-MS), to analyze 

total sterol composition and content in wild type and izh3Δ. Νο differences in the total sterol 

profile and content of both samples were detected. However, upon addition of nystatin, 

alterations in the sterol composition of both strains were observed by UV-spectrophotometry. 

For instance, while an increase in the levels of the intermediate 24(28)-DHE was detected no 

significant changes in the ergosterol content were observed with all of the techniques used during 

the analysis. This result confirms the specificity between nystatin and ergosterol. 
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Free ergosterol, and esterified ergosterol accounts for total ergosterol in yeast. Free 

ergosterol is accumulated at high concentration in plasma membrane (Zinser et al., 1993), being 

a suitable target for nystatin. We hypothesized that izh3Δ is resistant to nystatin due to alterations 

in the free ergosterol content. We explored this possibility using HPLC-MS analysis of free 

ergosterol versus total ergosterol. The advantage of using HPLC-MS is that it does not require 

derivatization like the GC-MS technique. Interestingly, we found that izh3Δ is more deficient in 

free ergosterol than its wild type counterpart. This result truly explains the resistance phenotypes 

observed by this mutant. On the other hand, the levels of total ergosterol appear almost identical 

for both the mutant and wild type. It is quite possible that izh3Δ has more esterified ergosterol 

than wild type. Therefore, the presence of IZH3 is necessary to maintain the levels of free 

ergosterol in the plasma membranes.  

Besides sterols, the effects of antifungals like azoles are also associated with defects in the 

sphingolipid content. For example, genes involved on the synthesis of phytosphingosine (SUR2, 

or LCB1), are down-regulated by azole drugs (Veen and Lang, 2005). Our observations that 

sphingoid bases reconstitute the normal growth of wild type and mutants seem reasonable. We 

do not discard the the possibility that once added to the growth media, the sphingoid bases are 

embedded in the plasma membrane protecting it against the toxic effects of nystatin. It is also 

possible that when added simultaneously to the cells, nystatin competes for a place in plasma 

membrane with the sphingoid bases. Therefore, experiments conducted to test these possibilities 

are necessary. 

Based on our results, it is important to investigate the transcriptional response of the IZH3 

gene in order to have a better idea about the role, if any, that this gene plays in the sterol 

pathway. Overall, the results presented in this chapter open an avenue regarding the role of IZH3 
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that demands further investigation. For example, the steryl ester composition of WT and izh3Δ 

must be investigated. It is plausible, that izh3Δ has more steryl esters than the WT strain, which 

could explain why the mutant strain has less free ergosterol available for the nystatin action.  
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Table 4-1.  Sources and genotypes of the strains used in Chapter 4 
Strain Mutation Source/Derivation Genotype 

BY4742 Wild type EUROSCARF MAT α; his3; leu2; ura3; lys2 

TLY9 izh1 Thomas Lyons MAT α; his3;leu2; ura3;lys2; 
izh1::kanMX4 

TLY50 izh2 Thomas Lyons MAT a; his3; leu2; ura3; lys2; 
izh2::hphMX4  

Y01578 izh3 Thomas Lyons MAT a; his3; leu2; ura3; 
met15; lys2; izh3::KanMX4 

TLY46 izh4 Thomas Lyons MAT α; his3; leu2; ura3;  
lys2; izh4::ura3MAX4 

TLY20 izh1izh2 Thomas Lyons MAT α; his3; leu2; ura3;  
lys2; izh1::kanMX4; izh2:: 
hphMX4  

TLY41 izh2izh4 Thomas Lyons MAT a; his3; leu2; ura3;lys2; 
izh2::hphMX4; izh4:: 
ura3MAX4 

TLY45 izh1izh2izh4 Thomas Lyons MAT a; his3; leu2; ura3;lys2; 
izh1::KanMX4; izh2:: 
hphMX4; izh4::ura3MX4 
 

TLY23 izh1izh2izh3izh4 Thomas Lyons MAT α; his3; leu2; ura3; 
lys2; izh1::KanMX4; izh2::  
hphMX4; izh3:: natMX4; 
izh4::ura3MX4 
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Figure 4-1.  Chemical structures of the sterols analyzed in this chapter. 
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Figure 4-2.  Model proposed for the nystatin action in the yeast plasma membrane.  A shows an 

intact yeast plasma membrane.  B the interaction between nystatin and ergosterol 
produces the formation of holes in the plasma membrane with the consequent leakage 
of nutrients.  C shows the chemical structure of nystatin. 
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Figure 4-3.  Nystatin-dependent phenotypes.  A shows the growth of wild type and the izhΔ 

mutant strains on synthetic medium agar plates supplemented with +/- nystatin.  B 
and C illustrate the complementation of the nystatin-dependent phenotype by the 
pRS315-CEN plasmid and pRS316-GAL1, repectively.  In B, the single copy plasmid 
(pRS315), or pRS315 expressing IZH3 was transformed into the izh3Δ strain.  In 
panel C, the plasmid containing the pRS316-GAL1, or expressing IZH3, was 
transformed into the izh3Δ strain.  D shows the effect of different concentration of 
nystatin onto the growth of cells overexpressing IZHs. In this case the pRS316-GAL1 
containing each IZH was tested. When CEN plasmid was used plates were 
supplemented with 2% glucose. For gene overexpression, 2% galactose was used. 
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Figure 4-4.  Effect of nystatin on izh3Δ and the wild type strain BY4742 at different stages of 

growth.  Panel A shows a typic growth curve generated to illustrate the different 
growth stages of both WT and izh3Δ.  B shows that izh3Δ is remarkable resistant to 
nystatin regardless its growth stage.  
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Figure 4-5.  Ultraviolet spectrophotometric characterization of total Δ5-7 sterols in wild type 

strain and izh3Δ.  A represents the UV spectra for WT and izh3Δ obtained in absence 
of nystatin.  B shows the UV spectra for WT and izh3Δ, when the cells are exposed to 
5 U/mL of nystatin. 

 
Figure 4-6.  Semi-quantitation of total ergosterol and 24(28)-DHE content in wild type and izh3Δ 

by UV-spectrophotometry.  A shows the basal levels of ergosterol and 24(28)-DHE.  
B shows the levels of both sterols in cells exposed to 5 U/mL of nystatin. In the 
figure, the content of each sterol is expressed as the percentage of total ergosterol per 
wet weight of cells. 
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Figure 4-7.  Quantitation of basal levels of total ergosterol and lanosterol of WT and izh3Δ by 

GC-MS.  In the figure, A shows a calibration curve generated with the standards 
ergosterol, lanosterol, and cholesterol (internal standard).  B shows the concentration 
(pM) of total ergosterol and lanoterol derived form the calibration curve.  Data are the 
mean ± standard deviation of three experiments. 
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Figure 4-8.  Total and free ergosterol content on WT and izh3Δ.  The figure shows the semi-

quantitative analysis of total ergosterol, A and free ergosterol B, using HPLC-APCI-
MS.  C shows the quantitation analysis of free ergosterol for WT and izh3Δ by using 
HPLC-APCI-MS.  Data shown in each panel represent the mean ± standard deviation 
of two independent experiments. 
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Figure 4-9.  Sphingoid bases override the toxic effects of nystatin.  To generate the figure, 5 μl of 

10-fold OD600 serial dilutions were spotted on agar-simthetic medium (e.g. from the 
left to the right OD600 of 1.0, 0.1, and 0.01, respectively) and incubated for 3 days at 
30oC. 
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Figure 4-10.  Effect of ceramides and stearylamine in cells exposed to nystatin.  The figure 

shows that contrary to the effect of sphingoid bases, ceramides and the sphingoid base 
homolog stearylamine, are unable to ameliorate the toxic effect of nystatin.   
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CHAPTER 5 
POTENTIAL IMPLICATION OF IZHS IN THE SPHINGOLIPID BIOSYNTHETIC 

PATHWAY 

Introduction  

Sphingolipids are a group of ubiquitous lipids found in all eukaryotic cells where they 

comprise 10% to 20% of the total lipid species found in membranes (Smith et al., 1974). 

Structurally, sphingolipids are formed by three elements; the sphingoid base backbone (or long 

chain base), a very long chain fatty acid, and a head group. In yeast, fatty acids with a chain of 

26 carbons in length, is common (Lester and Dickson, 1993). The yeast Saccharomyces 

cerevisiae, has only three complex sphingolipids named inositol phosphoryl ceramide (IPC), 

mannosyl inositol phosphorylceramide (MIPC), and mannosyl diinositolphosphoryl ceramide, 

(M(IP)2C) (Dickson, 1998). The yeast S. cerevisiae has served as unique model to dissect and 

understand metabolic pathways and has emerged as a scaffold upon which sphingolipid 

metabolism and function can be elucidated.  

Originally, sphingolipids were considered only as structural components whose main role 

was to protect the cell surface against potential harsh and hostile environments (Hannun and 

Bell, 1989; Meer et al., 2002). In fact, in plasma membranes, sphingolipids are found tightly 

packed with sterols forming microdomains termed “lipid rafts” (Toulmay et al., 2007). Recent 

studies have demonstrated that the role of the sphingolipids goes beyond a simple structural role, 

and that they can also play roles as second messengers implicated in signal transduction. In this 

sense, sphingolipids can mediate cellular differentiation and apoptosis (Merrill et al., 1997; 

Edsall et al., 1997; Hannun and Obeid, 2002; Dickson and Lester, 2002).  

Multiple sequence alignments as well as phylogenetic tree analysis have revealed that the 

Izhp family shares distant homology with a group of enzymes known as alkaline ceramidases. 

Ceramidases hydrolyze the amide linkage of ceramide to generate a free sphingoid base and the 
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corresponding fatty acid (Figure 5-1). In yeast, two alkaline ceramidases (Ypc1p and Ydc1p) 

have been characterized (Mao et al., 2000a; Mao et al., 200b). Interestingly, Ypc1p and Ydc1p 

also catalyze the reverse ceramidase reaction with the concomitant formation of phytoceramide 

and dihydroceramide from free sphingoid bases and fatty acids (Mao et al., 2000a; Mao et al., 

2000b; Vallée et al., 2005), (Figure 5-2). This latter reaction is usually catalyzed by two 

ceramide synthases called Lag1p and Lac1p (Vallée et al., 2005).  

Different observations have highlighted the possibility that the IZHs could be implicated in 

the sphingolipid biosynthetic pathway. Herein, we present evidence that indicates that the 

overexpression of the IZHs results in an increase in the levels of sphingoid bases and certain 

ceramides. However, in vitro ceramidase assays suggest, that Izhs are not alkaline ceramidases. 

Alternatively, we investigate the possibility that the IZHs may modulate the levels of 

sphingolipids by affecting the de novo sphingolipid biosynthesis. As is well known, sphingoid 

bases can be synthesized de novo as follows. In this case, serine is condensed with palmitoyl-

CoA via serine palmitoyl transferase (SPT), to form 3-keto-dehydrosphingosine, which by 

successive reactions is converted to the sphingoid bases dehydrosphingosine and 

phytosphingosine (Perry, 2002; Menalindo et al., 2003; Cowart and Obeid, 2007) (Figure 5-3 A).  

In an effort to investigate if the IZHs could be implicated in de novo sphingolipid 

biosynthesis, three different experimental approaches are explored. First, qualitative analysis of 

radioactive sphingolipids indicates that the levels of sphingoid bases produced under IZH 

overexpression are bigger than those produced by the vector control, but similar to the levels 

produced when YPC1 is overexpressed. Second, the use of myriocin, an inhibitor that blocks de 

novo biosynthesis of sphingoid bases via serine palmitoyl transferase, significantly reduces the 

levels of sphingoid bases produced when the Izhs are overexpressed. However, the effects of 
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myriocin on the levels of sphingoid bases found when YPC1 was overexpressed and those in the 

vector control are barely affected. Finally, the effect of fumonisin B1 (FB1), an inhibitor that 

inhibits ceramide synthase, was investigated. Our results indicate that after treatment with this 

drug, an accumulation of sphingoid bases in all the samples analyzed is produced, suggeting that 

the role of Izhs is more related to the de novo sphingolid biosynthesis.  

Although, still preliminary, our results suggest a connection between the levels of 

sphingolipids (specifically sphingoid bases and ceramides) and the high dosage of IZHs in the 

cell.  

Materials and Methods  

Strains Plasmids and Yeast Transformations 

For the studies described in this chapter, the strains and their respective genotypes are 

described in table 5-1. The YPC1 and IZH1-4 open reading frames were placed under the control 

of galactose inducible GAL1 promoter, by using the plasmid vector pRS316, which contained the 

URA selection marker gene. The pRS316-GAL1 (empty vector) and the vector containing the 

YPC1 and each of the IZHs (pRS316-GAL1-YPC1 and, pRS316-GAL1- IZH1-4, respectively) 

were transformed with the wild type strain BY4742, or with the double mutant ypc1Δydc1Δ 

(Gietz and Woods, 1994). The double mutant strain ypc1Δydc1Δ was kindly provided by Dr. 

Howard Riezman (howard.riezman@biochem.unige.ch).  

Yeast Growth Conditions 

Unless otherwise stated, the compounds used for these studies were dissolved in either 

100% ethanol, or DMSO. When mentioned, the detergent Tergitol NP-40 was used to facilitate 

the uptake of certain sphingolipids by the cells. At low percentage, this detergent does not have 

any significant effect on the growth of cells. The inhibitors, myriocin and fumonisin B1 (FB1) 

were obtained from Sigma. 
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For gene overexpression, cells lacking YPC1 and YDC1 or wild type cells were 

transformed in identical fashion as mentioned elsewhere in this dissertation. When used, N-

acetylphytosphingosine (or C2-PHC), (Avanti Polar Lipids), was prepared in 100% ethanol. Cells 

in early logarithmic phase, (e.g. OD600 of 0.2) were spiked with C2-PHC to a final concentration 

of 278 nM, and grown to OD600 was 0.8 (usually for 1 h).  

When fumonisin B1 (FB1) was used, cells were prepared according to the procedure 

described by Wu et al., 1995 with some minor modifications. Cells were grown at 30oC in 30 mL 

of uridine-limited synthetic medium (SGal-Uri), supplemented with 0.005% Tergitol NP-40 

(Sigma); in the absence or in presence FB1 to 100 μM. Cells were grown to OD600 of 0.8 and 

then harvested to collect pellets.  

Likewise, when myriocin was used, cells were grown in 30 mL of synthetic medium 

(SGal-Uri), in the absence and in presence of 1.0 μM myriocin were grown to OD600 of 0.8. Cells 

were harvested and resultant pellets were washed twice with cool sterile water and used for total 

lipid extraction.  

In Vitro Ceramidase Assay 

Microsomes were isolated from the yeast cells according to Mao et al., 2000a; Mao et al., 

2000b with some minor modifications as follows. Cells were suspended in 0.5 mL of lysis buffer 

A (20 mM Tris-HCl, pH 7.4, 1.0 mM EDTA, and the protease inhibitor mix form Sigma). Acid-

washed glass beads were added to just below the meniscus (1/3 beads per every 1/3 of cell 

pellets). Cells were homogenized three times (3 min for 30 sec), and at 4oC using a Mini-bead-

beater-8 (Biospec Products) set at the maximum speed. The cells were chilled on ice for 1 min 

between homogenizations. The resultant supernatant was transferred to a new tube after 

centrifugation at 2,000 rpm for 10 min. Unbroken cells and cell debris were removed by 
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centrifugation at 4,000 rpm for 10 min. To pellet the membrane fraction, the supernatant was 

centrifuged at 40,000 rpm for 40 min at 4oC. The membrane fraction was rinsed gently with the 

lysis buffer A and suspended in 100 μL of the same buffer A. Protein concentration was 

determined by the BCA kit (Pierce), and using BSA as standard.  

Ceramidase activity was determined by the release of NBD-fatty acid from fluorescent 

substrates, NBD-C12-ceramide, NBD-C12-dihydroceramide (Matreya) and NBD-C12-

phytoceramide (kindly provided by Dr Yusuf A. Hannun, hannun@musc.edu) described by Mao 

et al., 2003 with some modifications. Briefly, 20 μL of microsomes (containing 10 μg of protein) 

in buffer B (25 mM Tris-HCl, 0.5 mM CaCl2at three different pHs, 8.6, 9.4, and 7.0) was mixed 

with 20 μL of each substrate in buffer B with 0.4% Nonidet P-40 in a 1.5 mL microfuge tube. 

After incubation at 30oC for 60 min, the reactions were stopped by boiling for 5 min, and dried in 

a heating block at 80oC during 20 min in the dark. The C12-NBD-dodecanoic acid, (generously 

provided by Dr. Yusuf. A. Hannun) was used as marker for the completion of the ceramidase 

reaction. Additionally, this fluorescent fatty acid in one of the products released from the 

catalytic breakdown of NBD-C12-sphingolipids by the ceramidases. Reaction mixtures were 

dissolved in 30 μL of chloroform : methanol (2:1, v/v). 25 μL of each sample, the substrates and 

the NBD-dodecanoic acid was applied onto a silica gel 60Å TLC plate (Whatman) and resolved 

by the solvent system  composed by chloroform : methanol: 4.2 N ammonium hydroxide 

(90:30:0.5, v/v/v). Fluorescent lipids were detected by scanning the TLC plate in a StormTM 860 

chromatoscanner (Molecular Dinamics), operated in the fluorescent mode, with an excitation 

wavelength of 450 nm and an emission of wavelength of 525 nm. 

mailto:hannun@musc.edu�
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Phenotypic Studies 

Yeast cells where the YPC1 and YDC1 genes were mutated (ypc1Δydc1Δ), and containing 

the pRS316-GAL1 (empty vector) or overexpressing each IZH gene or YPC1 were first grown to 

stationary phase. After spinning down, pellets were suspended in uridine-limiting synthetic 

medium supplemented with galactose, and appropriated amino acids. Aliquots (5 μL) of the 

overnight were plated at OD600 of 1.0, 0.1, and 0.01, onto solid-agar uridine-limiting synthetic 

medium supplemented galactose, and appropriate amino acids, with or without myriocin. When 

used, myriocin was prepared in DMSO (Sigma), and added fresh to solid-agar medium to 

concentrations of 0.1 μM and 1.0 μM. Plates were incubated at 30oC during 3 days, and followed 

by growth analysis.  

Total Lipid Extraction  

Unless otherwise stated, all reagents used during this procedure were of high quality and 

the solvents used were HPLC grade. Total lipid extraction was performed according to the Bligh-

Dyer method (Bligh and Dyer, 1959), with some modifications. Briefly, pellets were suspended 

in 0.8 mL of water, and 3.0 mL of a mixture of methanol : chloroform (2:1, v/v). After vortexing 

thoroughly, suspensions were left during 1 overnight, at 4oC to permeate the cell wall and the 

yeast plasma membrane. Cell debris was discarded by centrifugation at 3,000 rpm for10 min, and 

the supernatant was transferred to a sterile 13 X 10 mm glass screw capped borosilicated tubes 

(Fisher). Supernatant was then mixed with 1.0 mL of chloroform and 1.0 mL of water and 

vortexed vigorously for 1 min. The resultant suspension was settled down during 30 min at room 

temperature, followed by centrifugation at 3,000 rpm for 10 min to help the separation of two 

phases. The aqueous phase was aspirated, and the organic one was transferred to a new 13 X 10 

mm glass screw capped borosilicated tube, and dried under a stream of N2. Dried fraction was 
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suspended in 300 μL chloroform. One-third of this suspension (100 μL) was dried and used to 

determine phospholipids (this procedure is described in the next section). The remaining two-

third fraction, (200 μL) were suspended in 800 μL of a 0.125 M methanolic KOH solution and 

incubated during 75 min in a 37oC water bath to hydrolyze the acyl glycerolipids. After cooling 

at room temperature, 1.4 mL of chloroform and 200 μL 0.3 M HCl were added to the mixture, 

followed by the addition of 400 μL of a solution of 1.0 M NaCl in 5% glycerol. Lipids were 

extracted by vortexing vigorously during 3 min. Centrifugation at 3,000 rpm, during 5 min 

allowed the formation of two phases. Again, the aqueous phase was aspirated and the organic 

one was washed with 1 mL of neutralized water (prepared by mixing 1.0 M ammonium 

hydroxide and water at a ratio of 1:300, v/v). After aspirating the aqueous phase, the organic 

phase, which is enriched of sphingolipids was dried under a stream of N2, and stored at -20οC 

until HLPC analysis. 

Phospholipid Determination  

Phospholipid determination from the lipid extracts was performed, with some 

modifications according to Merrill et al., 1988. Briefly, standards ranging from 0-80 nmol of 

N2HPO4 (e.g. 0, 5, 10, 20, 40, 60, 80 μL 1.0 mM NaHPO4) and one-third of the dried lipid 

fraction (as described in former section) were mixed in 600 μL of ashing buffer prepared by 

mixing 10 N H2SO4, 70% perchloric acid, and water (1:9:40, v/v/v), and heated at 160oC during 

1 overnight (18 h). After cooling at room temperature, the lipid fraction was mixed, by 

vortexing, with 900 μL of sterile water, 500 μL of 0.9% (w/v) ammonium molybdate (Fisher) 

and 200 μL of a fresh solution of 9%, w/v L-ascorbic acid (Sigma). Standards and samples were 

incubated during 30 min in a 45oC- water bath. Absorbances were measured at 820 nm using a 

Safire Xluor4D microplate reader (version 4.50). A standard calibration curve was generated by 
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plotting the nmol of the standards against their absorbance at 820 nm. The obtained curve was 

used to calculate the nmol of phospholipids present in each sample. 

High-Performance Liquid Chromatography Analysis of O-Phthalaldehyde-Sphingoid Base 
Derivatives 

Standards used in this section were obtained from Avanti Polar Lipids. Extracts containing 

sphingolipids and the standards D-eryhtro-C18-DHS, D-ribo-C18-PHS, C20-PHS, and L-threo-

C18-DHS, were derived according to Merrill et al., 2000 with some minor modifications, and by 

using the fluorescent reagent O-phthaladehyde (OPA), (Sigma). The following protocol was 

performed by Charlene Alford, (Medical University of South Carolina, MUSC) who also ran the 

samples in the HPLC instrument. The two-third dried lipid fractions were first dissolved in 100 

μL of methanol. Fifty-μL (50 μL) of the standards and samples dissolved in methanol were 

mixed with 50 μL of the OPA reagent for derivatization. After thoroughly mixing, the mixtures 

were incubated for 20 min under darkness, and at room temperature. The samples and the 

standards were then centrifuged briefly to clarify and kept at 4oC until HPLC analysis. The OPA 

reagent was prepared by mixing 5 mg of OPA in 100 μL 100% ethanol, with 5 μL of 2-

mercaptoethanol and 9.9 mL of a solution of 3%, w/v boric acid (H3BO3), which was prepared in 

water, and adjusting its pH to 10.5 with KOH. Before HPLC analysis samples and standards 

were spiked with 25 pmol of the internal standard L-threo-C18-DHS prepared in methanol (L-

threo-C18-DHS is a non natural sphingoid base). Fluorescent derivatives were analyzed using a 

C18 analytical Ultrasphere column with an internal diameter of 46 mm, and a length of 250 mm. 

The HPLC (Breeze system Waters binary HPLC, model 1525) was coupled with a Shimadzu 

RF-551 spectrofluoremetric detector (Beckman Coulter). The solvent system was methanol : 5 

mM potassium phosphate, pH 7.0, (90:10, v/v). The OPA derivatives were detected using the 

spectrofluoremetric detector, with an excitation wavelength of 345 nm and an emission 
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wavelength of 455 nm. The sphingoid bases were identified by comparing their elution profile 

with those of the standards.  

Analysis of Radiolabeled Sphingolipids by One-Dimensional Thin Layer Chromatography  

As describe before, yeast cells where the YPC1 and YDC1 genes were mutated 

(ypc1Δydc1Δ), and containing the pRS316-GAL1 (empty vector) or the pRS316-GAL1, 

expressing each IZH gene or YPC1 were first grown to stationary phase. After spinning down, 

pellets were suspended in uridine-limiting synthetic medium supplemented with galactose. Fresh 

synthetic medium supplemented with 2% galactose and appropriate amino acids was inoculated 

with aliquots of the overnights to an OD600 of 0.1. Cells were to an OD600 of 0.5. Aliquots of 3.0 

mL of each culture was transferred to 50 mL capped Falcon tubes and spiked with 150 μL 1.0 

mCi/mL [3H]serine (American Radiolabelled Chemicals, ART-246) during 40 min at 30oC. 

Subsequently, 1.0 mL of each culture was transferred to 13 X 10 mm glass screw capped 

borosilicate tubes and spun down at 3,000 rpm, 4oC for 5 min. After aspirating the supernatant, 

the pellet was washed with cold sterile water, and immediately used for lipid extraction.  

Lipid extraction was performed according to the Mandala procedure (Mandala et al., 1995). 

Briefly, pellets were suspended by vortexing in 1.0 mL of the Mandala reagent [95% ethanol : 

water : diethylether : Pyridine : NH4OH, (15:15:5:1:0.018, v/v/v/v/v)]. Suspensions were then 

incubated in a 60oC- shaking water bath for 15 min. After centrifugation at 3,000 rpm, 10oC for 5 

min, the supernatant was pipeted off and saved. Pellets were re-suspended again in 500 μL of the 

Mandala reagent, and extraction was repeated one more time. The two supernatants were 

combined and dried under a stream of N2. Dried samples were then suspended in 50 μL of a 

mixture of chloroform : methanol : water, (1:2:0.1, v/v/v) and vortexed hard for 15-20 sec. 
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Sphingolipids were analyzed by one-dimensional chromatography (TLC), on Whatman Partisil 

LK6D silica gel 60 Å, 20 X 20 cm size thin layer thickness 250 μm plates, (Whatman). To do 

this, aliquots of 25 μL of each suspension and 10 μL of the standards phytoceramide (PHC), 

dihydroceramide (DHC), phytosphingosine (PHS), dihydrosphingosine (DHS), 

phosphatidylserine (PS), phosphatidylinositol (PI), (type of standards) were applied to the TLC 

pate, which was previously treated with 150 mL acetone for 45 min and equilibrated for 3 h in 

100 mL of the solvent mixture choloroform : methanol : 4.2 N ammonium hydroxide, (9:7:2, 

v/v/v). Lipids were resolved by using the same mixture of solvents. When the level of solvent 

mixture reached 1 cm form the top edge, the plate was taken out the chamber and allowed to dry 

at room temperature. The non-radioactive standards were visualized in iodine vapor. Radioactive 

bands on the TLC plate were visualized by autoradiography after treatment with EN 3HANCE 

(NEN Life Science) and exposure to a tritium screen. Radiolabelled lipids were compared with 

the standards. 

Analysis of Sphingolipids by Electrospray-Ionization Tandem Mass Spectrometry (ESI-
MS/MS)  

All the experiments described in this section were performed using the strain ypc1Δydc1Δ. 

Internal standards were either prepared by the Lipidomics Core, at MUSC, or obtained from 

Avanti Polar Lipids or Matreya. All solvents used were obtained from Fisher. 

Sphingolipid analysis was performed by HPLC-Tandem mass spectrometry 

(HPLC/MS/MS). High performance liquid chromatography (HPLC) was performed in a 

“Surveyor” equipped with a quaternary HPLC pump, “Surveyor” an autosampler, and a BDS 

Hypersil column (C8 150 x 3.2 mm; 3 μm particle size), (Phenomenex). The HPLC system was 

coupled with a triple quadrupole mass spectrometer equipped with a Thermo Finigan, PE Sciex 
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Electrospray Ion Source (EIS), a syringe pump, and syringes (5 μL-1 μL) and a nitrogen 

generator (Parker Hannifin Corp).  

Cells containing the plasmid vector (pRS316-GAL1) or the vector containing each of the 

genes YPC1, IZH2, and IZH3 (pRS316-GAL1-YPC1, pRS316-GAL1-IZH2, pRS316-GAL1-

IZH3) were grown in synthetic media supplemented with galactose to OD600 = 0.8. Sample and 

standards preparations were carried out in the lipid analysis were prepared by the Lipidomics 

Core, at the Medical University of South Carolina (MUSC). Total lipid extractions were 

performed according to Bielawski et al., 2006 with some modifications. A mixture of the 

following internal standards was used, 1.0 μM solution containing C17-sphingosine, C17-

sphingosine-1-P, 17C16-Ceramide, and 18C17-Ceramide and C6-phytoceramide in methanol were 

used. Pellets were first spiked with 50 μL of the internal standards solutions, and then mixed by 

vortexing with 2.0 mL of the extraction mixture iso-propanol : water : ethanol : pyridine : 25% 

ammonia, (5.0:1.5:1.0:0.2:0.04, v/v/v/v/v). Extracts were incubated at 60oC for 15 min and then 

vortexed thoroughly. Suspensions were centrifuged for 5 min at 3000 rpm, and the supernatant 

was collected. Pellets were suspended in another 2 mL of the extraction mixture and the 

procedure was repeated. The two supernatants were combines and dried under a stream of N2. 

Before analysis, extracts were suspended in 150 μL of mobile phase (1.0 mM ammonium 

formate in methanol containing 0.2% formic acid), and vortexed. Extracts were centrifuges at 

4,000 rpm for 5 min, and the supernatant was transferred to an autosampler HPLC vial with 200 

μL insert. 20 μL of this supernatant was injected on the HPLC system. 

For quantitation, calibration curves for each of the internal standards were prepared as 

follows. Cells were substituted with bovine serum albumin (BSA). This artificial matrix was 

spiked with a known amount of the target analyte (sphingolipid of interest), and a constant 
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amount of the corresponding internal standard. The above described extraction procedure was 

followed. 

Standard extracts were analyzed by HPLC/MS/MS system in positive MRM mode 

(Multiple Reaction Monitoring). Calibration curves were generated by plotting the peak area 

ratio of analyte (sphingolipid of interest) / internal standard, against the concentration in pM of 

each sphingolipid of interest. For quatitation, the peak areas were determined using extracted ion 

chromatograms. The amount of each sphingolipid detected was normalized to the OD600 of each 

sample; and the results are reported in pmol lipid/OD600.  

Results  

Overexpression of IZHs Produces Increase in the Levels of Free Sphingoid Bases 

Ypc1p and Ydc1p degrade ceramides to produce sphingoid bases and fatty acids (Mao et 

al., 2000a; Mao et al., 2000b). Because the Izhs have distant similarity with the yeast alkaline 

ceramidases, we questioned whether the IZHs could be implicated in the sphingolipid metabolic 

pathway. With this in mind, we first characterized and quantified the levels of sphingoid bases in 

cells overexpressing the IZH genes. To do this, HPLC analysis of fluorescent sphingolipid 

derivatives was performed. In a first trial, the pRS316-GAL1 (empty vector) or the vector 

expressing IZH2, IZH3, and YPC1 were transformed with a BY4742 wild type strain. C18-PHS 

and C18-DHS (the two major sphingoid bases found in yeast) were detected by HPLC. Not 

surprisingly, an increase in the levels of these sphingoid bases was observed when IZH2 and 

IZH3 were overexpressed. But even more prominent was the fact that the overexpression of 

IZH3 produces more sphingoid bases than YPC1 (Figure 5-4). Although at first glance, we could 

envision the possibility that IZHs encode proteins that play similar functions to ceramidases, we 

wanted to make sure that the results obtained were not because we were using a wild type strain, 

which contain the ceramidase genes YPC1 and YDC1. Therefore, we decided to investigate the 
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levels of sphingoid bases when the IZHs and YPC1 were overexpressed in the double mutant 

strain ypc1Δydc1Δ. With this in mind, two different experiments were performed. First, the basal 

levels of sphingoid bases were investigated by HPLC. The results obtained indicated that the 

levels of the sphingoid bases C18-PHS, C20-PHS, and C18-DHS were increased, (Figure 5-5 A, B, 

C). To investigate if an external stimulus like the addition of a ceramide could activate the 

production of sphingoid bases in the analyzed samples, the effect of C2-PHC was monitored by 

HPLC. Although C2-PHC is a non natural ceramide, it has the advantage that is less hydrophobic 

that the natural C26-PHC. Therefore, it can easily be delivered into the cells. When used, C2-PHC 

was added to a final concentration (278 nM) for a short period of time (e.g. 1 h) to avoid possible 

artifacts. An increase in the levels of sphingoid bases was observed for the IZHs and YPC1 

(Figure 5-5 D, E, and F).  

Taken together, these results truly represent a first approach, and the first piece of evidence 

suggesting a possible implication of IZHs in the sphingolipid metabolic pathway. 

In Vitro Ceramidase Assays Suggest that Izhs May not be Alkaline Ceramidases  

There are two ways to synthesize sphingoid bases. First, it can proceed by de novo 

sphingolipid biosynthesis, a process that starts with the condensation of serine and a fatty acid 

which is usually palmitic acid through the action of serine palmitoyl transferase (SPT). Second, 

sphingoid bases can be synthesized from hydrolysis of ceramide by the action of ceramidases 

(Figure 5-6 A). To investigate if the IZHs encode ceramidases, the vector pRS316 containing the 

GAL1 inducible promoter (pRS316-GAL1) and the vector expressing the YPC1 and the IZHs 

(e.g. pRS316-GAL1-YPC and pRS316-GAL1-IZHs, respectively) were transformed with the 

yeast double mutant strain ypc1Δydc1Δ. Protein expression was induced in 2% galactose. To do 

this, microsomes were prepared, as described under materials and methods, and assayed for 
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ceramidase activity at different pHs (pH 8.6, pH 9.4, and pH 7.0). Flurorescent ceramides, N-

C12:0-NBD-phytoceramide, and N-C12:0-NBD-dihydroceramide, were used as substrates for 

the ceramidases, and the N-C12:0-NBD-dodecanoic acid was used as a maker for the ceramidase 

reaction product (Figure 5-6). TLC analysis was performed to identify the florescent products. 

We did not observe any significant difference between the empty vector and the Izhs in terms of 

the intensity of the band corresponding to the fluorescent fatty acid (Figure 5-7 A, B, C, and D). 

This suggests that Izhs are not ceramidases; however, it is possible that the substrates used for 

this assay were not appropriate. The fact that this band, only appears when YPC1was 

overexpressed at alkaline pH (e.g. pH 9.4), indicates that under the conditions used only Ypc1p 

is acting as a ceramidase.  

Each experiment was carried out in duplicate. Although, it is well known that the optimal 

pH for the alkaline ceramidase activity is in a range of 8 to 9, we wanted to investigate if the pH 

had any effect on the enzymatic reaction. In this assay, the catalytic action of the ceramidase 

produces the release of the fluorescent fatty acid. It is important to remember that C26-PHC or 

C26-DHC, are the natural substrates for alkaline ceramidases. However, fluorescent C26-

ceramides are not commercially available. Thus, to do these experiments, we had to use artificial 

florescent substrates. This could be one of the reasons by which we did not obtain the expected 

results. 

The preliminary data presented in this section represent a valuable piece of information 

that suggests that Izhs may not be ceramidases. However, additional studies need to be 

conducted to rule out this idea.  
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Thin Layer Chromatography of Radioactive Sphingolipids Reveals Similar Sphingolipid 
Profiles for YPC1 and the IZHs 

The altered levels of sphingoid bases observed when the IZHs were overexpressed may be 

due to a role for IZH genes in de novo sphingolipid biosynthesis. To test this, cells were labeled 

with [3H]serine during 40 min. In yeast, serine and palmitic acid are the two precursors of de 

novo sphingolipid biosynthesis (Cowart and Obeid, 2007) (Figure 5-3 A). After addition of 

[3H]serine to the growth medium, we expected its rapid incorporation into the cells followed by 

the efficient biosynthesis of labeled sphingolipids. Interestingly, when we analyzed the 

sphingolipid profiles by TLC, an increase on the levels of PHS, DHS and other complex 

sphingolipids were observed when the IZHs and YPC1 were overexpressed compared to the 

vector control (Figure 5-8). These results suggest that de novo biosynthesis of sphingoid bases is 

induced under IZH and YPC1 overexpression, supporting our hypothesis about the implication of 

the IZHs in this part of the biosynthetic pathway.  

Fumonisin B1 Induces the Acummulation of Sphingoid Bases in YPC1, IZH2, and IZH3 

Fumonisin B1 is a mycotoxin that bears structural similarities to sphingoid bases (Wu et 

al., 1995), (Figure 5-3 B). It has been shown that in mammalian cells, as well as in yeast, FB1 

promotes the accumulation of sphingoid bases by inhibiting the activity of the ceramide 

synthases Lac1p/Lag1p (Merrill et al., 1993; Wu et al., 1995) (Figure 5-3 A). To continue 

investigating the implication of Izhs in de novo biosynthesis of sphingoid bases, we decided to 

use FB1. When used, FB1 was added to a final concentration of 100 μM to cells where the genes 

YPC1 and YDC1 were mutated and containing pRS316-GAL1 (empty vector), or the vector 

containing YPC1, IZH2 or IZH3. Once exposed to FB1, cells were harvested and total lipids were 

extracted, and analyzed by HPLC as described under materials and methods. Some observations 

that are worth mentioning are the following: (i) the addition of FB1 resulted in the accumulation 
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of sphingoid bases such as C18-PHS, C20-PHS, and C18-DHS (Figure 5-9 A, B, C), (ii) The vector 

control accumulated more C18-PHS and C20-PHS than YPC1, IZH2 and IZH3 (Figure 5-9 A and 

B, respectively). This result suggests that in YPC1, IZH2 and IZH3, the synthesis of such as 

sphingoid bases is somehow blocked under treatment with FB1. 

Myriocin Inhibits the Increase in the Levels of Sphingolipid Biosynthesis Mediated by 
IZH2 and IZH3 

Myiocin is another potent inhibitor of de novo sphingolipid biosynthetic pathway, which 

inhibits serine palmitoyl-CoA transferase (SPT), the rate-limiting enzyme of the sphingolipid 

pathway (Figure 5-3 A and B) (Fujita et al., 1994). We reasoned that if the IZHs are implicated 

in the synthesis of sphingolipids de novo, the inhibition of SPT would suppress the increase of 

sphingoid bases produced when the IZHs are overexpressed. To test this, we first performed 

phenotypic studies to determine the minimal inhibitory concentration of myriocin. These studies 

indicated that 1 μM myriocin had an inhibitory effect in the growth but, at that concentration, it 

was not lethal for the cells (Figure 5-10 A). Therefore, cells grown in liquid medium were treated 

with 1 μM myriocin for 30 min. HPLC analysis only allowed the identification of C18-PHS, 

which is one of the most abundant sphingoid bases in yeast. Interestingly, upon addition of 

myriocin, the levels of C18-PHS were noticeably reduced when IZH2 and IZH3 were 

overexpressed, compared to those detected under overespression of YPC1 and the empty vector 

(Figure 5-10 B). Therefore, our results buttress our hypothesis that IZHs contribute to modulate 

de novo sphingolipids biosynthesis.  

Finally, to analyze the effect of overexpression in the production of ceramide, HPLC-

Tandem mass spectrometric analysis was performed. Our results indicate that the overexpression 

of IZHs also has an effect in the synthesis of C26-PHC and C26-DHC, which are the most 

abundant ceramides in yeast (Figure 5-11, A and B). These latter results not only support our 
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hypothesis about the implication of the IZH genes in de novo sphingolipid biosynthesis, but also 

suggest that the IZH genes can be implicated in the synthesis of complex sphingolipids like 

ceramides.  

Taken together, the reults presented in this chapter indicate that an increase in the dosage 

of the IZH genes results in consistent with increases in the levels of sphingoid bases and 

ceramides. In this sense, we envisioned the possibility that IZHs can be implicated in the 

biosynthesis of this sphingolipids de novo.  

Discussion  

The primary objective of this chapter was to stablish a connection between the the IZHs 

and the sphingolipid biosynthetic pathway. Particularly, we set out to determine if the IZH family 

plays role(s) in the sphingolipid pathway. To this end, biochemical studies were performed. One 

first observation that suggests an implication of IZHs in the sphingolipid pathway was increased 

levels of certain sphingolipids detected when the IZHs were overexpressed. To explain this 

observation, two different possibilities were explored. First of all, the IZH genes encode alkaline 

ceramidases. As mentioned before, ceramidases are enzymes that catalyze the deacylation of 

ceramide to produce a sphingoid base and a fatty acid. Our hypothesis regarding the role of Izhs 

as possible ceramidases was generated based on the fact that the IZHs might encode membrane 

proteins that have distant similarities with this group of enzymes. To test that hypothesis, HPLC 

analysis was first performed to measure the levels of sphingoid bases. Data generated by this 

means indicate that under overexpressing conditions, IZHs increase the levels of sphingoid bases. 

As a second approach, in vitro ceramidase assays were performed. However, our data suggest 

that under our experimental conditions, Izhs do not appear to be alkaline ceramidases, per se. 

However, it is imperative to do more studies that help test this hypothesis.  
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Although our ceramidase assays did not support our original hypothesis regarding the role 

of Izhs as ceramidases, they illuminated the possibility that Izhs can modulate the de novo 

synthesis of sphingolipids. Sphingoid bases can be synthesized by two different mechanisms. 

First, complex sphingolipids can be converted to free sphingoid bases and fatty acids through the 

action of alkaline ceramidases (Mao et al., 2000a; Mao et al., 2000b). Second, free sphingoid 

bases can be synthesized de novo starting with the condensation of serine and palmitoyl-CoA 

(Cowart and Obeid, 2007) (Figure 1-8 for details). To investigate a possible role of IZHs in the 

de novo sphingolipid biosynthesis we generated radiolabeled sphingolipids by treating the cells 

with [3H]serine. The data generated with this type of experiments revealed a moderate but still 

measurable increase in the levels of PHS and DHS when the IZHs were overexpressed (Figure 5-

8). As a second approach, we used myriocin and fumonisin B1 two drugs that inhibit different 

satges of de novo biosynthesis of sphingolipids (Figure 5-3 A). When myriocin was used, a 

significant decrease in the levels of sphingoid bases was observed in cells overexpressing IZH2 

and IZH3 (Figure 5-10 B). This result suggests the possibility that IZHs encode proteins directly 

implicated in de novo sphingoid base biosynthesis. On the other hand, an accumulation of 

sphingoid bases was observed upon treatment with fumonisin B1, suggesting that IZHs can also 

mediate the synthesis of more complex sphingolipids, (Figure 5-9 A and B).  

Our current data support but do not absolutely prove the implication of IZHs in 

sphingolipid biosynthesis. However, different possibilities are envisioned. First of all, the IZH 

genes could modulate the synthesis of sphingoid bases and complex sphingolipids. From this 

standpoint, it is possible that these genes exert a regulatory role, modulating other genes that are 

directly implicated in the de novo production of sphingoid bases. On the other hand, is plausible 

that IZHs are directly implicated in the synthesis of sphingolipids, perhaps forming complexes 
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with other proteins. It is also entirely possible that IZHs exert a regulatory role, modulating other 

genes that are directly implicated in the de novo production of sphingoid bases. 

Future studies are required to clarify the mechanism by which IZHs modulate the 

production of sphingoid bases and ceramides. Among the myriad of possibilities, the following 

experiments are imperative. To really prove if IZHs encode alkaline ceramidases more a 

sensitive assay is required. In this regard the use of radioactive ceramide substrates like 

[3H]phytoceramide and [3H]dehydroceramide could be used. Following a similar procedure than 

that one described in the in vitro ceramidase can be followed. Besides qualitative analysis, 

quantitation of the levels of radiolabeled ceramides and sphingoid bases can be performed by 

using a scintillation counter. To continue investigating the implication of IZHs in the de novo 

biosynthesis of sphingolipids, qualitative and quantitative TLC analysis of radiolabeled 

sphingolipids is also proposed. The post-translational effect on the Izhs, produced upon addition 

of inhibitors like myriocin and fumonisin B1 can also be explored. To do this Western blot 

analysis is an appropriate technique to be used.  
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Table 5-1.  Strains and genotyes in Chapter 5 
Strain Mutation Source/Derivation Genotype 

BY4742 Wild type EUROSCARF MAT α; his3; leu2; ura3; lys2 

ypc1ydc1 ypc1Δydc1Δ Howard Reizman MAT a; ypc1::LEU2; ydc1:: 
TRP1; ade2; his3;leu2; trp1;  
ura3;can1-100c  

W303-1A Wild type Howard Reizman MAT a; ade2; his3;leu2; trp1 
ura3;can1-100c  
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Figure 5-1.  Chemical structures of the sphingoid bases, ceramides, and sterylamine a structural 

sphingoid base homolog. 
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Figure 5-2.  Synthesis and hydrolysis of the yeast ceramides.  The alkaline ceramidases Ydc1p 

and Ypc1p catalyze the hydrolysis of the yeast ceramides (dihydroceramide and 
phytoceramide, respectively) to produce the sphingoid base and a fatty acid.  On the 
other hand, the ceramide synthases Lag1p, Lac1p, Lip1p, Ydc1p and Ypc1p catalyze 
the reverse alkaline ceramidase reaction.  Ydc1p and Ypc1p are implicated in both 
reactions.  The Izh1-4 proteins are proposed to be alkaline ceramidases. 
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Figure 5-3.  Overview of de novo biosynthetic pathway in yeast.  In scheme A, straight arrows 
represent the stages of de novo sphingolipid biosynthesis with the respective genes 
enzymes and their inhibitors; ┤, represents the blockage of sphingolipid biosynthesis 
produced by myriocin and fumonisin B1 (FB1).  B shows the chemical structures of 
the mycotoxins, myriocin and and fumonisin B1 (FB1). 
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Figure 5-4.  Overexpression of IZH2 and IZH3 produces an increase in the basal levels of the 

sphingoid bases C18-PHS and C18-DHS.  The empty vector pRS316-GAL1 (Vector), 
or the vector containing either of the YPC1, IZH2, or IZH3 genes (e.g. pRS316-
GAL1-YPC1, pRS316-GAL1-IZH2 and pRS316-GAL1-IZH 3) were transformed with 
the the BY4742 wild type strain.  The figure shows the basal levels of C18-PHS and 
C18-DHS.  Data represent the mean ± standard deviation of three independent 
experiments. PHS, phytosphingosine; DHS, dihydrosphingosine; C18- represents the 
number of carbon atoms of the sphingoid base backbone. 
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Figure 5-5.  Overexpression of YPC1 and IZHs induces the increase in the levels of C18-PHS, 

C20-PHS, and C18-DHS.  Total lipids were extracted from the double mutant strain 
ypc1Δydc1Δ, containing the empty vector pRS316-GAL1 (Vector), or expressing the 
YPC1 and IZH1-4 (pRS316-GAL1-YPC1 and pRS316-GAL1-IZH1-4, respectively).  
A, B, and C show the basal levels of sphingoid bases.  D, E, and F show the levels of 
sphingoid bases after spiking with 278 nM C2-PHC. 
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Figure 5-6.  The fluorescent ceramide substrates and the fatty acid product used during the in 

vitro ceramidase assays.  The scheme shows the substrates for alkaline ceramidases 
N-C12:0-NBD-phytoceramide and N-C12:0-NBD-dehydroceramide, and N-C12:0-
NBD-dodecanoic acid, the ceramidase reaction product. 

 



 

 123

 

 
 
Figure 5-7.  TLC analysis of in vitro ceramidase activity at different pHs.  In panels A and B, the 

empty vector (pRS316-GAL1) or the vector expressing Ypc1p and Izh1-4p, were 
assayed for ceramidase activity toward the fluorescent substrates C12-NBD-PHC (left) 
and C12-NBD-DHC (right), at pH 8.6.  Panels C and D, the empty vector and Ypc1p, 
Izh2p, and Izh3p were tested for ceramidase activity at pH 9.4 and 7.0, respectively. 
All panels show the TLC analysis the alkaline ceramidase reaction.  In the figure, C12-
NBD-FA represents the fluorescent dodecanoic acid, PHC is phytoceramide and 
DHC is dihydroceramide. 
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Figure 5-8.  TLC-autoradiograph of radiolabeled lipids shows increased levels of PHS and DHS 

when IZHs and YPC1 are overexpressed.  Cells were labeled with [3H]serine and their 
total lipids were extracted as described under materials and methods. Radiolabeled 
lipids were resolved by TLC. Most of the sphingolipids were identified according to 
authentic standards like PHS, phystosphingoisine; PHC, phytocceramide; DHS, 
dihydrosphingosine; DHC, dihydroceramide; PE, phosphatidylethanolamine; and 
IPC, inositol phosphoceramide. 
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Figure 5-9.  Effect of fumonisin B1 on the production of sphingoid bases.  The figure shows the 

HPLC analysis of fluorescent sphingoid bases.  Data are the mean ± standard 
deviation of two experiments.  FB1, fumonisin B1; PHS, phystosphingosine, DHS, 
dihydrosphingosine; C18- or C20-, are number of carbon atoms of each sphingolipid 
backbone. 
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Figure 5-10.  Effect of myriocin on the growth and the sphingolipid biosynthesis of IZH2 and 

IZH3. A shows the phenotypic response of vector control, IZHs and YPC1 in presence 
of two different concentrations of myriocin.  B shows the quantitation of C18-PHS in 
cells gown in +/- myriocin by HPLC.  The results shows a significant decrease on 
levels of C18-PHS is observed for IZH2 and IZH3 upon addition of 1.0 μM myriocin.  
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Figure 5-11.  Overexpression of IZH2 and IZH3 produces an increase in the levels of C26-PHC 

and C26-DHC.  The figure shows mass spectrometric analysis of the sphingolipids; 
C26-PHC; and C26-DHC; C26, a fatty acid with 26 carbon atoms.  Data represent the  
mean ± standard deviation of two independent experiments. 
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CHAPTER 6 
CELLULAR LOCALIZATION OF THE Izh2 AND Izh3 PROTEINS BY MEMBRANE 

FRACTIONATION  

Introduction 

The IZH genes encode proteins with seven transmembrane domains and little amino acid 

conservation in the loop regions on the extracellular face of the membranes where external 

ligands might make contact. In previous chapters, we demonstrated that certain nutritional 

conditions can affect the expression of these proteins, as well as their transcriptional response. 

Despite the progress reached in this regard, many gaps concerning the function(s) of the Izhp 

remain to be uncovered.  

Perhaps one of the most important aspects that needs to be explored in order to gain more 

insights regarding the role(s) exerted by proteins is to determine their cellular localization. With 

this in mind, our aim was to investigate the localization of Izh2p and Izh3p. As we have reported 

before, the expression of these two proteins is regulated by certain fatty acids (Chapter 3). In 

addition to this, when IZH2 and IZH3 are overexpressed, the sphingolipid content is altered 

(Chapter 5). The fact that sphingolipids are found in plasma membranes led us to hypothesize 

that the IZH2 and IZH3 products are in plasma membrane possibly associated with lipid 

microdomains termed lipid rafts.  

Lipid rafts are formed by the lateral association of sphingolipids and sterols (e.g. ergosterol 

in yeast, and cholesterol in mammals) (Dickson and Lester, 2002; Bagnat et al., 2000; Gómez-

Mountón et al., 2004). In addition to lipids, rafts also contain proteins (Grossmann et al., 2006) 

(Figure 6-1). Because of their composition, rafts were originally implicated in maintaining the 

optimal fluidity and integrity of plasma membranes (Grossmann et al., 2007). Nevertheless, 

recent studies have indicated that lipid rafts are also implicated in intracellular protein trafficking 

and signaling processes (Dupre and Haguenauer-Tsapis, 2003). Other studies have also revealed 
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the specific lipid raft association of GPI-anchored proteins (Moffett et al., 2000) as well as 

transmembrane proteins whose transmembrane domains are thought to have certain affinity for 

rafts (Simons et al., 1997).  

One interesting characteristic that has allowed the isolation and analysis of lipid rafts is 

their low density and insolubility in the mild nonionic detergent 1% Triton X100, at 4 oC (Pike, 

2003; Grossmann et al., 2006) Therefore, we took advantage of these properties to isolate lipid 

rafts from the rest of the yeast membranes. 

To our knowledge, there is only one report published by Narasimhan et al., 2005, 

suggesting the presence of Izh2p in plasma membranes. In this chapter, we have broadened the 

scope of that finding by localizing Izh2p and the paralogous Izh3p in plasma membrane and 

within lipid rafts. In fact, we present evidence that suggests Izh2p and Izh3p are co-localized in 

plasma membrane and lipid rafts. In addition to this, our results suggest that a fraction of these 

two proteins can eventually be dissociated from lipid rafts. In this scenario, Umebayashi et al., 

2003 have proposed that lipid rafts serve as sorting platforms for proteins.  

Although still preliminary, the data presented herein, constitute an important framework 

that strongly contributes to elucidate the function(s) of the Izhs. Our findings certainly illuminate 

our original premise, implicating Izh2p and Izh3p in different lipid biosynthetic pathways. 

Materials and Methods  

Plasmids and Yeast transformations 

For this study, the wild type strain BY4742 (mating type α obtained from EUROSCARF), 

(http://web.uni-frankfurt.de/fb15/mikro/euroscarf/) was used. Plasmids used in this study were 

generated by Dr. Thomas Lyons as described in Chapter 2. For the experiments described in this 

chapter, we used plasmids where the IZH2 and IZH3 genes had their own promoters. The 
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plasmids pIZH2-3xHA and pIZH3-3xHA were introduced into the wild type strain BY4742 as 

described in Chapter 2. 

Growth Conditions 

Cells containing the pIZH2-3xHA and pIZH3-3xHA plasmids were grown in identical 

fashion as described in Chapter 2. Cells were grown to logarithmic phase (OD600 of 0.8) 

followed by harvesting at 3,000 rpm, for 5 min at 4oC. Pellets were washed twice with cold 

sterile nano pure water. Resultant pellets were then used to isolate Izh2-3xHA and Izh3-3xHA 

proteins. 

Isolation Purification and Characterization of Yeast Plasma Membranes  

Unless otherwise indicated, the entire procedure was carried out at 4oC. Reagents used 

were of high quality and obtained from Fisher or Sigma, Protease inhibitors and glass beads were 

obtained from Sigma. The TED buffer (10 mM Tris adjusted to pH 7.5 with HCl, 0.2 mM 

EDTA, pH 7.5, and 2 mM dithiothreitol, DTT) is present in all the sucrose and glycerol 

solutions. Pellets were re-suspended manually with a plastic stirring rod. Plasma membrane was 

isolated using a combined method of differential and density gradient centrifugations according 

to Serrano, 1988, and with some minor modifications as follows. Portions of 25 g of cells (fresh 

wet weight) were diluted with nano pure water to 80 mL. Aliquots of 20 mL of the diluted cells 

were transferred to 50 mL sterile polypropylene centrifuge tubes, (Fisher), and suspended with 

lysis buffer, (0.5 M Tris, pH 8.5; 6 mM EDTA, pH 8.0; 0.6 mM phenylmethyl-sulfonyl fluoride 

(PMSF), 2 μg/mL pepstatin A), and 15 mL of glass beads-acid washed, (Sigma). Cells were 

lysed by vortexing 10 times, one minute each time and with repeated incubations on ice for 4 

min between each vortexing. Lysates were transferred to a thick wall 25 X 89 mm polycarbonate 

tube (from Beckman coulter), and centrifuged at 1,000 rpm, 4oC during 10 min in a Sorvall SS34 

rotor to remove unbroken cells and debris. An aliquot of the low speed supernatant (lysate 
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fraction or Lys) was saved for further SDS-PAGE and western blot analysis, and the rest of the 

supernatant was further centrifuged for 20 min at 20,000 rpm in a Sorvall SS34 rotor. An aliquot 

of this supernatant (Cytosolic fraction or Cyt) was saved for SDS-PAGE and Western blot 

analysis. The 20,000 rpm pellet, which is enriched in plasma membranes, was re-suspended with 

7.5 mL of 20% glycerol, and protease inhibitors. Suspensions were homogenized by hand, 

applying 10 strokes in a 10 mL Potter-Elvehjem homogenizer. Ultra clearTM ultracentrifuge tubes 

(25 X 89 mm) from Beckman were used to prepare a discontinuous gradient made of 8 mL 53% 

(w/w) sucrose and 16 mL 43% (w/w) sucrose. The homogenates were then applied to the 

gradient and centrifugated for 6 h at 25,000 rpm in a Beckman SW 28 rotor. Plasma membranes 

were recovered at the 43/53 interface. The band was collected with a Pasteur pipette, diluted with 

4 volumes of water, and pelleted by centrifugation at 35,000 rpm for 20 min, using a Beckman 

70.1 Ti rotor. Protein concentration of all the protein fractions was determined by the Markwell 

assay (Marwell et al., 1981), and using lyophilized bovine serum albumin (Bio Rad) as standard. 

Analysis of each protein fraction (100 μg of protein) was performed by SDS-PAGE and 

western blot analysis. To do this, a 10% SDS-PAGE gel was run overnight at 45 volts, at room 

temperature, and then transferred to a nitrocellulose membrane (Bio Rad) by applying 200 mA 

for 2 h, and at 4oC. The Izh2- and Izh3-3xHA-tagged proteins were analyzed incubating the 

membranes during 1 overnight, at 4oC with a 1/1000 and 1/500 (v/v) dilution, respectively of the 

primary antibody rabbit polyclonal anti-HA, (HA-probe (Y-11)sc-805, from Santa Cruz), 

followed by incubation during 1 h, at room temperature with the secondary antibody goat anti 

rabbit-Horse Radish Peroxidase-conjugate, (HRP-) (Santa Cruz) at a dilution of 1/10000, v/v. 

Likewise, the mouse monoclonal [40B7] to the plasma membrane marker Pma1p (Abcam), 

(1/8000, v/v dilution), was used as primary antibody. Pma1p is a proton-pumping H+-ATPase 
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that is an abundant and very long lived protein of the yeast plasma membrane. Pmap associates 

with lipid rafts (detergent-resistant membrane domains) (Gaigg et al., 2006). Immunoreactive 

proteins were visualized in an X-ray film (Pierce) and by using the pico super signal ECL 

detection kit (Pierce).  

Isolation of Lipid Rafts from Yeast Plasma Membrane: Procedure 1 

Once prepared, the Izh2p and Izh3p plasma membrane fractions were used for the isolation 

of lipid rafts according to Kumar et al., 2004 as follows. Purified yeast plasma membranes (1 

mg) were extracted in MBS buffer (25 mM MES and 150 mM NaCl, pH 6.5) containing 0.2% 

TX100 obtained from Fisher, and supplemented with protease inhibitor mix (Sigma). The 

samples were mixed end-over-end in a rotator for 20 min at 4oC, and then homogenized by hand, 

with 10 strokes of a Dounce homogenizer. The homogenizer was rinsed with 500 μL of MBS-

0.2% Triton and then combined with the 1 mL extract. These extracts were mixed with 1.5 mL of 

80% sucrose (w/v) in MBS. Homogenates (now in 40% sucrose) were placed at the bottom of 14 

X 89 mm ultra clearTM ultracentrifuge tubes (Beckman Coulter), and overlaid with 6 mL of 30% 

sucrose and 3 mL of 5% sucrose (in MBS). After centrifugation at 240,000 X g (37,400 rpm) in a 

Beckman SW41 rotor for 18 h, 1.0 mL fractions were collected by upward displacement using 

60% (w/v) sucrose solution (prepared in the MBS buffer) as the displacement fluid at 4oC. 

Protease inhibitor mix (Sigma) was added to each fraction. Protein was precipitated by adding 

500 μl of 30% ice- cold trichloroacetic acid (TCA), followed by incubation at 4oC for 30 min. 

The protein precipitate was collected at 13,200 rpm at 4oC, for 10 min, after which it was washed 

two times with 500 μL of ice-cold acetone. The precipitate was then dissolved in 120 μL 1X 

SDS-loading buffer, and the protein (100 μg) was resolved on a 10% SDS-PAGE gel under 

reducing conditions. Gels were then transferred onto nitrocellulose membranes (Bio Rad) for 
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protein analysis. After transfer, nitrocellulose membranes were stained with a solution of 10% 

(v/v) amido black to visualize protein bands. The amido black solution was prepared mixing 1 

volume of amido black stock, [(0.1% naptol blue black, 50% methanol, 10% glacial acetic acid, 

and 40% nano pure water), and 9 volumes of amido black destain, (50% methanol, 10% glacial 

acetic acid, and 40% ultra pure water)].  

Western blot analysis was performed in identical fashion as described in former section. A 

rabbit polyclonal IgG antibody against the HA-tag (Santa Cruz) was used at a dilution of 1/1000 

(v/v) for Izh2-3xHAp and at a dilution of 1/500 (v/v) for Izh3-3xHAp. Membranes were then 

incubated with the secondary antibody goat anti-rabbit IgG HRP-conjugate (Santa Cruz) used at 

a dilution of 1/10000 (v/v). Pma1p, an associated yeast lipid raft protein was used as a marker of 

the lipid raft fraction (Bagnat et al., 2000). This protein was identified with a 1/8000 (v/v) 

dilution of a mouse polyclonal IgG anti Pma1p (primary antibody) obtained from Abcam, and 

followed by incubation with 1/10000 (v/v) dilution of goat anti mouse IgG HRP-conjugate 

(secondary antibody) obtained from Bio Rad. Likewise, the vacuolar alkaline phosphatase (V-

ALP), a marker for plasma membrane proteins that are not associated with lipid rafts (Bagnat et 

al., 2000; Nothwehr et al., 1995) was identified with a 1/100 (v/v) dilution of a mouse 

monoclonal IgG anti-alkaline phosphatase (Molecular Probes), followed by incubation with 

1/10000 (v/v) dilution of goat anti mouse IgG HRP-conjugate (secondary antibody) obtained 

from Bio Rad. Immunoreactive proteins were visualized as described before. 

Isolation of Lipid Rafts from Total Membranes: Procedure 2 

In this procedure, lipid rafts were isolated from total membranes according to Kübler et al., 

1996 with some modifications as follows. Fresh pellets (20 g of wet weight) were washed twice 

with cold sterile water, and then re-suspended in a total volume of 100 mL of ice-cold lysis 

buffer (20 mM triethylethanolamine pH 7.2, 0.3 M sorbitol, 1 mM EDTA, 0.1 mM PMSF, 0.7 
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mM pepstatin A, and 2 mL of protease inhibitor cocktail (Sigma). Portions of 20 mL of cell 

suspensions were mixed with 15 mL of acid washed glass beads (Sigma) and lysed 10 times by 

vigorous vortexing, 1 min each time and with repeated incubations on ice for 2-3 min between 

each vortexing. Unbroken cells were removed by a 1,000 rpm spin for 10 min, and using a 

Sorvall SS34 rotor. The resultant supernatant (total cell lysate fraction) was centrifuged for 1 h to 

pellet cellular membranes and using a Beckman SW28 rotor at 27,500 rpm. The supernatant 

(Cytosolic fraction or Cyt) was discarded, and the resultant pellet is referred as total membrane 

fraction (TM). 

Pellets corresponding to the total membrane fraction was suspended in 3 mL MBS buffer 

(25 mM Mes and 150 mM NaCl, pH 6.5), supplemented with protease inhibitor mixture from 

Sigma. Suspensions were homogenized by hand applying 10 strokes in a 10 mL Potter-Elvehjem 

homogenizer. 1.0 mL of the homogenate was transferred to a 1.5 mL eppendorf tube and treated 

with cold 1% TX100, followed by mixing end-over-end in a rotator for 30 min at 4oC. The 

extracts were brought to 1.5 mL by adding 500 μL of a solution of cold MBS-1% Triton. These 

extracts were then mixed with 1.5 mL of 80% sucrose (w/v) in MBS.  

Homogenates (now in 40% sucrose) were placed at the bottom of 14 X 89 mm ultra 

clearTM ultracentrifuge tubes (Beckman Coulter); and overlaid with 6 mL of 30% sucrose and 3 

mL of 5% sucrose (in MBS, pH 6.5). After centrifugation in a Beckman SW41 rotor at 240,000 

X g (37,400 rpm) at 4oC for 18 h, 12 fractions of 1.0 mL each one were collected by upward 

displacement using 60% (w/v) sucrose solution (prepared in the MBS buffer, pH 6.5) as the 

displacement fluid. Protease inhibitor mixture (1/1000, v/v dilution) from Sigma, was added to 

each fraction.  
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Proteins were precipitated by adding 500 μL of 30% ice- cold trichloroacetic acid (TCA), 

followed by incubation at 4oC for 30 min. Precipitates were collected at 13,200 rpm, 4oC for 10 

min. Precipitates were thoroughly washed twice with 500 μL of ice-cold acetone. Resultant 

protein pellets were suspended in 120 μL of loading buffer prepared by mixing 1 part of sample 

dilution buffer (2X SDB) consisting of SDS, DTT, bromophenol blue, glycerol, and Tris-base, 

pH 6.8 from Fluka) with 1 part of 0.1% SDS and 1% of β-mercaptoethanol (βME). After 

determination of total membrane protein concentrations by using the Markwell assay, 1 mg of 

each protein was suspended in 2X SDB and 2% βME (1:1, v/v). Proteins were then analyzed by 

10% SDS-PAGE and Western blotting in identical fashion as described before (procedure 1). 

Results 

Izh2p and Izh3p Were Found Enriched in Plasma Membrane 

After synthesis occurs in the endoplasmic reticulum, some sphingolipids are trafficked to 

the Golgi apparatus becoming structurally more complex, whereas others directly can be sorted 

to the plasma membrane to serve as structural and signaling molecules. Because Izh2p and Izh3p 

are predicted to be involved in the sphingolipid metabolic pathway, our initial rationale was that 

these two proteins could be embedded in the plasma membrane, modulating role(s) in the 

sphingolipid pathway. So far, however, there is just one report suggesting that Izh2p is a plasma 

membrane protein (Narasimhan et al., 2005), and no precedent exists regarding the localization 

of Izh3p. Therefore, our aim was to investigate if Izh2p and Izh3p are in fact plasma membrane 

proteins. To do this, a standard procedure developed by Serrano, 1988 to isolate and purify 

plasma membrane from yeast cells was followed. This method, which is based on differential 

centrifugation of discontinuous sucrose gradients allowed us to detected Izh2p and Izh3p tagged 

with the HA-epiptope in plasma membranes. Isolation and purification of plasma membrane was 
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carried out by conducting two independent experiments. Yeast cells were first lysed, and an 

aliquot of the resultant lysis fraction (Lys in Figures 6-2 and 6-3) was used for SDS-PAGE and 

Western blot analysis. The rest of this fraction was centrifuged at 20,000 rpm to generate a pellet 

enriched in plasma membranes, and a supernatant composed mainly of soluble proteins (Cyt in 

Figures 6-2 and 6-3). The 20,000 rpm pellet was homogenized and then applied to a sucrose 

gradient and centrifuged at 25,000 rpm, which allowed the isolation of the pure plasma 

membranes at the interface of the 43% and 53% sucrose gradient (PM in Figures 6-2 and 6-3). A 

layer at the top of the 43% sucrose gradient was also isolated and designated as the microsomal 

fraction (M, in Figure 6-3) because it contains proteins from different organelles like 

mitochondria, ER, Golgi, vacuole, etc (Serrano 1988).  

The purity of the resulting plasma membrane isolate was tested by Western blotting, and 

using the yeast proton-ATPase protein, Pma1p as a marker. Pma1p is an appropriate marker, not 

only because it is an essential protein in the in plasma membrane where comprises > 25% of the 

total protein at steady state (Lee et al., 2002), but also due to the comercial availability of 

antibodies against it. On the other hand, the presence of the HA-tagged Izh2p and Izh3p was 

tested by using an antibody against the HA epitope tag. Our results suggest that both proteins 

Izh2p and Izh3p are in plasma membrane. However, Izh3p showed a particular pattern of 

migration with bands at higher molecular weight than that one predicted by its molecular weight 

(at ≈ 63.0 KDa), (e.g. a band close to 97.4 KDa and another one close to 66.2 KDa ) (Figure 6-2 

B, and F). We could not determine the identity of these bands. However, we speculate that are 

the results of a post-tranlational modification for the Izh3p, like glycosilation. Finally, a band 

observed just below 63.0 KDa (Figure 6-2 F) might correspond to degradated protein.Thus, more 
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experiments need to be conducted to elucidate the identity of those un-expected bands, and to 

improve the results presented in this study.  

Izh2p and Izh3p Are Associated with Lipid Rafts 

To address the possibility that Izh2p and Izh3p are localized in lipid rafts, we first adapted 

a well established experimental procedure used to isolate and characterize lipid rafts from 

mammalian cells (Kumar et al., 2004). In our case, we first isolated and purified plasma 

membrane fractions as described previously in materials and methods, followed by treatment 

with cold 1% TX100, and detergent-lysate homogenizing. Homogenized samples were then 

adjusted to 40% sucrose and loaded to the bottom of a step-density gradient (40%, 30%, 5% 

sucrose) followed by ultracentrifugation. A successful isolation of lipid rafts produces a low 

density layer floating at the top of the step-sucrose gradient. Although we could not detect such a 

layer, 12 fractions (1 mL each one) were collected and analyzed by SDS-PAGE and Western blot 

(Figure 6-3). Usually, fractions 1-5 correspond to lipid rafts if any, and fractions 6-12 contains 

membranes proteins that have been dissociated from membranes by treatment with cold TX100 

(Bagnat et al., 2000; Kumar et al., 2004).  

The results obtained suggest, at first glance, that Izh2p (Figure 6-3 A, top panel) and Izh3p 

(Figure 6-3 A Bottom panel) are fully soluble under the conditions used in this procedure (Figure 

6-3, fractions 10 and 11 of the sucrose gradient), and that although localized in plasma 

membrane, these proteins are not present in lipid rafts at all. We confirmed that fractions 10-11 

were indeed soluble due to the identification of V-ALP in such fractions (Figure 6-3 B, bottom 

panel). At this point is pertinent to remember that V-ALP (a vacuolar membrane protein) was 

used as a marker for membrane proteins that are soluble upon treatment with TX100 (Bagnat et 

al., 2000; Nothwehr et al., 1995). An interesting aspect that is necessary to mention is the 

absence of Pma1p from lipid rafts and its detection in the soluble fraction (Figure 6-3 A, top 
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panel). Besides being a plasma membrane protein, Pma1p has also been co-localized in lipid 

rafts. Pma1p has been found in association with lipid rafts (Bagnat et al., 2000; Lauwers et al., 

2006). Therefore, our results suggest a possible disruption of lipid rafts under the conditions 

used. In fact, it has been reported that the extent of physical manipulations of detergent lysates, 

in some cases, disrupt lipid rafts and thus thir components (Pike, 2003).  

In an effort to solve experimental problems associated with the procedure 1, a second 

procedure, based on the isolation of lipid rafts from total membranes, was conducted. To do so, 

yeast cells were lysed and then centrifuged at 100,000 X g (25,700 rpm) to obtain the total 

membranes. These membranes were homogenized by hand as described in materials and 

methods, followed by incubation in cold 1% TX100 for 30 min and further ultracentrifugation at 

240,000 X g (37,400 rpm). A thick layer floating at the top of the sucrose-step gradient was 

observed. Twelve fractions of 1 mL each one were collected as described under materials and 

methods and analyzed by SDS-PAGE and Western blot. This purification scheme allowed us to 

identify Izh2p and Izh3p in lipid rafts by their distribution along the density gradient (Figure 6-4, 

panels A and B, respectively). The successful isolation of lipid rafts was tested by the presence 

of Pma1p in fraction 4 of the gradient (Figure 6-4 C, top panel). Interestingly, Izh2p, Izh3p, and 

the marker Pma1p were also observed in the soluble fractions of the gradient suggesting that 

these proteins although associated, are not permanent residents of lipid rafts. However, more 

experiments need to be perfomed to prove this hypothesis. Finally, as expected the V-ALP 

protein was localized in the soluble fractions of the sucrose gradient (Figure 6-4 C, bottom 

panel).  

Discussion 

The aim of this study was to investigate the co-localization of Izh2p and Izh3p in plasma 

membranes and lipid rafts. By using differential centrifugation of discontinuous sucrose 
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gradients, we were able to isolate and partially purify plasma membrane fractions. In addition to 

this, we isolated lipid rafts from total membranes by flotation and after treatment with 1% Triton 

X100 at 4oC. 

Although Izh2p and Izh3p were localized in plasma membrane, both proteins were also co-

localized in other fractions. For instance, the first experiment shown in Figure 6-2, panels A, B, 

and C, clearly shows that Izh2p is mainly enriched in plasma membrane. However, Izh3p was 

compartmentalized in the microsomal and plasma membrane fractions. In addition to this, other 

bands, at higher molecular weights than the predicted one (at ≈ 63.0 KDa), were also observed. 

One possible explanation for this migration pattern is that Izh3p could be undergoing post-

translational modifications, which yield a protein with a higher molecular weight. Future 

experiments are required in order to test this hypothesis. 

A second experiment was performed to confirm the results obtained in the first one. This 

experiment showed that Izh2p was also co-localized in the microsomal fraction (Figure 6-2 D). 

Izh3p showed more than one band, confirming the results obtained in the first experiment 

(Figure 6-2 F). The result obtained for Izh2p, suggests an incomplete purification of plasma 

membranes. This result was confirmed with the co-localization of Pma1p in plasma membrane 

and microsomal fraction (Figure 6-2 E). This is attributed to contamination generated during the 

isolation of plasma membrane from the sucrose gradient.  

Although two procedures were followed to isolate lipid rafts, only one of them was 

effective. In a first approach, plasma membranes were isolated and purified as describedc under 

materials and methods. After that, we tried to isolate lipid rafts, from purified plasma 

membranes, by treatment with cold TX100, followed by homogenizing. This procedure failed to 
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yield lipid rafts (Figure 6-3). We attributed this to possible disruption of lipid rafts during the 

treatment of the samples with detergent and followed by homogenizing.  

In a second approach, lipid rafts were successfully isolated from total membranes by 

flotation. This procedure allowed us to identify Izh2p and Izh3p in the detergent resistant 

fractions (Figure 6-4), suggesting that these proteins are associated with lipid rafts. Interetingly, 

we also found that Izh2p, Izh3p, and the Pma1p (used as positive control) are fractionated with 

detergent sensitive membranes (Figure 6-4, fractions 8-11). One possible reason that would 

support our results is an inherent sensitivity of the tested proteins to the TX100 extraction. In 

fact, Umebayaski, 2003 has reported that certain lipid raft proteins are resistant to solubilization 

by detergents like CHAPS, but are highly sensitive to the treatment with TX100. Regarding 

Pma1p, Bagnat et al., 2000 have argued the possibility that the lack of association of this protein 

to lipid rafts arises from the pelleting step, just before the floatation in 60% sucrose. When total 

membranes are pelleted from the cleared lysate, the pellet likely contains the remainder of cell 

walls, debris, and cytoskeletal elements that result in the trapping of material, that otherwise 

would have a lower density. Likewise, studies performed by Bagnat et al., 2001; Lawrens and 

André, 2006 have indicated that, upon treatment with TX100, Pma1p can dissociate from lipid 

rafts and missort to the vacuole for further degradation.  

Overall, the results obtained are consistent with the hypothesis that Izh2p and Izh3p 

proteins are colocalized with sterols and sphingolipids. The fact that the overexpression of IZH2 

and IZH3 induces an increase in the levels of sphingoid bases (Chapter 5), and the localization of 

these two IZH gene products in plasma membrane and lipid rafts constitute additional and robust 

evidence indicating a potential role of the Izhp family in sphingolipid metabolism.  
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The results presented in this chapter are very valuable since thery have started to shed light 

into the cellular localization of two members of the Izh family. In addition to this, we 

demonstrate that the metodologies used to isolate plasma membrane and lipid rafts are powerful 

approaches to study membrane proteins.  
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Figure 6-1.  Lipid composition of the yeast lipid rafts.  In the figure sterols and sphingolipds 

associate to form detergent-resistant microdomains or lipid rafts. Lipids rafts are in 
plasma membrane where membrane proteins are also localized.  In the figure black 
circles (A, B, C, and D) are highly conserved motifs of a membrane protein with 
seven tansmembrane domains.  
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Figure 6-2.  Localization of Izh2p and Izh3p in plasma membrane.  Two independent 

experiments are shown in this figure.  The first one is represented by panels A, B, and 
C.  A shows that Izh2p is mainly localized in plasma membrane.  B shows that Izh3p, 
although localized in plasma membrane, it is also co-localized in the cytosolic 
fraction (Cyt). C shows that the plasma membrane marker Pma1p is localized in 
lysate (Lys) and plasma membrane (PM) fractions, but not in the soluble cytosolic 
fraction (Cyt).  In a second experiment, D shows that Izh2p is co-localized in the 
microsomal and the plasma membrane fractions.  E confirms that Pma1p is mainly 
localized in plasma membrane.  F, Izh3p is co-localized in all the isolated fractions.  
Figure shows Western blots.  HA-tagged Izh2p and Izh3p were recognized with anti-
HA antibody.  Pma1p was recognized with an anti-Pma1p antibody. 



 

 144

 
 
Figure 6-3.  Izh2p and Izh3p are dissociated from lipid rafts prepared from plasma membranes. 

Panel A-top shows that although Izh2p is present in plasma membrane, it was fully 
solubilized under treatment with cold TX100.  Likewise Izh3p was primarily detected 
in the soluble fractions of the sucrose gradient panel A-bottom.  Panel B-top shows 
that the plasma membrane marker Pma1p although enriched in this fraction, it also 
undergoes dissociation of lipid rafts under our experimental conditions.  V-ALP 
(Vacuolar Alkaline Phosphatase), a soluble protein under treatment with cold TX100, 
was recovered from fractions 10 and 11 (panel B-bottom).  To generate the panels 
shown in the figure, 12 fractions were collected from the top of the step sucrose 
gradient. Proteins were TCA-precipitated and analyzed by Western blot, using with 
anti-HA, anti-Pma1p, and anti-V-ALP antibodies. PM stands for plasma membrane. 
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Figure 6-4.  Localization of Izh2p and Izh3p in lipid rafts prepared from total membranes.  Panel 
A from top to the bottom, shows that Izh2p and Izh3p are distributed between lipid 
raft and soluble fractions indicating that these proteins are associated to lipid rafts but 
are not permanent residents of these membrane microdomains.  In a similar way, 
Pma1p was barely localized in lipid raft, as well as in soluble fractions (panel B-top), 
indicating that this proteins is also undergoing dissociation from lipid rafts.  On the 
other hand, V-ALP was strictly recovered in the lowermost fractions, corresponding 
to soluble proteins (panel B-bottom).  In the figure, proteins shown in each Western 
blot were recognized using specific antibodies against each of the proteins analyzed. 
In the figure TM, stands for total membrane. 
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APPENDIX A 
YEAST GROWTH MEDIA AND PROCEDURE  

Yeast Peptone Dextrose (1X-YPD) 
 

• 5 g/L yeast extract [Fisher] 
• 10 20 g/L peptone [Fisher] 
• 2%, w/v alpha (+) glucose (99%, anhydrous) [Across Organics] 
• Nano pure water to 1 L  
• Before being used, the solution was sterilized  

 
Synthetic Medium Supplemented with Dextrose (SD) 
 

• 1.7 g/L YNB without amino acids and ammonium sulfate [Fisher] 
• 2%, w/v alpha (+) glucose (99%, anhydrous) [Across Organics] 
• 5 g/L ammonium sulfate [Fisher] 
• 0.01%, w/v appropriate amino acids [Sigma-Aldrich] 
• Nano pure water to 1 L  
• Before being used, the solution was sterilized  

 
Synthetic Medium Supplemented with Galactose (SGal) 
 

• 1.7 g/L YNB without amino acids and ammonium sulfate [Fisher] 
• 2%, w/v D (+) galactose [Across Organics] 
• 5 g/L ammonium sulfate [Fisher] 
• 0.01%, w/v appropriate amino acids [Sigma-Aldrich] 
• Sterile nano pure water 

 
Chelexed Synthetic Medium Supplemented with Dextrose (CSD) 
 

• 5.1 g/L YNB without divalent cations, amino acids, ammonium sulfate, and phosphates 
[Qbiogene] 

• 2%, w/v alpha (+) glucose (99%, anhydrous) [Across Organics] 

• 5 g/L ammonium sulfate [Fisher] 

• 0.01%, w/v appropriate amino acids [Sigma-Aldrich] 

• Sterile water to 850 mL 

• The mixture was stirred for 1 overnight at 4oC with 25 g Chelex-100 ion exchange resin 
[Sigma] 

• The resin was removed and then the pH was adjusted to 4.0 with HCl  
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• The mixture was supplemented with 10 mL 100g/L potassium phosphate monobasic 
(KH2PO4), 

• 24 μL 100 mM manganese sulfate (MnSO4), 10 μL 4 g/L copper sulfate (CuSO4), 1 mL 
100 g/L calcium chloride (CaCl2), and 1 mL 500 g/L magnesium sulfate (MgSO4). 

• Either of the following solutions was added to the indicated final concentration only if the 
medium did not have restriction of each metal: 

• 1.2 μM iron chloride (FeCl3) final concentration 

• 2.2 μM zinc chloride (ZnCl2) final concentration 

• Sterile nano pure water was added to complete 1 L 

 
For either zinc or iron deficiency ZnCl2 or FeCl3 was not added back to CSD. For a mdium 

replete of zinc or iron 10 μM of either ZnCl2 or FeCl3 was adde d back to the growth medium. 

The solution was then filter-sterilized into polycarbonate flasks. All plastic used for CSD media 

preparation and cell culturing was washed with Acationox detergent (Baxter Scientific Products, 

McGaw Park, IL) before being used.  

 
Chelexed Synthetic Medium Supplemented with Galactose (CSGal) 
 

• 5.1 g/L YNB without divalent cations, amino acids, ammonium sulfate, and phosphates 
[Qbiogene] 

• 2%, w/v D (+) galactose [Across Organics] 

• 5 g/L ammonium sulfate [Fisher] 

• 0.01%, w/v appropriate amino acids [Sigma-Aldrich] 

• Sterile water to 850 mL 

• The mixture was stirred for 1 overnight at 4oC with 25 g Chelex-100 ion exchange resin 
[Sigma] 

• The resin was removed and then the pH was adjusted to 4.0 with HCl  

• The mixture was supplemented with 10 mL 100g/L potassium phosphate monobasic 
(KH2PO4),  
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• 24 μL 100 mM manganese sulfate (MnSO4), 10 μL 4 g/L copper sulfate (CuSO4), 1 mL 
100 g/L calcium chloride (CaCl2), 1 mL 500 g/L magnesium sulfate (MgSO4). 

• Either of the following solutions was added to the indicated final concentration, only if 
the medium did not have restriction of each metal: 

• 1.2 μM iron chloride (FeCl3) final concentration 

• 2.2 μM zinc chloride (ZnCl2) final concentration 

• Sterile nano pure water was added to complete 1 L. 

Either, zinc or iron was added back to CSGal to a final concentration of 50 nM 

(deficiency), and 10 μM (repletion). The solution was then filter-sterilized into polycarbonate 

flasks. All plastic used for CSD media preparation and cell culturing was washed with Acationox 

detergent (Baxter Scientific Products, McGaw Park, IL) before use.  

 
Low Iron Medium Supplemented with Dextrose (LIMD) 
 

• 1.7 g/L of YNB without amino acids and ammonium sulfate [Fisher] 

• 2%, w/v alpha (+) glucose (99%, anhydrous) [Across Organics] 

• 5 g/L ammonium sulfate [Fisher] 

• 0.01%, w/v appropriate amino acids [Sigma-Aldrich] 

• 20 mL 1.0 M sodium citrate, pH 4.2 (sodium citrate was obtained from Fisher] 

• 1 mM, (final concentration) of EDTA, pH 8.0 [EDTA was obtained from Sigma] 

• MnCl2 was added back to LIM to a final concentration of 20 μM 

• ZnSO4 was added to a final concentration of 0.8 μg/mL, (5 μM) 

• Iron deficiency, or iron repletion were generated by adding either, 1 μM or 1 mM FeCl3, 
respectively. Sterile nano pure water was added to 1 L 

• The solution was then filter sterilized into polycarbonate flasks. 

 
 
 



 

 149

Low Iron Medium Supplemented with Galactose (LIMGal) 
 

• 1.7 g/L of YNB without amino acids and ammonium sulfate [Fisher] 

• 2%, w/v D (+) galactose [Across Organics] 

• 5 g/L ammonium sulfate [Fisher] 

• 0.01%, w/v appropriate amino acids [Sigma-Aldrich] 

• 20 mL 1.0 M sodium citrate, pH 4.2 (sodium citrate was obtained from Fisher] 

• 1 mM (final concentration) of EDTA, pH 8.0 [EDTA was obtained from Sigma] 

• MnCl2 was added back to LIM to a final concentration of 20 μM 

• ZnSO4 was added to a final concentration of 0.8 μg/mL, (5 μM) 

• Iron deficiency, or iron repletion were generated by adding either, 1 μM or 1 mM FeCl3, 
respectively. Sterile nano pure water was added to 1 L 

• The solution was then filter sterilized into polycarbonate flasks. 
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APPENDIX B 
YEAST TRANSFORMATION  

Protocol 

Single colonies of a S. cerevisiae yeast strain (e.g. the BY4742 wild type or the double 

mutant ypc1Δydc1Δ strain) were grown until stationary phase (OD600 of 3) during one overnight 

(betweeen12-18 h) in 1X-Yeast Peptone Dextrose medium (1X-YPD) at 30oC and with contant 

agitation at 250 rpm. Fresh YPD (5 mL) was inoculated with the overnight culture and cells were 

then grown to logarithmic phase (OD600 of 1.0). Cells were harvested at 3,500 rpm for 5 min and 

resultant pellets were washed with 5 mL of LiTE solution. The suspension was spun down and 

most of the supernatant was discarded (50 μL of cell suspension in LiTE solution is enough for 

each transformation).  

Yeast transformation was performed as follows. Cell suspension (50 μL) was aliquoted in 

a 1.5 mL eppendorf tube and mixed with 400 μg of appropriate plasmid DNA (approximately 2 

μL), and 10 μL of carrier DNA (10 mg/ml salmon testes DNA stock, which must be boiled for 5 

min before each use and flash cooled on ice before addition to the cells). 500 μL of PEG-LiTE 

solution was added to the mixtures and suspended by vortexing. The suspension was incubated at 

30oC for 1 h. This was followed by heat-shock at 42oC for 12 min. Cells were then spun down at 

4,000 rpm in a microcentrifuge and the supernatant wasaspirated. The pellet was suspended in 

200 μL of LiTE solution. Aliquots of 50 μL of this suspension were plated onto solid agar 

synthetic media plates supplemented with the appropriate carbon source and amino acids. Plates 

were incubated at 30oC until colonies were visible (usually 3 to 4 days after transformation). 
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Solutions 

Litium Acetate Tris Base Ethylenediamminetetraacetic Acid (LITE) Solution 

5 mL, sterile 10X-TE stock (100 mM Tris pH 7.5, 10 mM EDTA, pH 7.5); 5 mL, sterile 

10X-litium acetate stock solution (sterile 1.0 M lithium acetate); 40 mL sterile ultrapure water. 

Store this solution at room temperature. 

Polyethylenglycol Litium Acetate Tris Base Ethylenediamminetetraacetic Acid (PEG-
LiTE) Solution 

5 mL, sterile 10X-TE stock; 5 mL, sterile 10X-litium acetate stock; 40 mL, sterile 44%, 

w/v PEG-3350 stock. Store this solution at room temperature. 

Tris Base Ethylenediamminetetraacetic Acid (10X-TE) Solution 

25 mL of 1 M tris stock, pH 7.5; 5 mL 500 mM EDTA stock, pH 7.5; 250 mL ultrapure 

water. Sterilize the solution and store it at room temperature. 

Carrier DNA  

10 mg salmon testes DNA and 10 mL ultrapure water. Shear by drawing up into a 10 mL 

syringe with 18 g during 15 times. Boild, and restore volume to 10 mL. Make 10x-(1mL) 

aliquots and store them at -20oC. 
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APPENDIX C 
GAS-CHROMATOGRAMS AND MASS SPECTRA OF TOTAL STEROLS 

 
 
Figure C-1.  Gas chromatography-electron ionization in tandem with mass spectrometric analysis 

(GC-EI-MS).  TIC of internal standards.  Panel A, GC-chromatograms, show that the 
TMS derivative of cholesterol (I) eluted first, followed by those for ergosterol (II), 
dihydrolanosterol (III) and lanosterol (IV).  B, mass spectra of I, II and IV were 
similar to those found in the NIST EI spectral library.  
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Figure C-2.  The NIST EI mass spectra for the TMS derivatives of cholesterol (top), ergosterol 

(middle) and lanosterol (bottom). 
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Figure C-3.  Total ion chromatograms (TICs) and electron ionization chromatograms (EICs) of 

sylilated sterols. A represents wild type and B, is izh3Δ.  
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APPENDIX D 
CHROMATOGRAMS AND MASS SPECTRA OF ERGOSTEROL ANALYZED BY HPLC-

APCI-MS 

 
 
Figure D-1.  High perfomace liquid chromatography-atmospheric pressure chemical ionization in 

tandem, with mass spectrometric analysis (HPLC-APCI-MS) of standards.  The 
HPLC-APCI-MS BPC (topmost) shows that ergosterol (II) eluted first, followed by 
lanosterol (IV) and dihydrolanosterol (III). 
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Figure D-2.  Atmospheric pressure chemical ionization chromatogram (APCI)-mass spectra for 

the sterol standards.  The figure shows the [(M+H)-H2O]+. ion as the base peak for 
ergosterol (II), lanosterol (IV), dihydrolanosterol (III) and cholesterol (I). 
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Figure D-3.  Base peak chromatogram (BPC) and electron ionization chromatograms (EICs) for 

wild type.  The chromatograms indicate that ergosterol (II) is present in higher 
concentration than lanosterol (IV). 
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Figure D-4.  Base peak chromatogram (BPC) and electron ionization chromatograms (EICs) for 

izh3Δ.   Chormatograms show that ergosterol (II) was also present in higher 
concentration than lanosterol (IV). 
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