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Understanding distant relationships in conserved motifs of the protein, Izh2p, in S. 

cerevisiae may lead to a better understanding about the function of related steroid receptor 

(PAQR) proteins in humans. Hence, the overall goal of this study is to gain more insight on the 

function and behavior of these membrane proteins and how the structural differences of the 

various genotypes affect their activity. A potential metal-binding domain, HxxxH, of a conserved 

motif of a plasma membrane protein Izh2p, has been studied to investigate the structure-function 

relationship of this protein. Two other conserved motifs also under investigation in the Izh2p 

protein are: ExxNxxxH, and SxxxHxnD, We propose that these conserved regions function as 

active sites, specifically as amidohydrolases. Point mutations are being generated using site-

directed mutagenesis of several conserved amino acids in this protein that may be involved in 

receptor activity or metal-binding. The amino acids are histidine (H), asparagine (N), aspartic 

acid (D), glutamic acid (E) and serine (S). These amino acids are being changed from these 

functional amino acids to alanines since alanine has a non-functional methyl side group. These 

motifs are conserved in related proteins in species ranging from bacteria to humans; therefore 

they may have an important function in the activity of the proteins in prokaryotic as well as 

eukaryotic organisms. We have observed their activity using a pFET3-lacZ reporter as FET3 is 

known to be repressed by the overexpression of IZH2, driven by a galactose-inducible promoter 
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(pGAL1-IZH2). Three of the histidines of these motifs have been mutated by site-directed 

mutagenesis. H86A, of the ExxNxxxH motif, has been mutated to alanine, as well as the two 

histidines of the HxxxH motif: H282A and H286A. A double mutant of the HxxxH motif, 

H282A/H286A, has also been generated. The double HxxxH mutant exhibits a high loss of 

activity. The ExxNxxxH histidine mutant, H86A, also has a high loss of activity. The single 

mutants of the HxxxH have some loss of activity. Still under investigation in terms of sequencing 

are the following Izh2p mutants: E79A, N82A, S132A, H136A, and D153A. Although the last 

set of mutants has not been confirmed by sequence analysis, we still have some interesting data 

with their repression on pFET3-lacZ reporter.  
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CHAPTER 1 
INTRODUCTION 

Introduction to the Izh2p protein 

The Izh proteins are a group of 4 proteins in Saccharomyces cerevisiae which were 

discovered to be upregulated by varying zinc concentrations (1, 2). Izh proteins share sequence 

similarity to the PAQR (3) family of receptor proteins whose function is still under investigation. 

Izh and PAQR proteins share highly conserved motifs (2, 3), and are homologous to known 

amidohydrolases. We are interested in what the Izh2 protein function is, so we are mutating it via 

site-directed mutagenesis and will compare the mutants to the wildtype Izh2p protein using a 

functional assay (2). We compare changes of functional amino acids in the Izh2p that are 

changed to non-functional alanines by the expression of a reporter plasmid (pFET3-lacZ). This 

plasmid is known to be repressed in yeast by IZH2 when inserted into a galactose-driven 

expression plasmid (pGAL1-IZH2). 

Izh2p and Metalloregulation 

Metals play a vital role in biological processes (4). Ancient families of proteins involved in 

metal homeostasis have evolved which span across all phylogenetic levels (4). Zinc, for example, 

is an integral component of hundreds of different enzymes; it stabilizes protein structures, plays a 

role in gene expression and catalysis, participates in transport, and preserves subcellular 

organelle integrity (5). Under zinc deficiency, a large number of genes are expressed, indicating 

an effect of zinc on metabolic processes (1). 

YOL002c is a gene in Sacharomyces cerevisiae that is upregulated by both zinc deficiency 

and in the presence of myristic acid, an exogenous fatty acid (1, 6). The YOL002c gene is 

regulated by the transcription factor Zap1p (Zinc-responsive Activator Protein) (Figure 1-1) (1). 

Zap1p is a metalloregulatory protein involved in zinc-responsive gene transcription (7). Zap1p 
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regulates expression of zinc transporter genes important for yeast zinc homeostasis by binding to 

the promoters of zinc transporter genes (8-10) on sites known as ZREs (Zinc-Responsive 

Elements) (1, 8). YOL002c was renamed IZH2 (Implicated in Zinc Homeostasis 2) because it is 

expressed in low zinc conditions (1). IZH2 is a gene that encodes a membrane protein, Izh2p, 

which affects zinc homeostasis (2). 

Izh2p and Metals 

Izh2p has been overexpressed in our lab using a pGAL1-IZH2 plasmid and was found to 

repress the Zinc Regulated Transporter 1 (ZRT1) in vivo (the high affinity zinc transporter) in 

Low Zinc Media (LZM) (9). Because Izh2p overexpression repressed ZRT1, we also wanted to 

test if Izh2p overexpression would have an effect on the high affinity iron transporter. The 

Ferrous Transporter 3 (FET3) is a ferroxidase involved in the high-affinity uptake of iron (9-11). 

It is also repressed in Low Iron Media (LIM) when Izh2p is overexpressed (12-13). The FET3 

promoter is fused to the lacZ gene (pFET3-lacZ), which is the reporter assay we use to monitor 

the activity of these receptors (12). In this study we compare the ß-galactosidase activity (pFET3-

lacZ) of the Wild-Type BY4742 S. cerevisiae carrying the empty vector (pRS316L) control, 

Izh2p overexpression (pGAL1-IZH2) and overexpression of the mutated Izh2p proteins (pGAL1-

MutIZH2) (2, 12). 

Effect of pGAL1-IZH2 expression plasmid on pFET3-lacZ reporter 

The pFET3-lacZ reporter has allowed us to probe the signal transduction mechanism of the 

Izh receptors (12, 13). Our data show that the Izh2p receptor acts through the Pkh1 and Pkh2 

sphingosine dependent kinases (Figure 1-2) (12, 13). Izh2p was found to require cAMP-

dependent protein kinase (PKA) and AMPK to repress the FET3 activity (Figure 1-2) (12). 

Evidence further shows that IZH2 overexpression affects transcriptional repressors (Nrg1 and 

Nrg2) and activators (Msn1 and Msn2) (Figure 1-2) (12, 13). These repressors and activators 
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play a role in the FET3 repression (pFET3-lacZ) of the IZH2 expression plasmid (pGAL1-IZH2) 

(12). 

Progestin and Adipo Q (PAQR) receptors and Izh proteins 

Data in our lab has also confirmed that PAQR receptors also negatively regulate the high 

affinity iron-uptake transporter, FET3 (12). Izh2p shares sequence similarity with a large and 

ubiquitous protein family (2) called Progestin Adipo Q Receptors (PAQR) (3). PAQR proteins 

are found in eukaryotes as well as prokaryotes (3). Izh and PAQR proteins are predicted to have 

seven or more transmembrane domains (TMs) (Figure 1-3) and their predicted topology suggests 

extracellular C-terminus and cytoplasmic N-terminus (2, 3). The PAQR proteins also possess 

highly conserved motifs that may function as active sites (Figure 1-3): ExxNxxxH (Figure 1-3 

blue), SxxxHxnD (Figure 1-3 purple) and HxxxH (Figure 1-3) (2, 3). 

The PAQR family includes progesterone receptors and adiponectin receptors (14, 15). 

Adiponectin is a hormone that is secreted by adipocytes, fat storage cells (16). Adiponectin 

regulates glucose, energy homeostasis and lipid metabolism and has been shown to increase the 

oxidation of fatty-acids in mice, reducing triglyceride (TG) content in type 2 diabetic and obese 

mice increasing insulin resistance (15-18). Studying Izh2p may therefore be relevant to scientific 

research of fatty acid metabolism and diabetes in humans. 

Izh proteins have sequence similarity not only to hormone receptors, but also to 

hemolysins and to alkaline ceramidases (Figure 1-4) (2). Hemolysins are used by bacteria as a 

way to obtain nutrients from host cells by causing pores in the cell wall (such as red blood cells) 

thereby killing the cell (apoptosis), which allows pathogenic bacteria to obtain limiting nutrients 

(such as iron in the form of Heme in red blood cells) (19). Ceramidases are enzymes that 

hydrolyze ceramides to form fatty acids and sphingosines (Figure 1-5) (20, 21). Izh2p protein 

may have amidohydrolase activity as part of its function by hydrolyzing ceramides. 
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Izh2p as a receptor: Izh2p is known to be a receptor for osmotin (22). Osmotin is an 

antifungal protein that belongs to the Pathogenesis-Related (PR-5) family of proteins (22). 

Osmotin induces apoptosis, by inactivating cellular stress responses via the RAS2/cAMP 

pathway (22). The PAQR proteins activate AMP kinase via their adiponectin receptors (22). 

Izh2p activates the same signaling responses as the Adiponectin receptors and has recently been 

demonstrated to require both cAMP dependent kinase and AMP kinase in S. cerevisiae to repress 

the reporter pFET3-lacZ (12). 

Structure-function of Izh2p 

Structure-function analysis of gene families implies the conservation of function in 

families of genes that have a conservation of sequence (23). In fact, the evolution of gene 

families is one of the areas where evolutionary approaches can be particularly relevant in the 

understanding of gene function in eukaryotic genomes (23). The structure-function of the 

conserved motifs in the Izh2p protein is being studied to see if specific amino acids of the 

conserved motifs are needed for Izh2p function.  

Highly conserved motifs of Izh2p 

There are three motifs identified in these proteins that are of significance to this structure-

function study, ExxNxxxH, SxxxHxnD, and HxxxH. The first motif ExxNxxxH (Figure 1-3 blue) 

may have an active site of unknown function. The second motif SxxxHxnD (Figure 1-4 purple) 

may be an active site similar to the family of proteases called the serine proteases (24). Proteases 

are known to catalyze the hydrolysis of the covalent bonds of peptides (5, 24). The active motif 

of a serine protease is called the catalytic triad and is made up of an aspartate, a hisitidine and a 

serine (Figure 1-5), where the serine is deprotonated by the histidine and nucleophilic serine 

alkoxide attacks the carbonyl carbon of a peptide (24). The third motif HxxxH (Figure 1-4) 

resembles a known amidohydrolase motif (5). This motif is characteristic of a family of 
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proteases known as zinc proteases, also known as metalloproteases (5, 24). The HxxxH site in 

metalloproteases carries out amidohydrolase activity by binding Zn2+ (5, 24). 

Site-directed mutations of Izh2p conserved motifs 

ExxNxxxH (Figure 1-3 blue), located at the edge of the first TM (Figure 1-3 blue), is being 

mutated to ExxAxxxH (N82A), ExxNxxxA (H86A), ExxAxxxA (N82A/H86A) and to 

AxxAxxxA (E79A/N82A/H86A). SxxxHxnD (Figure 1-3 purple), located at the edge of the 

second and third TMs (Figure 1-3 purple), is being mutated to AxxxHxnD (S132A) SxxxAxnD 

(H136A) and AxxxAxnD (S132A/H136A) and SxxxHxnA (D153A). HxxxH (Figure 1-3 red), 

located at the edge of the seventh TM7 (Figure 1-4 red), is being mutated to AxxxH (H282A), 

HxxxA (H286) and AxxxA (H282A/H286A).  

Two histidines being mutated by site-directed mutagenesis in this study, H282A and 

H286A are the two histidines in the HxxxH motif. The mutated Izh2p proteins have been 

inserted into the galactose driven pRS316 vector (pGAL1-MutIZH2) (2). This expression vector 

is being used as a readout for receptor activity using the promoter of the gene FET3 fused to lacZ 

inserted into the YEP353 vector (pFET3-lacZ) as a reporter because it responds to Izh2p activity 

(12, 13). 

Classes of PAQR-like proteins with these conserved motifs 

There are different classes of the PAQR-like proteins (Figure 1-4) (2, 3). Class I includes 

OsmoR (Izh2p), Osmotin Receptor (2, 22) and AdipoR1 & 2 (Adiponectin Receptors), and 

PAQR3 & 4 (Figure 1-4 Class I) (3). Class II contains the mPRs (Membrane Progesterone 

Receptor) (Figure 1-4 Class II). Class III is composed of hemolysin-like family members (HLY3 

and MMD proteins) (Figure 1-4 Class III). The bottom of Figure 1-4 shows the sequence 

alignment of the alkaline ceramidases (Figure 1-4 Alk Cer). 
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PAQR proteins share conserved motifs with Alkaline Ceramidases 

Ceramide is a core sphingolipid intermediate and a building block for complex 

sphingolipids (25). It is a modulator of cellular events, such as stress response, differentiation, 

senescence, cell cycle arrest and apoptosis (25). Ceramidases are enzymes that are responsible 

for breaking down ceramide into sphingoid bases and fatty acids (Figure 1-6) (20). In 

Saccharomyces cerevisiae the YPC1 gene encodes an alkaline ceramidase (25). This ceramidase 

has dual activity of catalyzing both the hydrolysis and synthesis of ceramide in yeast (26). 

Sphingolipid metabolism comprises a set of highly regulated pathways that serve to control 

the levels of individual molecules, their interconversions, and their function (27). Ceramides 

serve as the precursor of all major sphingolipids (28). Izh2p may affect zinc and iron 

homeostasis directly or indirectly by altering sphingolipid metabolism (13). 

Goal of this study 

The main goal of this study is to identify if there is an effect on the pFET3-lacZ reporter by 

mutating the conserved residues of Izh2p via site-directed mutagenesis. We are therefore 

attempting to uncover the significance of highly conserved amino acids identified in one of the 

yeast PAQRs (the Izh2p protein) (2, 3). We are particularly interested in the function of the 

Izh2p protein, especially since it has been shown to be a receptor for osmotin (2, 12, and 22). 

These proteins could be related to alkaline ceramidases, which our lab has evidence that there are 

alterations in sphingolipid concentrations when these proteins are overexpressed (13). Due to 

structural similarity based on the conserved motifs (2, 3) we hypothesize that these proteins act 

as amidohydrolases (ceramidases). 
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Figure 1-1.  An overall view of the Izh2p protein in the plasma membrane. The IZH2 gene inside 
the nucleus of the cell (purple). In our LacZ assays IZH2 is driven by GAL1. FET3 
expression is repressed, indicated by the (┴) when Izh2p is overexpressed.  
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Figure 1-2.  The current model our research is based upon. The receptor Izh2p may be an 
amidohydrolase producing sphingoid bases, which stimulate Pkh1 and Pkh2. Pkh1 
and Pkh2 stimulates PKA and cytosolic AMPK and represses nuclear AMPK. The 
PKA and cytosolic AMPK repress Msn2/4 and the nuclear AMPK represses Nrg1/2. 
The Msn2/4 stimulates the FET3 and the Nrg1/2 represses the FET3. 
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Figure 1-3.  Predicted Izh protein topology showing the potential active sites and metal-binding 
residues: ExxNxxxH (blue), SxxxHxnD (purple), and HxxxH (Red). Adapted from 
Smith, J. L., Garitaonandia, I., Kupchak, B. R., Maina, A. S., Regalla, L. M., and 
Lyons, T. J. (2007) Manuscript in preparation. 
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Figure 1-4.  A sequence alignment showing distantly related conserved motifs. The trans-
membranes are depicted with an arrow at the top and gaps in the sequences are left as 
a blank space. Classes are separated by a solid line: Highlighted areas of the chart are 
the highly conserved motifs to be mutated: ExxNxxH (blue), SxxxHxnD (purple), and 
HxxxH (red). Adapted from Smith, J. L., Garitaonandia, I., Kupchak, B. R., Maina, 
A. S., Regalla, L. M., and Lyons, T. J. (2007) Manuscript in preparation. 

 



 

22 

 

Figure 1-5. The catalytic triad: SxxxHxnD. This sequence is a highly conserved motif in Izh2p 
and the PAQR family.  

HN

O

OH

OH

(CH2)12CH3

(CH2)NCH3 Ceramidase

Ceramide synthase

HO

NH3
+

OH

(CH2)12CH3

Ceramide Sphingosine

Fatty Acid

O

(CH2)NCH3

+

OH  

Figure 1-6. The metabolism of sphingosine and fatty acid from ceramide, and vice versa, from 
the enzymes ceramidase and ceramide synthase, respectively. Adapted from 
Kolesnick, R. (2002) J. Clin. Invest. 110, 3-8. 
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CHAPTER 2 
MATERIALS AND METHODS 

Materials and Methods Overview (Figure 2-1) 

Izh2p mutants (pGAL1-MutIZH2), from the IZH2 gene with the changed functional amino 

acid to alanine, were generated via site-directed mutagenesis (Figure 2-1 Step 1). pGAL1-IZH2 

(2) and pGAL1-MutIZH2 (Figure 2-2) were individually co-transformed (29) into the yeast strain 

with a vector containing a FET3 promoter fused to a lacZ reporter (pFET3-lacZ) (Figure 2-3) (1, 

2,) in order to monitor β-galactosidase activity (30, 31). pRS316-LEU2 is a cloning vector used 

as a tool in molecular analysis to overexpress genes in yeast by using a galactose inducible 

promoter (GAL1) (32). The pRS316 plasmid cloning vector (32, 33) was used in this study for 

several reasons. One reason is that it can shuttle DNA readily between yeast and bacteria (33), 

which is necessary for obtaining large enough quantities of the plasmid carrying the IZH2 gene 

(pGAL1-IZH2) and the IZH2 mutants (pGAL1-MutIZH2) to carry out sequencing. Second, it 

carries the LEU2 selection marker so we can co-transform it with our lacZ reporter fusions, an 

episomal plasmid carrying the selection marker URA3 with a FET3 promoter fused to the lacZ 

reporter (Figure 2-3) (2, 12). 

Strain and growth conditions: 

BY4742 (Genotype: MATαhis3 leu2 lys2 ura3) yeast strain was obtained by Euroscarf 

(http:://web.uni-frankfurt.de/fb15/mikro/euroscarf/) (2). Yeast strain cells were grown in YPD 

(1% yeast extract, 2% peptone and 2% glucose) or SD (synthetic defined medium with 2% 

glucose carbon source supplemented to a 0.01% concentration of the amino acids) (34, 35) 

Auxotrophic amino acids added to the SD were L-Histidine, and L-Lysine (SD-L,U media) for 

the co-transformations (double transformations with the Control pRS316 empty vector+pFET3-

lacZ (Figure 2-3); and pGAL1-IZH2 (2) + pFET3-lacZ and pGAL1-MutIZH2+pFET3-lacZ (Figure 
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2-2) (12). The pRS316 empty vector, pGAL1-IZH2 and pGAL1-MutIZH2 are driven by galactose 

(2, 30). 

Site Directed Mutagenesis  

IZH2 mutants were obtained by site-directed mutagenesis using QuickChange® 

(Stratagene, La Jolla, California) or by overlap extension (Figure 2-4) (36, 37). Primers used for 

the mutations are in Table 2-1. Overlap extension was carried out following a three step 

Polymerase Chain Reaction (PCR) method (Figure 2-4) (37, 38). The overlap extension 

fragments were obtained by PCR and were purified from the agarose gel (Prep-A-Gene, BioRad) 

(Figure 2-2). The mutated gene was also cut out of the agarose gel and gel purified (Prep-A-

Gene, BioRad) (Figure 2-2). The mutated gene was cloned back into the pRS316 plasmid using 

gap repair (39). Gap repair consists of the co-transformation of the PCR product, in this case the 

IZH2 mutant gene, with the gapped plasmid that contains homologous ends to the PCR product, 

in this case the SacI and BamI ends of the pRS316 plasmid (39). The IZH2 mutants were 

sequenced (University of Florida) in order to verify mutation(s). Primers in Table 2-1 reflect the 

selected designed amino acid changes.  

Sequence Analysis 

The DNA sequences obtained were Blasted against the Izh2p protein using the Blastx 

function at the following website: (http://www.ncbi.nlm.nih.gov/sites/entrez/). Blastx allows you 

to search the protein database (Saccharomyces cerevisiae) using a translated nucleotide query, in 

this case the IZH2 gene. Blast programs are tools that are widely used for searching the DNA and 

protein databases to find sequence similarities (40). For the FASTA and BLAST results for each 

of the mutants generated (H282A, H286A, H282A/H286A, and H82A) see appendix A and B, 

respectively.  

http://www.ncbi.nlm.nih.gov/sites/entrez/
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Transformations 

Mutants H282A and H2806A were obtained by overlap extension. BY4742 Wild Type S. 

cerevisiae was transformed using the Li-acetate method (29) with 2 µL digested (SacI & BamI) 

pPRS316 plasmid (32, 33) and 10 µL of the recombined PRC mutated IZH2 gene (MutIZH2). The 

transformed S. cerevisiae were grown on SD –L plates to select for yeast containing the mutated 

IZH2 gene (MutIZH2) inserted into the plasmid. Several colonies grown on the SD –L plates were 

transferred to, and grown in, SD –L media (SD with the auxotrophs L-Histidine, L-Lysine and L-

Uridine) and the plasmid DNA was purified from the yeast (41). The plasmid was transformed 

into E. coli and grown on Amp selective plates to select for the bacteria carrying the plasmid 

with the IZH2 mutant insert (pGAL1-MutIZH2) (Figure 2-1). Double transformations of the 

following were carried out:  

• Negative Control: Wildtype (BY4742) + pRS316 vector + pFET3-lacZ;  
• IZH2 Sample: Wildtype (BY4742) + pGAL1-IZH2 vector + pFET3-lacZ 
• Mutant IZH2 Sample: Wildtype (BY4742) + pGAL1-MutIZH2  + pFET3-lacZ 

 
β-Galactosidase Assays: Izh2p represses FET3 in low iron environments (Figure 1-1) (2, 

12). Co-transformed yeast cells that were used for the β-galactosidase assays were grown in SD-

U-L overnight then 100µL (OD=0.1) was transferred to Low Iron Media (LIM), 1µM Fe3+ (40). 

LIM was prepared according to standard procedures (42) with FeCl3 added back to the LIM 

(1µM, or 1mM). Our β-galactosidase assays are driven by a FET3 promoter fused to the Lac-Z 

reporter (Figure 2-3). Izh2p activity is measured by the repression of FET3 when our Izh2p 

protein is overexpressed by adding 2% Galactose to LIM (40). The LIM is supplemented with 

nitrogen base, Citrate (pH=4.2) (43) and EDTA to control iron availability by chelating iron (42). 

β-Galactosidase assays were carried out following standard procedures previously described 

(30). Orthonitrophenyl pyrano-galactoside (ONPG) is hydrolyzed by the β-galactosidase enzyme 
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activity to produce the yellow compound orthonitrophenol (ONP) (Figure 2-3). The β-

galactosidase activity was calculated in Miller Units as previously described: ( A420 × 1,000)/ 

(min × ml of culture used × culture A600) (44). 

 

 

Figure 2-1. An overall scheme of the protocols carried out in this experiment: Site-Directed 
Mutagenesis, Gap Repair, Co-transformation and β-Galactosidase Assays. 
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Figure 2-2. Expression vector pRS316 with IZH2 (GAl1-IZH2) or MutIZH2 (GAL1-MutIZH2) 
inserted. Adapted from Sikorski, R.S. and Hieter, P. (1989) Genetics. 122, 19-27 and 
Liu, H., Krizek, J. and Bretscher, A. (1992) Genetics. 132, 665-673. 

 

 

Figure 2-3. Yeast episomal reporter plasmid pFET3-lacZ. 
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Figure 2-4. Site directed mutagenesis using overlap extension PCR. PCR#1 shows each PCR 
using the Mut-For + 5’-IZH2 primers and the Mut-Rev + 3’-IZH2 primers. PCR#2 
shows the recombination of each fragment generated in PCR#1, which yields the 
mutated gene as the end result. Adapted from Sherman, F., Fink, G. R., and Hicks, J. 
B. (1986) Methods in Yeast Genetics, Cold Springs Harbor Laboratory, Cold Spring 
Harbor, N. Y: Cold Spring Harbor Laboratory Press and Vallejo, A. N., Pogulis, R. J., 
and Pease, L. R. (1995) Mutagenesis and synthesis of novel recombinant genes using 
PCR. In PCR Primer: a Laboratory Manual. Cold Spring Harbor, NY: Cold Spring 
Harbor Laboratory Press. 
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Figure 2-5. Orthonitrophenyl pyrano-galactoside (ONPG) is hydrolyzed by the β-galactosidase 
enzyme activity to produce the yellow compound orthonitrophenol (ONP) commonly 
used as a substrate to assay β-galactosidase activity in vitro. Adapted from Guarente, 
L. (1983) Methods Enzymol. 101, 181-191 and Miller, J. H. (1972) Experiments in 
Molecular Genetics. Cold Spring Harbor, N. Y.: Cold Spring Harbor Laboratory 
Press. 
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Table 2-1.  Mutants depicting sites mutated and the 5’-3’sequences of the reverse and forward 
primers. Tm (ºC) and Hairpin Propensity (ΔG) kcal·mol-1 calculated using the IDT 
analyzer: http://www.idtdna.com/. The underlined codon is that for the amino acid 
mutated. 

 Primer  Name Site 
mutated 

Tm 
(ºC) 

Hairpin 
Propensity 
(ΔG) 
kcal·mol-1 

5’-3’ Sequence 

 IZH2-H282A-REV H282A 60.9 -2.92, -2.44 5’GGAAAAGTTGGGCAGAATGACCCCAAA TAT3’ 
 IZH2-H282A-FOR H282A 61.1 -1.70 5’GGGTCATTCTGCCCAACTTTTCCATTTTCT3’ 
 IZH2-H286A-REV H286A 57.8 -2.43 5’CAACTAGAAAAGCGAAAAGTTGGTGAGAAT3’   
 IZH2-H286A-FOR H286A 57.3 -2.66 5’CCAACTTTTCGCTTTTCTAGTTGTTATTGC3’ 
 IZH2-Double-H282A; 

H286A-REV 
H282A; 
H286A 

  See: H282A & H286A Primers. 

 IZH2-Double-H282A; 
H286A-FOR 

H282A; 
H286A 

  See: H282A & H286A Primers. 

 IZH2-N82A-REV N82A 54.8 -1.29, -0.78 5’TAAATGTGAATAAATAGCGACACTTTCATTATG3’ 
 IZH2-N82A-FOR N82A 54.8 -1.44, -0.84 5’CATAATGAAAGTGTCGCTATTTATTCACATTTA3’ 
 IZH2-H86A- REV H86A 56.4 -1.67, -1.57 5’GAGAGCAGGAATTAAAGCTGAATAAATATTGAC3’ 
 IZH2-H86A-FOR H86A 56.4 -0.85, -0.5 5’GTCAATATTTATTCAGCTTTAATTCCTGCTCTC3’ 
 IZH2-S132A- REV S132A 59.2 -0.53 5’ACAATGAAAGGAGCTAGCCAATATTAAACATGC3’ 
 IZH2-S132A-FOR S132A 59.2 -0.19 5’GCATGTTTAATATTGGCTAGCTCCTTTCATTGT3’ 
 IZH2-H136A- REV H136A 60.9 -2.22, -1.56 5’GTGACTCTTTAGACAAGCAAAGGAGCTACTCAA3’ 
 IZH2-H136A-FOR H136A 60.9 -2.11, -1.79 5’TTGAGTAGCTCCTTTGCTTGTCTAAAGAGTCAC3’ 
 IZH2-D153A- REV D153A 59.4 -1.16, -1.01 5’ACAAATACCAAGGTAGGCCAACTTATTTCCTAA3’ 
 IZH2-D153A-FOR D153A 59.4 -1.34, -1.26, -

0.95, -0.79, -
0.71 

5’TTAGGAAATAAGTTGGCCTACCTTGGTATTTGT3’ 

 IZH2-Double-S132A; 
H136A-REV 

S132A; 
H136A 
 

59.4 -1.64, -1.07, -
0.96 

5’TCTTTAGACAAGCAAAGGAGCTAGCCAATATTAAA3’ 

 IZH2-Double-S132A; 
H136A-FOR 

S132A; 
H136A 
 

59.4 -1.85, -1.82, -
1.51 

5’TTTAATATTGGCTAGCTCCTTTGCTTGTCTAAAGA3’ 

 IZH2-Double- N82A; 
H86A-REV 

N82A; 
H86A 
 

58.9 -0.96, -0.85, -
0.77, -0.69 

5’CAGGAATTAAAGCTGAATAAATAGCGACACTTTCA3’ 

 IZH2-Double- N102A; 
H106A-FOR 

N102A; 
H106A 
 

58.9 -1.12, -0.97, -
0.54 

5’TGAAAGTGTCGCTATTTATTCAGCTTTAATTCCTG3’ 

 IZH2-Triple-
E79A/N82A/H86A-Rev 

E79A; 
N82A; 
H86A 

62.5 -3.99, -3.98, -
2.95, -2.79, -
2.33, -2.32 

5’CAGGAATTAAAGCTGAATAAATAGCGACACTTGCAT
TATGCAAA3’ 

 IZH2-Triple- E79A; 
N102A; H86A -For 

E79A; 
N82A; 
H86A 

62.5 -4.21, -3.19, -
2.45, -2.14 

5’TTTGCATAATGCAAGTGTCGCTATTTATTCAGCTTTA
ATTCCTG3’ 

 IZH2-Gal-5’  67.8 -4.17 5’TACTTCTTATTCCTCTACCGGATCCCGCTCGAGGTCG
ACATGTCAATCTTATTAGAAAGG3’ 

 IZH2-Gal-3’  69.6 -5.83, -5.70, -
5.34, -5.22, -
5.12, -5.01, -
3.69, -3.07 

5’TGAGCGCGCGTAATACGACTCACTATAGGGCGAATT
GGAGCTCCAAATATCTAGGAG ACAAT3’ 
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CHAPTER 3 
RESULTS 

Sequence data 

FASTA Format (Appendix A) 

The samples sequence data are represented in the FASTA format (Appendix A). For each 

of the Izh2p mutants that worked there is a forward sequence that was sequenced using the T7 

primer and there is a reverse sequence that was sequenced using the pRS316 primer. Although all 

the sets of primers were attempted for both overlap extension and the QuickChange® method 

(Chapter 2), only four of the mutants were generated. The mutants generated were H282A, 

H286A, H282A/H286A (double HxxxH motif) and H86A. The blasted sequence data for each of 

the sequence reactions can be observed in Appendix B and is discussed below.  

Blasted sequence data 

H282A 

The H282A Izh2p mutant was generated via the overlap extension method described in 

chapter 2. By looking at the blasted sequence alignment in Appendix B the H282A amino acid 

changed is indicated in red. Both the forward and the reverse sequences show this change (Figure  

B-1a and b). 

H286A 

The H286A Izh2p mutant was generated via the overlap extension method described in 

chapter 2. By looking at the blasted sequence alignment in Appendix B the H286A amino acid 

changed is indicated in red. Both the forward and the reverse sequences show this change (Figure 

B-2a and b). 
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H282A/H286A 

The H282A/H286A double HxxxH mutant was obtained using both of the site-directed 

mutagenesis methods (overlap extension for the H286A first, then this was used as the template 

and the primers for the H282A mutant were added to the PCR cocktail using the QuickChange® 

method to generate the H282A/H286A double mutant). The blasted sequence alignment in 

Appendix B for the H282A/H286A double mutant show that both of the histidines are changed 

to alanines and are indicated in red (Figure B-3a and b). 

H86A 

The H86A Izh2p mutant was generated via the overlap extension method described in 

chapter 2. By looking at the blasted sequence alignment in Appendix B the H86A amino acid 

changed is indicated in red. Both the forward and the reverse sequences show this change (Figure 

B-4a and b). 

Empty vector or wildtype IZH2 gene 

There were several samples with the overlap extension method that appeared to be the 

empty vector. Furthermore, there were several samples that contained the wildtype IZH2 gene, 

with both the overlap extension and the QuickChange® method. The QuickChange® protocol 

involves digesting the PCR sample with the DPN1 enzyme to get rid of the template strand by 

chopping up methylated parent IZH2 strand (36) so this step must not have worked for this 

reaction.  

Lac-Z Data 

It has been shown that overexpressing Izh2p by co-transforming the expression vector 

pGAL1-IZH2 with the pFET3-lacZ reporter into BY4742 represses the pFET3-lacZ activity (2, 

12). The lacZ data generated of the pRS316 wildtype empty vector co-transformed with pFET3-

lacZ reporter into the yeast BY4742 has a higher activity in 1µM than the yeast overexpressed 
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pGAL1-IZH2 (2). Izh2p was seen to repress pFET3-lacZ activity as previously reported (2). 

Using the co-transformation approach we have ran β-Galactosidase Assays on each of the 

mutants generated and have determined that there is partial deactivation of the usual pFET3-lacZ 

repression when Izh2p (pGAL1-IZH2) is overexpressed. The IZH2 mutants (pGAL1-MutIZH2): 

H282A, H286A, H282A/H286A, H86A were compared to Izh2p, with respect to pFET3-lacZ 

repression in 1µM LIM (Figure 3-1 and Table 3-1). 

The four Izh2p mutants verified by sequence analysis PSI Blast all show less of a 

repression on the pFET3-lacZ β-galactosidase activity than the Izh2p protein when grown in 

LIM (1µM). This demonstrates that there is an effect of these amino acids being mutated to non-

functional alanines. There is an effect on the function of HxxxH and it loses its repressive control 

over pFET3-lacZ. The repression of pFET3-lacZ activity of the H282A/H286A (AxxxA) and 

H86A (NxxxA) mutants is comparable to the pRS316 wildtype vector control grown in 1µM 

LIM (Figure 3-1). 

The partial deactivation seen with all the Izh2p mutants tells us that there is still some 

enzyme activity and that these amino acids are important, but perhaps not essential for full Izh2p 

function. The single histidine mutants: H282A (AxxxH), H286A (HxxxA), show less of a loss of 

the pFET3-lacZ repression so they may be less important for Izh2p function. H86A and the 

HxxxH (H282A/H286A) double histidine mutants show more of a loss of the pFET3-lacZ 

repression so they may be more important for Izh2p function.  

Conclusion of lac-Z Data: The Izh2p plasma-membrane protein may be of further use for 

studying animal energy (glucose homeostasis), metal homeostasis and metabolism to gain further 

information on better ways to control processes such as diabetes and diseases linked to metal 

deficiencies. The overall trend of the pFET3-lacZ driven β-galactosidase activity is that the Izh2p 
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overexpressed yeast cells (pGAL1-IZH2) repress the FET3 activity as compared to the empty 

pRS316 vector co-transformed yeast cells (12, 13). The mutants generated of the Izh2p (pGAL1-

MutIZH2) have less of a repression of FET3 activity than the wildtype Izh2p (Figure 2-1 and 

Table 2-1).  

Overlap-Extension Site-Directed Mutagenesis Results:  

GreenTaq Polymerase 

There were several problems that were observed with the overlap-extension site-directed 

mutagenesis procedure. The first problem encountered was that the PFU polymerase would not 

copy the gene fragments as expected. Thus I tried using a free sample of the GreenTaq (Sigma) 

polymerase, which copied the gene fragments on the first PCR protocol carried out (Figure 3-2). 

Thus, the overlap extension originally was successfully carried out with the GreenTaq 

polymerase, and the procedure was carried through. Figure 3-3 shows the first time I was able to 

cut the pRS316 plasmid with the SacI and BamI restriction enzymes (the cut plasmid is shorter in 

length on the gel than the uncut pRS316 plasmid).  

The mutated IZH2 gene was then inserted into this site by gap repair (described in Chapter 

2). The final recombined product was visualized on an agarose gel (Figure 3-4) and sent in for 

sequencing. These samples had many random mutations and not what we were looking for in 

terms of the site-directed mutagenesis. In conclusion, the samples obtained using the GreenTaq 

polymerase using the overlap extension PCR method were sequenced and yielded a very 

randomly mutated IZH2 gene. 

PFU Polymerase 

PFU polymerase is the optimal polymerase to use in this protocol because it has a lower 

rate of random mutations than the GreenTaq polymerase, however working with this polymerase 

was problematic copying the fragments with the mutated amino acid. For instance, in Figure 3-5 
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the smaller fragments were copied with the PFU polymerase, whereas, the larger fragments were 

repeatedly not fully extended using PFU polymerase. There may have been such a low quantity 

that it was impossible to visualize on a gel, which is a problem when excising the fragments from 

the gel in order to gel purify and move on to the next step.  

Thus, there were problems using the PFU polymerase with the quantity of PCR product 

obtained to gel purify the DNA. The DNA fragments may have been lost because there was so 

little of it to begin with, or the fragment did not extend correctly. In addition, the whole mutant 

gene was not replicated correctly so when it was sequenced there were extra mutations. There 

were three steps in the procedure of overlap extension to perform gel purification where DNA 

may have been lost: 1. On each of the individual fragments: Mut-For+5’-IZH2 and Mut-Rev+3’-

IZH2 and 2. after recombination of the fragments to yield the mutant IZH2 gene. Another 

problem area was getting the purified MutIZH2 gene back into the pRS316 vector. The protocol of 

getting the inserted MutIZH2 gene that was taken up into the pRS316 vector into the E.coli to 

clone more for sequencing and transformations was also a problem area using the overlap 

extension method.  

The overlap extension did work with H282A and H286A. The QuickChange® method 

copies the whole gene starting at the primer site with the desired mutation while it is still in the 

plasmid (36). The H282A/H286A and the H86A mutants were generated using the 

QuickChange® method. 

Suggestions for future researchers on this project 

Overlap extension suggestions: use maximum amount of PFU polymerase (1µL per 50µL 

total reaction), and two to three times the extension time for the larger fragment and the 

recombining PCR step (step 2 Figure 2-1). 50ng DNA worked best for me for both types of Site-

Directed Mutagenesis.  
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The QuickChange® method should be used as described in the manual (36). This method 

proved to be less time consuming and messy and overall my preferred method of Site-directed 

Mutagenesis. Other suggestions using this method are to use the recommended Tm for each of 

the primers and to run the PCR reactions one at a time for each of the mutants based on these 

Tms. In my experience I followed the recommended temperatures for the PCR reaction in the 

manual, however, some worked and some didn’t. This may be one of the reasons. So keep the 

temperature for the primer exactly as that recommended by the primer manufacturer. Also, there 

may need to be a longer extension time as recommended in the troubleshooting section of the 

manual. I attempted to carry this out, but have run out of time to follow through with the 

complete procedure. The next person to finish this project may wish to follow up on this. Lastly, 

if there are no colonies growing on the plate, the troubleshooting section recommends using 5µL 

of the sample when transforming into E.coli to grow on the LB/Amp plates (36). 

Future Studies:  

Site-directed mutagenesis of the IZH2 gene: Table 3-2 lists which of the mutants have 

been completed, which mutants have been attempted, and their latest progress. H282A mutant 

should be repeated since several additional sites were randomly mutated (Figure B-1a and b). 

H286A, H282A/H286A, and H86A are done. The following mutants are still being mutated: 

N82A, N102A/H106A, S132A, H136A, S132A/H136A, D153A, and E79A/E82A/H86A. 

Double and triple point mutations may require additional PCR cycles as recommended in the 

QuickChange® manual (36). 

HA (Haemaglutanin) and GFP (Green Fluorescent Protein Tagging: Future Studies: 

Future studies should include HA-tagging and GFP-tagging of the Izh2p mutants with the 

conserved amino acids of interest mutated to alanine. This will confirm expression of the 

mutants and prove that they have not been degraded in S. cerevisiae due to the mutated amino 
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acids being essential for function. If any of the mutants are degraded this assay will tell us which 

specific amino acids are essential to carry out the function of the Izh2p protein. This may apply 

to the proteins of the PAQR family as a whole since the amino acids mutated are highly 

conserved among the whole family (2, 3). GFP-tagging will confirm the proper localization of 

the proteins. 

 

Figure 3-1. β-Galactosidase Activity (%) of Samples grown in LIM (1µM Fe3+). All samples 
were co-transformed into BY4742 wild-type yeast with pFET3-lacZ reporter. pRS316 
serves as the empty vector control, Izh2p is the protein of interest (pGAL1-IZH2) and 
the Izh2p mutants (pGAL1-MutIZH2): H282A, H286A, H282A/H286A, and H86A. 

 
Table 3-1. β-Galactosidase Activity (%) of Samples grown in LIM (1µM Fe3+). LacZ activity 

presented is that of samples grown in 1µM Fe3+ LIM and shown as a percentage with 
pRS316 wildtype as the control.  

Samples grown in LIM (1µM Fe3+) 
β-Galactosidase Activity 

(%) 
pRS316 Empty Vector CONTROL 100 
Izh2p  52 
Izh2p H282A 62 
Izh2p H286A 59 
Izh2p H282A/H286A 93 
Izh2p H86A 80 
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Figure 3-2. PCR fragments (5 µL PCR reaction) obtained using GreenTaq Polymerase (Sigma). 
From left to right: Top part of gel, 5µL 1kb DNA Ladder (Sigma-Aldrich),: 1 and 5) 
5’-Rev-IZH2 (H282A), 2 and 6) 3’-For IZH2 (H302A), 3 and 7) 5’-Rev-IZH2 
(H306A), and 4 and 8) 3’-For IZH2 (H286A) . Bottom part of gel, 5µL 1kb DNA 
Ladder (Sigma-Aldrich), PCR fragments obtained using PFU-Polymerase (Promega): 
1) 5’-Rev-IZH2 (H282A), 2) 3’-For IZH2 (H282A), 3) 5’-Rev-IZH2  (H286A), and 4) 
3’-For IZH2 (H286A). 
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Figure 3-3. pRS316 plasmid cut with SacI and BamI restriction enzymes to insert the IZH2 
mutated gene into this site.. From left to right: 5µL 1kb DNA Ladder (Sigma-
Aldrich), 1) pRS316 plasmid cut with SacI and BamI and 2) uncut pRS316 plasmid. 

 

 

Figure 3-4. Samples of the pRS316 plasmid with the inserted IZH2 mutated gene (5 µL) 
obtained via overlap extension (pGAL-MutIZH2). From left to right: 3µg Hind λ 
ladder. Lanes 1-3 are H282Aand lanes 4-6 are H286A obtained via overlap extension.  

 

 

Figure 3-5. PCR fragments (5 µL PCR reaction) obtained using PFU-Polymerase (Promega). 
From left to right: 5µL 1kb DNA Ladder (Sigma-Aldrich), 1 and 5) 5’-Rev-IZH2 
(H282A), 2 and 6) 3’-For IZH2 (H282A), 3 and 7) 5’-Rev-IZH2 (H286A), and 4 and 
8) 3’-For IZH2 (H286A). 
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Table 3-2. A summary of the mutants, the attempts to mutate the IZH2 gene using the 
corresponding primers, if the mutant is done, needs to be repeated and latest progress.  

Mutants Attempts to Mutate Done 
(Y/N) 

Needs to be Repeated 
(Y/N) 

Latest Progress 

H282A Overlap Extension Y Y QuickChange® didn’t 
succeed. 

H286A Overlap Extension Y N Done 
H282A/H286A Overlap Extension and 

QuickChange® 
Y N Done 

N82A Overlap Extension and 
QuickChange® 

N Y Sequenced as IZH2 
wildtype with 
QuickChange® Kit. 
Overlap Reverse 
Fragment didn’t 
extend. 

H86A Overlap Extension and 
QuickChange® 

Y N Done 

N82A/H86A Overlap Extension and 
QuickChange® 

N Y Gap Repair didn’t 
succeed. 
QuickChange® sample 
didn’t appear to have 
IZH2 gene when cut 
with SacI/SalI. 

S132A Overlap Extension and 
QuickChange® 

N Y Sequence wasn’t 
correct (non-specific 
primer binding during 
PCR) with 
QuickChange® 
method. 
Overlap Reverse 
Fragment didn’t 
extend. 

H136A Overlap Extension and 
QuickChange® 

N Y QuickChange® 
method appeared to 
work, didn’t sequence 
(non-specific primer 
binding during PCR). 
Overlap Reverse 
Fragment didn’t 
extend. 

S132A/H136A Overlap Extension and 
QuickChange® 

N Y Gap Repair didn’t 
succeed. 
QuickChange® sample 
didn’t sequence. 

D153A Overlap Extension and 
QuickChange® 

N Y QuickChange® sample 
didn’t appear to have 
IZH2 gene when cut 
with SacI/SalI.  
Overlap Reverse 
Fragment didn’t extend 
 

E79A/N82A/H86A QuickChange® N Y Primers may not have 
worked. Colonies 
appeared, lac-Z 
seemed to work, 
sequence not correct. 
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CHAPTER 4 
DISCUSSION 

IZH genes and the function of Izh2p 

IZH2 gene 

The IZH2 gene, discovered during a DNA microarray analysis of gene transcription during 

low zinc conditions (1), shares sequence similarity with a superfamily of proteins (PAQRs) that 

are homologous to membrane steroid receptors and adiponectin receptors (3). This superfamily 

of proteins is distantly related to bacterial hemolysins and alkaline ceramidases (2). IZH gene 

expression is regulated by Zap1p, which regulates expression of zinc transporter genes important 

for yeast zinc homeostasis (1). IZH2 is also regulated by the exogenous fatty acid myristic acid, 

thus it may play a role in lipid metabolism (2, 6).  

Izh2p Protein 

The membrane protein Izh2p is involved in iron and zinc metalloregulation. It has highly 

conserved motifs (2). Izh2p may serve to function as an amidohydrolase. This idea is based on 

the similar structure of alkaline ceramidases to the IZHs. 

Conserved Motifs of Izh2p 

ExxNxxxH, SxxxHxnD, and HxxxH are the specific motifs of interest in this study. They 

are located in the highly conserved regions of Izh2p (Figure 1-3) (2, 3). Our long-term goal is to 

determine if these motifs are important for the function of Izh2p. We are investigating several of 

the amino acids in these motifs by changing them to alanines by site-directed mutagenesis. This 

study reports the findings on the histidines of two of these conserved motifs: ExxNxxxH, H86A, 

showed a loss of pFET3-lacZ activity repression (Figure 3-1 and Table 3-1) and of the HxxxH 

motif, single mutants (H282A and H286A) showed a slight loss of pFET3-lacZ activity 
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repression (Figure 3-1 and Table 3-1). The double HxxxH mutant (H282A/H286A) showed the 

most loss of pFET3-lacZ activity repression (Figure 3-1 and Table 3-1). 

Conclusion 

Izh2p is involved in metalloregulation (2), although the exact mechanism by which this 

protein performs its function is still unclear. Izh2p and PAQR proteins, possess the highly 

conserved motifs ExxNxxxH, SxxxHxnE, and HxxxH (Figure 1-4) (2, 3). The conserved amino 

acid sequences of Izh2p may be important for the function of receptor signaling. The histidines 

of HxxxH motif may be important to the function of these proteins.  

These proteins share sequence homology with an ancient family that spans across species 

(2, 3). There is also a distant homology to alkaline ceramidases and hemolysins. The fact that 

they share highly conserved residues on the inside of the cellular membrane may be because they 

share similar signaling pathways. Further research into this query is needed. Research in our lab 

has shown that these receptors increase endogenous sphingosine (13). Sphingosines are the 

product of ceramidases because ceramidases hydrolyse ceramide into fatty acid and sphingosine 

(Figure 1-5). Since Izh and the PAQR proteins share such significant structural similarity with 

the alkaline ceramidases this suggests that they may behave as ligand-activated enzymes that 

produce secondary messenger sphingoid bases (13). 
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APPENDIX A 
SEQUENCING RESULTS 

(a) 
 

(b) 
Figure A-1.  DNA Sequence for H282A. (a) Forward; (b) Reverse 
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(a) 

(b) 
Figure A-2.  DNA Sequence for H286A. (a) Forward; (b) Reverse 

 



 

45 

(a) 

(b) 
 
Figure A-3.  DNA Sequence for H282A/H286 Double mutant. (a) Forward; (b) Reverse 
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(a) 

(b) 

Figure A-4.  DNA Sequence for H86A. (a) Forward; (b) Reverse 
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APPENDIX B 
ALIGNMENT OF SEQUENCES 

(a) 

(b) 
 
Figure B-1.  DNA Sequence Alignment for H282A (a) Forward; (b) Reverse. 
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(a) 

(b) 
  
Figure B-2.  DNA Sequence Alignment for H286A (a) Forward; (b) Reverse. 
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(a) 

(b) 
Figure B-3.  DNA Sequence Alignment for H282A/H286A Double mutant (a) Forward; (b) 

Reverse. 
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(a) 

(b)  
Figure B-4.  DNA Sequence Alignment for H86A mutant (a) Forward; (b) Reverse. 
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