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ABSTRACT OF THE THESIS 

 

Genome-wide Analysis of Kinases and Phosphatases Reveal an Essential MAP Kinase 
Involved in Pexophagy in Saccharomyces cerevisiae  

 

 

by 

 

 

Shveta Jain 

 

 

Master of Science in Biology 

 

University of California, San Diego, 2008 

 

Professor Suresh Subramani, Chair 

 

Vital for human survival, peroxisomes are single membrane-bound organelles 

ubiquitously present in cells.  Their role in cellular metabolism is required for certain 

metabolic pathways; consequently, in yeast, their biogenesis is inducible in the presence 
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of specific nutrients.  When they are no longer required by the cell, such as in starvation 

conditions, peroxisomes are delivered to the vacuole (equivalent to the mammalian 

lysosome) through a selective autophagic process known as pexophagy.  Although the 

molecular mechanism of pexophagy has been studied in yeast, the signal transduction 

pathway that regulates pexophagy is poorly understood.  Thus, in order to understand the 

signaling components involved in the pexophagy pathway, a genome-wide screen with all 

of the kinases and phosphatases in Saccharomyces cerevisiae was conducted with the 

viable deletion set of yeast mutants.  The processing of thiolase-GFP, a peroxisomal 

matrix marker, was used to assay pexophagy. During this process, the vacuolar 

processing of thiolase-GFP occurs to yield stable GFP in the vacuole.  Through careful 

analysis, a serine/threonine mitogen-activated protein (MAP) kinase, standard name 

SLT2 and systematic name YHR030C, was discovered to be involved in peroxisome 

turnover in Saccharomyces cerevisiae.  This observation has provided novel insights 

through which signal networking may be transduced to initiate pexophagy inside the cell.   

 



 

Chapter 1:  Introduction 

Discovery of autophagy  

In 1993, autophagy was discovered to be one of the primary degradative 

processes for proteins, carbohydrates and lipids in baker’s yeast Saccharomyces 

cerevisiae, and the molecular model with its multipart features was proposed (Tsukada 

and Ohsumi 1993).  Macroautophagy, generally known as autophagy, is highly conserved 

from unicellular to multi-cellular eukaryotic organisms.  It is a tightly regulated process 

where double-membrane vesicles, known as autophagosomes, engulf superfluous 

organelles and cytosolic components and fuse with the lysosome/vacuole for degradation  

(Nair and Klionsky 2005).  Two other forms of autophagy are microautophagy, in which 

the vacuolar/lysosomal membrane invaginates to directly break down portions of the 

cytosol or organelles; and chaperone-mediated autophagy, which is a unique proteolytic 

pathway that selectively transports cytoplasmic proteins to the lysosome in response to 

certain stressors (Klionsky 2005).  

Autophagy is a conserved process and relevant to human disease  

Autophagy and the genes controlling this process have been examined extensively 

in yeast.  However, autophagy has also been identified in mammalian cells with many 

human homologues in the pathway whose absence causes similar morphological behavior 

as observed in unicellular eukaryotes.  Recently, several studies have shown that 

autophagy plays a vital role in the immune system, cell growth and survival, tumor 

suppression, and reduction in protein buildup in mammalian cells; if the autophagic 

machinery is affected in some manner, these systems are severely compromised for 
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proper development (Levine 2005).  In addition, since autophagy has been proposed to 

act as a protein quality control mechanism in the cell, mutations in its essential molecular 

components have been coupled to detrimental human diseases, including cancer, 

cardiomyopathy, kidney impairments, and neurological dysfunctions observed in 

Alzheimer’s, Parkinson’s and Huntington’s diseases (Klionsky 2005).   

Autophagy - Steps  and proteins involved 

Based on molecular details observed in S. cerevisiae, the morphological steps of 

autophagy have been elucidated.  Autophagy starts with 1) induction of the process in 

response to stressors, 2) collection of bulk cargo proteins 3) recruitment of cytosolic 

proteins to the pre-autophagosomal structure (PAS), a site of nucleation for vesicle 

development, 4) successive expansion of the membrane possibly derived from 

mitochondria or endoplasmic reticulum (ER) to complete the double-membrane 

autophagosome, 5) retrieval of certain autophagy-related proteins that were used in the 

machinery for vesicle expansion, 6) docking and fusion of the outer membrane of the 

autophagosome with the lysosomal or vacuolar membrane, 7) release of the vesicle 

containing the inner autophagosome membrane and cargo into the vacuolar lumen, and 8) 

hydrolytic decomposition of proteins, lipids, carbohydrates and organelles for recycling 

of the constituent macromolecule building blocks (Klionsky 2005).       

The molecular functions of autophagy-related proteins in the multistep process are 

currently encoded by 32 ATG genes (initially classified as APG, AUT, CVT, GSA, PAG, 

PAZ, PDD, or PDG genes) in yeast.  For example, one of the first identified proteins was 

 



3 

 

Atg1, which is a serine/threonine kinase that complexes with other Atg proteins to 

regulate the first step in induction of autophagy.  Its importance was confirmed by the 

demonstration that the atg1 gene deletion mutant blocked all autophagy-related processes. 

Although extensively studied, the detailed functions of most Atg proteins still remain to 

be discovered.  Thus, although it is shown that Atg1 is essential in the autophagy 

pathway, the exact substrate(s) is not known (Nair and Klionsky 2005).            

In normal growth conditions, autophagy occurs at a basal level.  Nevertheless, 

when the cells are deprived of specific nutrients, such as nitrogen, the signal for 

autophagy is amplified (Nair and Klionsky 2005).  This response to environmental stress 

conditions is one of the simple ways used to induce the process in yeast.  Autophagy is 

regulated by two homologous serine/threonine kinases, Tor1 and Tor2 (Target of 

Rapamycin), which inhibit autophagy under vegetative conditions, as well as control 

other different facets of cell growth based on the availability of nutrients (Nair and 

Klionsky 2005).  In a nutrient-rich environment, the Tor kinases normally phosphorylate 

Atg13, one of the proteins in the Atg1 complex, through an unknown mechanism.  The 

hyperphosphorylation event causes decreased interaction of Atg13 with Atg1, and as a 

result, autophagy is inhibited (Nair and Klionsky 2005).  However, once the cells are 

starved nutrients or treated with the drug rapamycin, the Tor kinases are inactivated 

resulting in cell cycle arrest in the G1 phase and induction of autophagy.   

Autophagy-related pathways 
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Although autophagy is generally used to degrade bulk proteins in a non-selective 

manner, it has been shown to also contribute in a biosynthetic pathway that delivers 

specific enzymes to the vacuole.  One example that shares most of the autophagic 

machinery components (listed in Table 1-1) for selective degradation of certain cargo 

proteins is the cytoplasm-to-vacuole targeting (Cvt) pathway, which functions at a 

constitutive rate under vegetative conditions, unlike autophagy (Figure 1-1) (Scott, 

Hefner-Gravink et al. 1996).  The Cvt pathway differs from autophagy in that the double-

membrane Cvt vesicles contain specific cargo and appear smaller in size, but still 

maintain similar morphology to autophagosomes.  In this process, two vacuolar enzymes, 

aminopeptidase 1 (Ape1) and α-mannosidase (Ams1), which are inactive precursors that 

aggregate to produce homo-oligomers in the cytosol, are engulfed by Cvt vesicles.  When 

the Cvt vesicles fuse with the vacuole membrane, their cargo (e.g., homo-oligomeric 

complexes of Ape1) is delivered to the vacuole, and the proteolytic vacuolar enzymes 

cleave the propeptide on the cargo proteins, thereby producing the mature form that 

resides as an active hydrolase in the vacuolar lumen (Nair and Klionsky 2005).                    

Examining the molecular mechanism of the Cvt pathway in S. cerevisiae paved 

the way for many of the required proteins to be identified.  Serving as the receptor protein 

to form the Cvt complex, Atg19 begins by binding directly to the propeptide of Ape1 or 

Ams1 homo-oligomers (Xie and Klionsky 2007).  Subsequently, Atg11 interacts with the 

carboxy terminus of Atg19 to bring the Cvt complex to the PAS, which is the primary 

nucleation site for the formation of the Cvt vesicle or autophagosome (Xie and Klionsky 

2007).  When the cargo reaches the PAS, Atg19 binds to the phosphatidylethanolamine 
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(PE)-conjugated protein, Atg8-PE, which induces the PAS to expand into the Cvt vesicle, 

whose outer membrane then fuses with the vacuole.  The fusion event causes release Cvt 

bodies comprised of the inner membrane of the Cvt vesicle, as well as Atg8-PE and 

Atg19, into the vacuolar lumen, but Atg11 is recycled for reuse.  The membrane of the 

Cvt bodies is eventually degraded by vacuolar hydrolases, and the cargo proteins are 

activated, as described above (Klionsky 2005).     

Autophagy and organelle degradation                             

In addition to playing a role in the cellular turnover of proteins, autophagy also 

plays a role in organelle homeostasis by selectively degrading organelles, such as 

mitochondria, peroxisomes, ER, ribosomes, and parts of the nucleus, when they are either 

in excess or not needed by the cell.  One of the classic examples is pexophagy, which is 

the specific autophagy of peroxisomes.  Pexophagy can occur by micropexophagy or 

macropexophagy, processes related to micrroautophagy and macroautophagy, 

respectively (Subramani 1998).  It is therefore not surprising that macropexophagy uses 

Atg proteins for forming pexophagosomes, which are morphologically similar to 

autophagosomal structures. Additionally, both micropexophagy and macropexophagy 

utilize vacuolar hydrolase enzymes to degrade peroxisomes in the vacuole (Subramani 

1998).  

Peroxisomes and their physiological roles  

Found in the majority of eukaryotic cells, peroxisomes are single membrane-

bound organelles composed of various enzymes packed in an intricately grainy matrix.  
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The term peroxisome was coined after it was found the organelle housed at least one 

oxidase that generated hydrogen peroxide as a by-product of lipid oxidation reactions (De 

Duve 1969).  When hydrogen peroxide levels increase, the enzyme catalase is also 

present for its decomposition in order to prevent toxicity.  Dependent on the type of tissue, 

peroxisomes may be ovoid or tubular in shape (e.g. rat liver cells) with a diameter of 

0.25-1 µm (Schrader and Fahimi 2008).  The ubiquitous organelles operate through a vast 

array of metabolic processes and detoxification of free radicals, implying their function is 

significant to human pathophysiology.  Impairments in peroxisome formation can 

damage neuronal and renal capabilities in humans, often leading to peroxisome 

biogenesis disorders, such as Zellweger syndrome, adrenoleukodystrophy, and infantile 

Refsum disease (Subramani 1998).   

Since they do not have their own DNA or protein translation apparatus, 

peroxisomes obtain all of their proteins through transcription of nuclear genes followed 

by the transport of these proteins to the peroxisome matrix or membrane.  There are 

around 61 known genes in S. cerevisiae (85 genes in Homo sapiens) that encode 

peroxisome proteins (Schrader and Fahimi 2008).  Nearly 32 peroxisomal proteins, 

classified as peroxins, are encoded by PEX genes and participate in peroxisome 

biogenesis and protein import (Sakai, Oku et al. 2006).  Mutant peroxins, such as Pex3, 

which is involved in biogenesis, can cause human peroxisomal disorders, as listed above.   

Model organisms for the study of peroxisome biogenesis and turnover 
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Although the organelles are important in higher eukaryotes, peroxisome 

biogenesis and turnover have been largely studied in methylotrophic yeasts, such as 

Pichia pastoris and Hansenula polymorpha, because these processes can be easily 

induced by manipulating the nutrient environments.  Peroxisomes are induced in media 

containing carbon as the primary source, such as methanol, alkanes, oleic acid or primary 

amines, since they are utilized for cellular catabolism of these nutrients. As an example, 

peroxisomal enzymes catalyze the β-oxidation of fatty acids and the breakdown of amino 

acids (Subramani 1998).  When the cells are shifted to glucose, which does not require 

peroxisomes for its metabolism, pexophagy is activated.   

Similar to methylotropic yeasts, nutritional signals trigger changes in peroxisome 

levels in S. cerevisiae.  In this system, peroxisome proliferation is induced in oleate-

grown cells for their distinctive metabolic properties; yet, in glucose-rich media lacking 

nitrogen, peroxisomes are no longer needed and undergo peroxisome turnover (Sakai, 

Oku et al. 2006) 

Modes of pexophagy 

There are two types of pexophagy that are known, both of which are modeled in 

the methylotropic yeasts.  In P. pastoris, macropexophagy (morphologically similar to 

macroautophagy) occurs when individually selected peroxisomes are targeted to the 

vacuole in vesicles known as pexophagosomes.  Micropexophagy (related to 

microautophagy) takes place when a cluster of peroxisomes is engulfed by invaginated 

vacuolar membranes and also requires a membranous structure known as the 
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micropexophagic apparatus (MIPA) for complete sequestration of the cargo peroxisomes 

by the vacuole (Figure 1-1) (Schrader and Fahimi 2008).   

In P. pastoris, the transfer of cells from peroxisome-inducing conditions, such as 

methanol, to glucose triggers micropexophagy, whereas the switch from methanol to 

ethanol, or oleate to glucose, activates macropexophagy. On the other hand, in the other 

methylotrophic yeast H. polymorpha, the opposite conditions are true for macro- and 

micro-pexophagy processes that are activated when switched from methanol to glucose 

and ethanol, respectively (Sakai, Oku et al. 2006).  In S. cerevisiae, when the cells shift 

from oleate to glucose conditions, peroxisome turnover occurs through a pathway 

resembling macropexophagy; however, the molecular mode of pexophagy is not clearly 

defined.  In addition, homologs of the majority of Pex and Atg proteins are present 

amongst these yeast species.  In mammalian cells, several autophagy-related proteins 

maintain conserved functions in lysosomal proteolysis of proteins and organelles in 

response to nutrient starvation.  Yet, the specific targets of most Atg proteins, along with 

the molecular mode of pexophagy in S. cerevisiae, are still not clearly defined. 

Proteins determining the selectivity of pexophagy 

Recently, a novel serine/threonine phosphoprotein Atg30 in P. pastoris was 

shown to specifically regulate selective peroxisome turnover via pexophagy, without 

impinging on other autophagy-related pathways (Farre et al. 2008).  PpAtg30 localizes 

primarily at the peroxisomal membrane by interacting with peroxins involved in 

biogenesis, Pex3 and Pex14 (Farre et al. 2008).  Of these two proteins, studies indicate 
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that PpAtg30 only requires Pex3 for proper signaling to stimulate pexophagy.  In order to 

initiate pexophagy, PpAtg30 phosphorylation at a specific serine, S112, amongst several 

other phosphorylation sites, is required.  The phosphoprotein briefly interacts with the 

PAS and particular components of the autophagic machinery, such as Atg11 and Atg17, 

to deliver the peroxisomes to the vacuole (Farre et al. 2008).  In addition, PpAtg30 plays 

a direct role in completely forming the pexophagosome, which is eventually engulfed by 

the vacuole (Farre et al. 2008).  Since this protein has been found to be essential for 

tagging the peroxisomes for degradation, it would be interesting to follow the signal 

transduction events, including which particular kinase phosphorylates PpAtg30.   
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Figure 1-1:  Autophagy and autophagy-related pathways in Pichia pastoris.  Macroautophagy 
and microautophagy are non-selective pathways that degrade damaged organelles, along with 
cytosolic proteins, in the major recycling center of the cell, known as the vacuole.  Selective 
autophagy-related pathways include the Cytoplasm-to-vacuole transport (Cvt) pathway, which is 
necessary for specific uptake of proteins, such as Ape1.  In addition, organelle-specific 
degradation of peroxisomes occurs in two modes, micropexophagy and macropexophagy. 
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Signaling events in autophagy-related pathways 

 In the past few years, signaling in autophagy and other related pathways is 

gaining more interest.  In understanding how signals are transduced, there have been 

studies that reveal the role of MAP kinases in autophagy.  Mitogen-Activated Protein 

kinases, commonly known as MAP kinases, are serine/threonine specific kinases that act 

in response to extracellular growth factors, or mitogens.  Evolutionarily conserved, MAP 

kinases participate in a wide range of physiological activities in the cell, such as the cell 

cycle, survival and morphogenesis, with their phosphorylation activity controlled at the 

tyrosine and threonine residues by upstream dually-phosphorylating kinases (Qi and 

Elion 2005).  The classical signaling cascade of events (shown in Figure 1-2) begins with 

the growth factor binding to its membrane-bound, tyrosine kinase receptor on the cell 

surface.  This binding initiates downstream signaling components to activate the 

upstream kinase Raf (MAP kinase kinase kinase), which in turn activates the subsequent 

kinase in the pathway MEK (MAP kinase kinase), which dually phosphorylates the MAP 

kinase (Qi and Elion 2005).  The MAP kinase enters the nucleus and exerts control over 

specific gene expression profiles by functionally activating certain transcription factors 

involved in a variety of cell signaling pathways.         

In yeast, one MAP kinase involved in the hyperosmotic-response pathway, known 

as Hog1 (high osmolarity glycerol 1), has been found to affect autophagy under nitrogen-

starvation conditions, but does not achieve the same result upon treatment with 

rapamycin.  Microscopy studies showed that in mutant hog1 cells, autophagy was 

remarkably reduced in hyperosmotic and hypoosmotic medium lacking nitrogen  (Prick, 
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Thumm et al. 2006).  It was predicted that Hog1 may play a preservative role in stability 

of the autophagic machinery when induced in nitrogen-starvation medium under basal 

osmolarity fluctuations (Prick, Thumm et al. 2006).  Conversely, the Cvt pathway was 

not disrupted in hog1 mutant cells.  Since they are involved in important cellular 

processes, MAP kinases are highly conserved amongst species and have been grouped 

into Extracellular signal Regulated kinases (ERKs), c-Jun amino-terminal kinases (JNKs), 

and p38 MAPKs in humans.  When mammalian liver cells were starved in either a hypo-

osmotic environment or one lacking amino acids, autophagy was partially regulated 

through the p38MAPK pathway, which is the human orthologue of Hog1 that also 

responds to changes in osmolarity (Prick, Thumm et al. 2006).     

 In order to consider cell signaling in pexophagy, my project focused on kinases 

and phosphatases that would be potentially involved in regulation of peroxisome turnover.  

Since kinases and phosphatases are widely used in signal transduction processes, the goal 

of my project was to narrow down which of these essential players was involved in the 

cascade of events to stimulate pexophagy.  In my research, further in depth studies in S. 

cerevisiae have provided a significant link regarding how MAP kinases may take part in 

the pexophagy pathway.    

Chapter 1 is currently being prepared to submit for publication of the material.  

The thesis author was the primary investigator and author of this paper.  

 

 

 



 

Table 1-1:  ATG genes involved in Selective and Non-Selective Autophagy. (Xie and Klionsky 2007) 
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Figure 1-2:  Summary of MAP Kinase Pathway. 
(http://www.brc.riken.jp/.../GENESETBANK/mapk_ras.html)

 

http://www.brc.riken.jp/lab/dna/en/GENESETBANK/mapk_ras.html
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Chapter 2: Screening S. cerevisiae kinases and phosphatases using the thiolase-        
GFP processing assay 

Abstract 
Using the vacuolar processing of a peroxisomal matrix protein, thiolase-GFP, 

due to pexophagy, the objective of this project was to screen for kinase(s) or 
phosphatase(s) in Saccharomyces cerevisiae specifically involved in pexophagy.  The 
yeast cells deficient for a particular kinase were grown in YPD for cell multiplication, 
transferred to oleate medium for peroxisome proliferation, and then transferred to SD-
N medium to induce pexophagy.  Wild-type BY4742 and ∆atg1 mutant were used as 
the controls for this assay.  The thiolase-GFP assay used two standards to measure 
pexophagy: 1) Level of thiolase degradation, and 2) Level of GFP accumulation.  
Qualitative measurement of thiolase levels of the mutants compared to wild type cells 
yielded six mutants exhibiting slow pexophagy and seven mutants that displayed 
pexophagy faster than that seen in wild-type cells.   

Introduction 

As explained in the previous chapter, kinases and phosphatases are vital 

instruments in regulation of specific pathways, and the signaling events of pexophagy 

have not been clearly defined.  The goal of the project was to elucidate a specific 

signaling pathway by finding one or more regulators of pexophagy through an 

evaluative assay testing all of the kinases and phosphatases in S. cerevisiae.  In order 

to design a method to monitor pexophagy in yeast, the simplest way was to screen 

through deletion mutants for each viable kinase and phosphatase and detect which 

mutants were blocked in pexophagy.   

One of the key peroxisomal enzymes that served as a useful marker in the 

assay was 3-oxoacyl CoA thiolase, which cleaves 3-ketoacyl-CoA into acyl-CoA and 

acetyl-CoA during β-oxidation of fatty acids and is encoded by the POT1/FOX3 gene 

(Igual, Gonzalez-Bosch et al. 1992).  Similar to many yeast peroxisomal proteins, 

thiolase production is induced upon conditions when fatty acids, such as oleate, are 

17 
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present, and repressed by glucose.  In the deletion mutants graciously provided by Dr. 

R. Rachubinski (listed in Table 2-1), thiolase was fused to GFP and targeted to the 

peroxisome matrix, one of the important elements in designing the assay.   

 
Materials and Methods 
 
Peroxisome and Pexophagy Induction Conditions 
 

The S. cerevisiae knock-out kinase strains with the thiolase-GFP fusion from R. 

Rachubinski were analyzed in this study.  The strains were pre-grown overnight in 

liquid YPD medium (1% wt/vol yeast extract, 2% wt/vol peptone, 2% wt/vol glucose).  

The cells were spun down at 4500 rpm and transferred to oleate medium (1% vol/vol 

oleate, 5% vol/vol Tween-40, YP [10 % wt/volYE, 20% wt/vol peptone], 5% wt/vol 

YE, 5mM Phosphate buffer) to obtain an OD600 of 0.5 OD/ml.  After 24 h, the 

remaining 2ml culture samples of cells were washed twice with SD-N medium (1.7g/L 

yeast extract without amino acids, 1% dextrose) and grown in SD-N medium for 24 h.  

After 24 h, the lysate was prepared using the standard alkaline lysis method.                   

For biochemical studies, to observe peroxisome biogenesis and turnover 

conditions, 12% SDS-PAGE gel (resolving gel: 0.375 M Tris-HCl pH 8.8, 2% SDS, 

7.5% acrylamide, 1% ammonium persulfate, 6 µl TEMED [catalyst]; stacking gel: 

0.125M Tris-HCl pH 6.8, 2% SDS, 4% acrylamide, 1% ammonium persulfate, 6 µl 

TEMED [catalyst]) was used.  Using nitrocellulose membranes, western blotting was 

conducted using standard immunoblot protocols, and was analyzed using the mouse 

monoclonal antibody against GFP (1:3000), and secondary antibody (1:10,000). 
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Slow and Fast Pexophagy Regulators 
 

For the slow and fast pexophagy regulators, the assay was conducted in the 

same manner with the exception of more time-points.  The kinase mutants that slowly 

degrade peroxisomes (relative to the wild-type strain) were grown for 48 h, with lysate 

samples were prepared 0 h, 24 h, 30 h, 44 h, and 48 h.  For the kinase mutants that 

degrade peroxisomes at a faster rate, the lysate samples were prepared at 0 h, 4 h, 8 h, 

12 h, and 24 h.  For the controls wild-type and ∆atg1, samples were prepared at 

interval time points from 0 h to 48 h.      

 
Results 
 
Designing the thiolase-GFP processing assay 

The assay was developed in S. cerevisiae in this manner.  The cells were 

grown overnight in YPD, a nutrient-rich media required for proper cell multiplication.  

The cells were transferred in oleate, in which peroxisomes, along with thiolase, are 

produced in the cytosol and the thiolase-GFP is imported into peroxisomes.  The next 

day, the cells were transferred to pexophagy-inducing conditions in SD-N media, 

where the majority of the peroxisomes are degraded inside of the vacuole; however, 

GFP remains in the vacuole and accumulates as more peroxisomes are being degraded 

(Figure 2-1).  The thiolase-GFP processing assay was not only an effective system to 

observe pexophagy, but also informative for biochemistry and microscopy studies.  To 

facilitate an efficient screen that monitored the delivery of individual peroxisomes in 

the cytosol to the vacuole for all mutants, biochemical methods were used as an 
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alternative to fluorescence microscopy.  The screening conditions only applied to the 

non-essential genes in S. cerevisiae.    
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Figure 2-1:  Representative diagram of the thiolase-GFP processing assay.  S. cerevisiae 
cells were grown in nutrient-rich medium overnight for proper cell development (YPD).  The 
cells were transferred to oleate medium, which requires peroxisomes for growth, along with 
thiolase-GFP.  To induce pexophagy, the cells were switched to SD-N (glucose-rich and 
nitrogen-starved) medium.           
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Validation of the assay 

To test the validity of the screening assay, two controls were required.  As the 

positive control, wild-type BY4742 cells exhibit pexophagy at a normal level in 

nitrogen-starvation conditions, and the negative control was ∆atg1, in which the 

mutant kinase shows a block in pexophagy.  As shown in Figure 2-2, for wild-type 

cells in oleate conditions for 24 h, thiolase and peroxisome biogenesis occurs.  This is 

indicated by the 71-kDa band corresponding to thiolase-GFP.  When pexophagy 

occurred under nitrogen starvation conditions (SD-N), thiolase-GFP levels decreased 

to nearly zero, and GFP accumulation in the vacuole was indicated by the 26-kDa 

band.  In ∆atg1 conditions, levels of thiolase-GFP remained unchanged, and GFP did 

not build up inside the vacuole since there is no peroxisome turnover.  The assay’s 

objective was to find a mutant that showed a similar pattern as ∆atg1, implying its 

essential role in pexophagy regulation.      
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Figure 2-2:  Thiolase-GFP processing assay for monitoring pexophagy in S. cerevisiae.  
Cells from wild type and ∆atg1 strains were grown in perixosome-inducing conditions (oleic 
acid) and shifted to SD-N medium for 24 h.  The level of thiolase degradation qualitatively 
depicts the rate of pexophagy, and the level of GFP accumulation indicates the incidence of 
pexophagy.  Alkaline lysis extracts were prepared at 24 h for oleate and SD-N conditions, 
resolved by SDS-PAGE, and probed anti-GFP antibodies in the western blot.  The thiolase-
GFP band is seen at 71 kDa, and the free GFP is at 26 kDa.    
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Slow and Fast Pexophagy Regulators 

In the primary screening, there were two criteria necessary for biochemically 

measuring pexophagy:  1) Level of thiolase degradation, which qualitatively illustrated 

the rate of pexophagy, and 2) Level of GFP accumulation, which depicted the 

incidence of peroxisome turnover.  After screening kinases, phosphatases and specific 

subunits, there were some mutants that appeared to be partially affecting the kinetics 

of pexophagy using the biochemical data.  Drawing on the first criteria of the thiolase 

levels before and after nitrogen starvation, the mutants were categorized into slow and 

fast pexophagy regulators (listed in Figure 2-3D), which were degrading thiolase at a 

slower or faster rate than wild-type, respectively.  For example, ∆hom3 is 

representative of a slow pexophagy regulator that shows an increased amount of 

thiolase at 24 hours in nitrogen-starvation conditions in comparison to the wild-type; 

however, thiolase levels start to decrease after 24 hours, as shown in the time course in 

Figure 2-3A.  This suggests that Hom1 may be involved in partially regulating 

peroxisome delivery to the vacuole, resulting in a delay in pexophagy.  On the other 

hand, a fast pexophagy regulator that displays rapid decomposition of thiolase, relative 

to wild-type, before 24 hours in SD-N is represented by ∆pcl8.  This classification was 

based on a qualitative analysis of the biochemical data; however, in order to 

understand the details of how the kinetics of peroxisome turnover is disrupted in these 

mutants, further studies would be necessary.  
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Figure 2-3:  Representative examples of slow and fast pexophagy regulators in S. 
cerevisiae.  A. Controls, wild type and ∆atg1 strains, were grown in oleic acid for 24 h and 
shifted to SD-N medium.  Alkaline lysis extracts were prepared at 0h, 4h, 8h, 12h, 24h, 30h, 
44h, and 48h, resolved by SDS-PAGE, and probed anti-GFP antibodies for western blot 
analysis of thiolase-GFP at 71 kDa.  B. Example of a slow pexophagy regulator ∆hom3.  In 
comparison to wild-type at certain interval timepoints, after 24h, the amount of thiolase-GFP 
decreases in the mutant. C. Example of fast pexophagy regulator ∆pcl8, where there are low 
levels of thiolase-GFP before 24h, in contrast to wild-type.  D. Table listing the kinetic 
mutants that were qualitatively classified as slow or fast regulators of pexophagy.  The 
mutants in bold are the representative examples of slow and fast regulators.  
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Discussion 

When formulating the assay, deletion gene sets were determined to be the best 

method to measure pexophagy in knockout mutants.  Although peroxisome 

morphology has been modeled in methylotropic yeasts, such as P. pastoris, with the 

advantage of inducing specific modes of pexophagy with various carbon sources, there 

are limitations in analyzing a wide range of mutants since the genome has not been 

entirely sequenced.  To address this issue, knockout strains of kinases and 

phosphatases in S. cerevisiae, in which conditions can also be altered for pexophagy 

induction, were readily available.   

Another reason for screening the mutants was that the phosphoprotein Atg30 

recently found in P. pastoris as an essential tag for delivery of peroxisomes to the 

vacuole was proposed to be a target of an unknown kinase (Farre et al. 2008).  Finding 

a kinase that phosphorylates a protein like PpAtg30, whose homolog remains to be 

discovered in S. cerevisiae, would provide greater insight of how cell signals are 

transduced for the pexophagy pathway. 

After the primary screening, the slow and fast degraders were categorized 

according to the level of thiolase after 24 hours in pexophagy-inducing conditions 

compared to wild-type cells.  Since the categories were assigned through western blot 

analysis, additional quantification techniques are required to confirm their partial role 

in pexophagy.  Thus, their altered thiolase-GFP expression in relation to peroxisomal 

targeting is not completely understood and needs further research.  These techniques 

were not performed in detail, because one primary mutant discussed in the next 
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chapter showed similar results as ∆atg1, implying its significant contribution to pexophagy 

in yeast. 

Chapter 2 is currently being prepared to submit for publication of the material.  

The thesis author was the primary investigator and author of this paper.
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Table 2-1:  List of S. cerevisiae genes encoding for 268 kinases, phosphatases, and other 
regulatory subunits.  Each gene with a known function has a systematic name (in column 1) 
and a standard name (in column 2).  For our studies, the standard name was used to describe 
the gene.  There were 127 kinases, 66 phosphatases, and 78 other proteins, grouped into 
hypothetical proteins, activators, repressors, or subunits of kinases and phosphatases.  The 
non-essential genes were screened using the thiolase-GFP processing assay; the partial or 
complete regulators of pexophagy are listed in the third and sixth columns.  The role of 
essential genes (exception mutants in column 3 and 6) in pexophagy has yet to be confirmed.   

 
Systematic 

Name 
Standard 

Name 
Pexophagy 

Defect 
Systematic 

Name 
Standard 

Name 
Pexophagy 

Defect 
BY4742     YIL095W PRK1   
YAL016W TPD3   YIL107C PFK26   
YAL017W PSK1   YIL113W SDP1   
YAL038W CDC19   YIL147C SLN1   
YAL040C CLN3   YIL153W RRD1   
YAR018C KIN3   YIR026C YVH1   
YAR019C CDC15 Essential YJL024C APS3   
YBL016W FUS3   YJL095W BCK1 Slow 
YBL056W PTC3   YJL098W SAP185   
YBL088C TEL1   YJL100W LSB6   

YBL105C 
PKC1-
BCK1 Essential YJL106W IME2   

YBR028C     YJL128C PBS2   
YBR050C REG2   YJL134W LCB3   
YBR059C AKL1   YJL141C YAK1   
YBR092C PHO3   YJL157C FAR1   
YBR093C PHO5   YJL164C TPK1   
YBR097W VPS15   YJL165C HAL5   
YBR125C PTC4   YJL187C SWE1   
YBR135W CKS1   YJR049C UTR1   
YBR136W HEC1 Essential YJR059W PTK2   
YBR274W CHK1   YJR066W TOR1   
YBR276C PPS1   YJR105W ADO1   
YBR288C APM3   YJR110W YHR1   
YCL024W KCC4   YKL001C MET14   
YCR008W SAT4   YKL048C ELM1   
YCR073C SSK22   YKL051W SFK1   
YCR079W     YKL067W YNK1 Fast 
YCR091W KIN82   YKL101W HSL1   
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Table 2-1 (continued) 

YDL006W PTC1   YKL116C PRR1   
YDL025C     YKL126W YPK1   
YDL028C MPS1 Essential YKL139W CTK1   
YDL047W SIT4   YKL161C MLP1   
YDL047W SIT4 Essential YKL166C TPK3   
YDL079C MRK1   YKL168C KKQ8   
YDL101C DUN1   YKL171W     
YDL108W KIN28 Essential YKL198C PTK1   
YDL125C HNT1   YKL203C TOR2 Essential 
YDL127W PCL2   YKL212W JAC1   
YDL134C PPH21   YKR028W SAP150   
YDL159W STE7   YKR053C YSR3   
YDL179W PCL9   YLL010C PSR1   
YDL188C PPH22   YLL019C KNS1   
YDL189W RBS1   YLR006C SSK1   
YDL214C PRR2   YLR019W PSR2   
YDL230W PTP1   YLR079W SIC1   
YDR006C SDK1 Fast YLR096W KIN2   
YDR028C REG1   YLR113W HOG1 Slow 
YDR052C DBF4 Essential YLR133W CKI1   
YDR074W TPS2   YLR240W VPS34   
YDR075W PPH3   YLR248W RCK2   
YDR122W KIN1   YLR260W LCB5   
YDR147W EKI1   YLR305C STT4 Essential 
YDR173C ARG82   YLR362W STE11   
YDR208W MSS4 Essential YML016C PPZ1   
YDR216W ADR1 Slow YML061C PIF1   
YDR226W ADK1   YML070W DAK1 Fast 
YDR243C PRP28 Essential YML100W TSL1   
YDR247W VHS1   YML112W CTK3   
YDR283C GCN2   YMR001C CDC5 Essential 
YDR284C DPP1   YMR036C MIH1   
YDR300C PRO1 Fast YMR104C YPK2   
YDR315C IPK1   YMR156C TPP1   
YDR329C PEX3   YMR199W CLN1   
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Table 2-1 (continued) 

YDR422C SIP1   YMR208W ERG12 Essential 
YDR435C PPM1   YMR220W ERG8 Essential 
YDR436W PPZ2   YMR261C TPS3   
YDR466W PKH3   YMR291W     
YDR477W SNF1   YMR311C GLC8   
YDR480W DIG2   YNL020C ARK1   
YDR481C PHO8   YNL032W SIW14   
YDR490C PKH1   YNL053W MSG5   
YDR503C LPP1   YNL106C INP52   
YDR507C GIN4   YNL128W TEP1   
YDR523C SPS1   YNL154C YCK2   
YER027C GAL83   YNL161W CBK1 Essential 
YER052C HOM3 Slow YNL183C NPR1   
YER059W PCL6   YNL222W SSU72 Essential 
YER062C HOR2   YNL289W PCL1   
YER069W ARG5.6   YNL298W CLA4   
YER075C PTP3   YNL307C MCK1   
YER089C PTC2   YNR012W URK1   
YER118C SHO1   YNR031C SSK2   
YER123W YCK3   YNR032W PPG1   
YER129W PAK1   YNR047W     
YER134C     YOL001W PHO80   
YER167W BCK2   YOL016C CMK2   
YER170W ADK2 Fast YOL045W PSK2   
YFL029C CAK1 Essential YOL055C THI20 Slow 
YFL033C RIM15   YOL065C INP54   
YFL053W DAK2   YOL100W PKH2   
YFR009W GCN20   YOL113W SKM1   
YFR014C CMK1   YOL128C YGK3   
YFR019W FAB1   YOL136C PFK27   
YFR025C HIS2   YOL138C     
YGL019W CKB2   YOR014W RTS1   
YGL021W ALK1   YOR039W CKB2   
YGL083W SCY1   YOR054C VHS3   
YGL115W SNF4   YOR061W CKA2   
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Table 2-1 (continued) 

YGL158W RCK1   YOR090C PTC5   
YGL179C TOS3   YOR109W INP53   
YGL180W ATG1   YOR119C RIO1 Essential 
YGL195W GCN1   YOR171C LCB4   
YGL208W SIP2   YOR178C GAC1   
YGL253W HXK2   YOR208W PTP2   
YGR036C CAX4   YOR231W MKK1   
YGR040W KSS1   YOR233W KIN4   
YGR052W FMP48   YOR267C HRK1   
YGR070W ROM1   YOR347C PYK2   
YGR086C PIL1   YOR351C MEC1   
YGR092W DBF2   YOR363C PIP2   
YGR123C PPT1   YPL004C LSP1   
YGR188C BUB1   YPL026C SKS1   
YGR194C XKS1   YPL031C PHO85   
YGR205W     YPL042C SSN3   
YGR208W SER2   YPL049C DIG1   
YGR233C PHO81   YPL084W BRO1   
YGR261C APL6   YPL140C MKK2   
YGR262C BUD32   YPL141C     
YHL007C STE20   YPL150W     
YHL032C GUT1 Fast YPL179W PPQ1   
YHR025W THR1   YPL188W POS5   
YHR030C SLT2 Block YPL195W APL5   
YHR043C DOG2   YPL203W TPK2   
YHR044C DOG1   YPL204W HRR25 Essential 
YHR075C PPE1   YPL214C THI6   
YHR076W PTC7   YPL219W PCL8 Fast 
YHR079C IRE1   YPL236C     
YHR082C KGP1   YPL258C THI21   
YHR135C YCK1   YPR054W SMK1   
YHR136C SPL2   YPR073C LTP1   
YHR205W SCH9 Essential YPR106W ISR1   
YIL002C INP51   YPR111W DBF20   
YIL035C CKA1   YPR121W THI22   
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Table 2-1 (continued) 

YIL053W RHR2   YPR161C   Essential 
YIL057C IKS1   
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Chapter 3:  Mitogen-Activated Protein Kinase Slt2  is required for pexophagy in 
Saccharomyces cerevisiae 

Abstract 

Through a genome-wide screen to analyze kinases and phosphatases with the 
thiolase-GFP processing assay, a serine/threonine mitogen-activated protein (MAP) 
kinase, standard name SLT2 and systematic name YHR030C, was discovered to be 
involved in the pexophagy pathway in Saccharomyces cerevisiae.  Although the 
growth rate of slt2Δ strain was slightly slower in oleate medium relative to wild-type, 
it was shown, using fluorescence microscopy and biochemical analysis, that Slt2 is not 
completely required for peroxisome biogenesis.  It was also found that Slt2 is not 
involved in the autophagy or Cvt pathways, as judged by the vacuolar processing of 
Ape1 and GFP-Atg8 by the cytosol-to-vacuole transport (Cvt) and autophagy 
pathways, respectively. The results implicate the involvement of the Slt2 MAP kinase 
in pexophagy, but not in other selective or non-selective autophagy-related pathways. 

 
Introduction 
 
 MAP kinases are serine/threonine specific kinases that act in response to 

extracellular stimuli, also known as mitogens, and participate in the regulation of 

various activities in the cell, such as gene expression and the cell cycle.  MAP kinases 

are characterized by the TXY motif in their activation loop that stimulates protein 

kinase activity once it is dually phosphorylated at the specific tyrosine and threonine 

sites in the conserved motif (Qi and Elion 2005).  In particular, a MAP kinase that 

regulates the preservation of cell wall integrity signaling pathway is Slt2p, also known 

as Mpk1p.  Slt2p plays an essential part in the Protein Kinase C1 (PKC1) pathway.  

Activated through phosphorylation at T190 and Y192, Slt2 is a serine/threonine 

mitogen-activated protein (MAP) kinase that further phosphorylates downstream 

transcription factors such as Rlm1 and the SBF complex (comprised of Swi4 and Swi6) 

that maintain cell wall integrity and regulation of the cell cycle, respectively.   

34 
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Finding a link between MAP kinases and pexophagy can provide useful 

information on how cells sense the nutrient environment and respond to these changes 

by turnover of specific organelles, such as peroxisomes.  Therefore, it is important to 

specify the role it plays in relation to peroxisomes, which is unraveled in the following 

experiments.    

Materials and Methods 
 
Thiolase-GFP processing assay  
 
 This assay is described in detail in Chapter 2. 
 
Growth curve of WT, Δpex3, and Δslt2 strains 

 
The S. cerevisiae knock-out kinase and phosphatase strains with the Pot1-GFP 

fusion from Rachubinski’s lab were analyzed in this study.  In particular, the wild-type 

(B74742), Δslt2, and Δpex3 strains were grown in YPD (1% wt/vol yeast extract, 2% 

wt/vol peptone, 2% wt/vol glucose).  The cells were transferred to oleate medium 

(Phosphate buffer [5mM], 1% vol/vol oleate, 5% vol/vol Tween-40, YP [10 % wt/vol, 

YE, 20% wt/vol peptone], 5% wt/vol YE) in log-phase cultures (O.D.600 ~0.3-0.4) and 

observed using fluorescence microscopy at timepoints 0, 2, 4, 6, 8, and 20h.  In 

addition, the O.D.600 absorbance reading was measured at the indicated timepoints.     

Fluorescence Microscopy 
 
For fluorescence microscopy, yeast cells were incubated in oleate medium in 

log-phase cultures (O.D.600 ~0.3-0.4).  The cells were washed once with water and 

were observed using fluorescence microscopy at timepoints 0, 2, 4, 6, 8, and 20 h to 

moniotor peroxisome biogenesis.  For the pexophagy assay, cells were grown in oleate 
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overnight with the addition of 5 µg/ml N-(3-triethylammoniumpropyl)-4-(6-(4-

diethylamino)phenyl)hexatrienyl) pyridinium dibromide (FM 4-64) diluted from a1 

mg/ml stock solution in dimethyl sulfoxide.  Images were taken with oleate-grown 

cells and those in SD-N for 6 h to observe pexophagy.  An optimal exposition time 

was used for each image.  Images were captured on a motorized fluorescence 

microscope (Axioskop 2 MOT; Carl Zeiss MicroImaging, Jena, Germany) coupled to 

a monochrome digital camera (AxioCam MRm; Carl Zeiss MicroImaging) and 

processed using the AxioVision 4.5 (Carl Zeiss MicroImaging). 

Ape1 processing assay 
 
The S. cerevisiae wild-type (BY4742), Δatg1and Δslt2 mutant strains with the 

Pot1-GFP fusion (from Rachubinski’s lab) were grown in YPD overnight.  The cells 

were switched to SD plus nitrogen medium (0.13% wt/vol CSM [including all amino 

acids], 0.17% wt/vol yeast nitrogen base, 0.5 % wt/vol (NH4)2SO4, 2.0% glucose).  

Once the O.D.600 reached ~1.0, the cultures were transferred to SD-N medium (0.17% 

wt/vol yeast nitrogen base, 2.0% glucose) for 0 h, 1 h, 2 h, and 4 h.  6 OD equivalents 

of cells were resuspended in potassium phosphate buffer (pH 7.5) and 50% TCA and 

frozen at -80 oC overnight.  Next day, cells were centrifuged for 10 min at room 

temperature at 16,000xg (in eppendorf centrifuge 5804R) and washed twice with ice 

cold 80% acetone.  After the pellets were air-dried, 1% SDS/0.1% NaOH (160 µl) was 

added to resuspend the pellets and SDS-PAGE dye was added.  The samples were 

boiled in hot water for 5 minutes.  The protein lysates from cells in SD-N medium 

were prepared using the TCA precipitation method, after they reached O.D.600 ~6.0.  
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Immunoblotting was done using nitrocellulose membranes, following standard 

protocols, and the western blot was analyzed using rabbit Ape1 antibody.   

GFP-Atg8 Assay 
 

The S. cerevisiae wild-type (SSJ04), Δatg1 (SSJ05), Δatg11 (SSJ07) and Δslt2 

(SSJ08) mutant strains harboring a plasmid pSJ05 expressing GFP-Atg8, which was 

cloned by digesting pRS414GFPAut7 (graciously provided by D. J. Klionsky) with 

EcorI and XhoI into the vector pRH1430, were grown in SD plus nitrogen medium 

overnight (O.D.600 ~0.8-1.0) and shifted to SD lacking nitrogen.  Protein samples were 

prepared using TCA method described above, separated using 12% SDS-PAGE, and 

probed with mouse anti-GFP antibody for western blot analysis.                 

Results 
 
The slt2Δ strain is defective in peroxisome degradation using thiolase-GFP 
processing assay 
 

Our previous studies have shown that upon activation of pexophagy, a 

peroxisomal marker, thiolase-GFP, is delivered to and processed in the yeast vacuole, 

to yield stable GFP. After searching through viable kinases and phosphatases in S. 

cerevisiae, we found that while wild-type yeast cells processed thiolase-GFP in an 

atg1-dependent manner inside the vacuole, the Δslt2 mutant completely failed to do so 

(Figure 3-1A).  After 24 h in nitrogen starvation (SD-N) medium, the amount of 

thiolase did not change and GFP was non-existent as seen in Δatg1, a mutant that is 

blocked in autophagy-related processes.  In addition, fluorescence microscopy 

illustrated that peroxisomes, which were tagged with thiolase-GFP, were not being 
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delivered to the vacuole (stained in red in Figure 3-1B) in the Δslt2 mutant, as they 

were in wild-type cells.  Fluorescence microscopy also helped in quantifying the level 

of peroxisome biogenesis and rate of degradation by counting peroxisomes per cell for 

a given number of cells before and after pexophagy-inducing conditions.    From the 

data depicted in 3- 1C, Δslt2 mutant cells had fewer peroxisomes compared to wild-

type and Δatg1; however, pexophagy was unaffected in the kinase mutant Δslt2.  

Showing a clear defect in pexophagy, Δslt2 was proven as a significant kinase 

mutant to this pathway.  However, the next questions to ask were 1) Was Slt2 

affecting the peroxisomal biogenic pathway, and 2) Was Slt2 participating in general 

autophagy or selectively pexophagy.   
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Figure 3-1:  Mutant Δslt2 is blocked in pexophagy.  A. After the genome-wide screen, Δslt2 
showed a similar phenotype to the control Δatg1 cells, in which thiolase-GFP was not 
degraded and GFP was not in its free form after 24 h in SD-N medium.  Cells were grown in 
perixosome-inducing conditions (oleate) and shifted to SD-N medium.  Protein extracts were 
prepared at 24 h for both conditions, resolved by SDS-PAGE, and after western blot, 
membranes were probed anti-GFP antibodies.  Thiolase-GFP is seen at 71 kDa, and the band 
for free GFP is at 26 kDa.  B. Fluorescence microscopy images show the same strains used in 
1A grown in oleate overnight and then shifted to SD-N for 6 h to observe pexophagy.  The 
merge shows the FM 464 staining of the vacuole in red, along with the fluorescent thiolase-
GFP that identifies peroxisomes. C. The graph measures the number of peroxisomes/cell in 
wild type, the Δatg1 and Δslt2 mutants relative to that in the wild-type strain (set at 100%).  
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Figure 3-1 (continued)  
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Growth of the Slt2-deficient strain in peroxisome-inducing conditions 

 
 For cell survival in conditions that contain carbon as the sole nutrient, such as 

oleate, they require peroxisomal enzymes to catabolize certain fatty acids.  In S. 

cerevisiae, peroxisome biogenesis can be monitored by the growth of cells on oleic 

acid, whereas mutants necessary for peroxisome biogenesis grow poorly on oleate.  

The growth of wild-type, Δpex3 and Δslt2 strains was observed in peroxisome-

inducing conditions (in Figure 3-2A).  Cells lacking Pex3, a peroxin necessary for 

peroxisome biogenesis, was used as a negative control in the experiment and showed 

weaker growth in oleate.   

The mutant Δslt2 grew at a slightly slower rate than wild-type.  However, since 

the growth was not as severely affected as in Δpex3, the role of Slt2 does not seem to 

be significant for peroxisome production.  This observation was confirmed with 

fluorescence microscopy (in Figure 3-2B), using thiolase-GFP as a marker to detect 

for peroxisomes, and biochemistry to analyze levels of thiolase production up to 20 h 

in oleate (in Figure3- 2C).  Both studies showed that Slt2 was not required for 

peroxisome biogenesis. However, we note that Slt2-deficient cells might be slightly 

delayed in responding to the peroxisome biogenesis pathway.     
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Figure 3-2:  Growth of Δslt2 cells in peroxisome-inducing conditions.   A. WT (BY4742), 
Δpex3, Δslt2 strains harboring thiolase-GFP were grown in oleate medium, and their O.D.600 

absorbance readings were measured to observe their growth. In Δpex3, the mutant does not 
grow well in oleate since it is required for peroxisome biogenesis, and was used as the 
negative control in this experiment.  Mutant Δslt2 was slightly slower than wild-type, but did 
not show a critical defect in peroxisome development.  B. Interval time course ranging to 20 h 
to study peroxisome biogenesis in oleate medium using fluorescence microscopy.  In 
comparison with WT, Δslt2 cells display slightly fewer peroxisomes, yet they are still able to 
produce the organelles.  Images are depicted by merging DIC and GFP.  C. Western blot 
showing levels of thiolase-GFP expression from 0 h to 20 h, using the same strains in 2A and 
2B.  
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Figure 3-2 (continued)
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The Cvt pathway is intact in Δslt2 cells 
 

Although the thiolase-GFP processing assay suggested that Slt2p might be 

required for peroxisome degradation, it was important to confirm if the protein 

affected other autophagy-related pathways, such as autophagy and the cytoplasm-to-

vacuole (Cvt) pathway.  In autophagy and the Cvt pathway, a double-membrane of 

unknown origin engulfs non-specific (cytosol and organelles) or specific 

(aminopeptidase 1 [Ape1] in the Cvt pathway) cargoes to form a double-membrane 

vesicle, known as an autophagosome for autophagy and the Cvt vesicle for the Cvt 

pathway (Klionsky 2005).  One of the main adapter proteins that directs cargo, such as 

Ape1, to the pre-autophagosomal structure (PAS) before they are packaged into the 

Cvt vesicle is Atg11, an autophagy-related protein involved specifically in the Cvt 

pathway, but not in general autophagy.  Ape1, the cargo for the Cvt pathway, is used 

to monitor its delivery from the cytosol via Cvt vesicles, to the vacuole, where it is 

processed into its mature form and activated as a peptidase (Farre and Subramani 

2004).  Under growth conditions, the propeptide of Ape1 (prApe1) is delivered to the 

vacuole where it is cleaved and Ape1 is processed into a mature aminopeptidase via 

the Cvt pathway (Klionsky 2005).  When the cells are starved using minimal media, 

the Cvt pathway is inhibited, but the remaining precursor form of Ape1 is transported 

to the vacuole primarily through induced autophagy.   

Thus, the Ape1 processing assay was used to examine if Slt2 was specifically 

involved in pexophagy or generally participated in all autophagy-related pathways.  

As shown in Figure 3-3, in wild type cells, the Cvt pathway inhibition starts to occur 
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once the cells are shifted to SD-N, and the precursor Ape1 (prApe1) that is left over is 

cleaved to the mature form (mApe1) as autophagy is activated.  On the other hand, 

both processes are blocked in Δatg1.  The other control that was used was Δatg11, 

which is blocked in the Cvt pathway, indicated by the increased amount of prApe1 at 

0 h in SD-N; however, as time progresses, autophagy is induced in the cells and the 

cleavage of abundant prApe1 is initiated.  In the mutant Δslt2, autophagy and Cvt were 

not affected, signifying that Slt2 does not participate in these autophagy-related 

pathways.   
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Figure 3-3:  Slt2 is not required for the Cvt and general autophagy pathways using the 
Ape1 processing assay.  Following Ape1 as a marker for autophagy and Cvt, the Δslt2 strain 
with thiolase-GFP was found to behave similarly to Wild-Type (BY4742), and the precursor is 
not cleaved to the mature form in Δatg1 since all autophagy is blocked in the mutant.  Cells 
were grown in SD+N and shifted to SD-N for 0 - 4 h to induce autophagy.  TCA extraction 
was used to prepare the protein samples, which were resolved with 12% SDS-PAGE and 
probed with anti-Ape1 using immunoblotting techniques.             
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GFP-Atg8 assay 
In order to confirm that Slt2 was not involved in autophagy, the conventional 

GFP-Atg8 processing assay was used.  One of the noted qualities of this assay is that 

flux of autophagy can be detected, indicating the degradation of cargo and certain 

organelles inside the vacuole.  When autophagy is induced in nitrogen starvation 

conditions, GFP-Atg8 is localized to the autophagosome and is delivered to the 

vacuole for turnover, resulting in degradation of Atg8 and free GFP in its stable form 

due to the protein’s resistance to proteolysis.   
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Figure 3-4:  Slt2 is not required for autophagy using the GFP-Atg8 processing assay.  
Controls wild-type (SSJ04), Δatg1 (SSJ05), and Δatg11 (SSJ07) expressing GFP-Atg8 were 
used. Non-selective autophagy occurs in wild-type and Δatg11, but not in Δatg1 cells.  The 
mutant Δslt2 with GFP-Atg8 (SSJ08) did not show any affect on autophagy.  All strains were 
grown in SD+N and shifted to SD-N to induce autophagy.  Interval timepoints were prepared 
using TCA at 0 – 4 h.  The proteins were separated using 12% SDS-PAGE and 
immunoblotted with anti-GFP antibody.   
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In Figure 3-4, when autophagy is induced, Atg8 was degraded and GFP 

accumulated in the vacuole over time, which is observed in wild type cells and 

 Δatg11, which is one of the proteins essential for the Cvt pathway but not required for 

general autophagy.  In the  Δatg1 mutant, since autophagy is blocked, no GFP is 

generated over time in autophagy-inducing conditions.  In the Δslt2 mutant, levels of 

GFP accumulate in the same manner as in wild-type, strengthening the argument that 

Slt2 is not involved in autophagy. 

Discussion  
 
 Screening through the kinase and phosphatase deletion set in S. cerevisiae with 

the thiolase-GFP processing assay resulted in an interesting MAP kinase protein that 

seemed to be specifically regulating pexophagy.  Fluorescence microscopy confirmed 

this result.  However, before this conclusion that Slt2 was the regulator of pexophagy 

was established, it was important to exclude other effects of Slt2 on peroxisome and 

thiolase biogenesis.   

We found that relative to wild-type cells, Δslt2 cells were only slightly 

impaired in growth on oleate, but they grew significantly better than a ture peroxisome 

biogenesis mutant. Additionally, Δslt2 cells were still capable of forming peroxisomes, 

although they were not as efficient as normal cells.  

Both the Ape1 assay and GFP-Atg8 processing assay showed that Slt2 was not 

directly controlling general autophagy or the cargo-selective Cvt pathway.  These 

conclusions confirm that Slt2 is necessary for pexophagy.  Questions regarding the 
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involvement of other upstream and downstream signal transduction proteins of the 

Slt2 pathway on pexophagy are addressed in the next chapter.    

Chapter 3 is currently being prepared to submit for publication of the material.  

The thesis author was the primary investigator and author of this paper. 
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Chapter 4:  Role of the Slt2 MAP kinase pathway in pexophagy in S. cerevisiae 

Abstract 

 Since Slt2 was found to be involved in pexophagy, further positive and 
negative regulators of the MAP kinase were analyzed.  Single mutants lacking 
redundant upstream activators of Slt2, Mkk1p and Mkk2p, showed normal levels of 
pexophagy in the mutants, whereas bck1 cells were defective in pexophagy, 
suggesting that the canonical PKC pathway may be regulating peroxisome turnover.  
Mutants affecting negative regulators (phosphatases) of Slt2, such as ∆sdp1, ∆msg5, 
∆ptp2 and ∆ptp3, showed levels of pexophagy equivalent to wild-type, suggesting that 
Slt2 may be inactivated through an alternative pathway with respect to pexophagy. 

Introduction 

 Yeast is a microorganism that continually adapts to environmental stresses, 

whether it be deprivation of nutrients, changes in extracellular osmolarity, or increased 

temperature.  Since these changes can disrupt cellular shape and stability, it is apparent 

that yeasts try to maintain control over these processes through specific signaling 

pathways.  Thus, when the cell wall is perturbed by the mentioned stressors, such as 

heat shock (Kamada, Jung et al. 1995) or hypotonic shock (Davenport, Sohaskey et al. 

1995), the PKC1 pathway is activated and has been thoroughly studied in S. cerevisiae.  

Pkcp1 controls a three-tier protein cascade involving MEK-kinase Bck1p, the 

redundant MEKs, Mkk1p and Mkk2p, and MAP kinase Slt2p (also referred to as 

Mpk1p) (Figure 4-1 (SGD)).  Upon activation by phosphorylation, Slt2 enters the 

nucleus and regulates transcription factors, Rlm1 and the Swi4/Swi6 (part of the SBF 

complex), which initiate transcription of a collection of genes monitoring the cell wall 

and cell cycle.  In order to maintain control over the phospho-Slt2, phosphatases are 

present in the cell to inhibit Slt2 activity by dephosphorylation, once the signal has 

subsided.  This is achieved via dephosphorylation by two protein-tyrosine 

phosphatases, Ptp2p and Ptp3p, and a dual specificity phosphatase, Msg5p.  Although 
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these phosphatases dephosphorylate Slt2, they also regulate additional MAP kinases 

and display redundant properties to ensure cell survival (Levin 2005).  It was recently 

shown that a stress-inducible dual-specificity MAP kinase phosphatase, Sdp1p, also 

negatively regulates Slt2p; but, unlike the other phosphatases, Sdp1p was shown to 

directly dephosphorylate Slt2 in a stress-induced environment (Hahn and Thiele 2002).    

Mutants that lack Slt2 or regulators of Slt2 are sensitive to changes in 

temperature, in which the yeast cells grow at a slower rate in 37oC than normal growth 

conditions at 25-30 oC.  This sensitive response to heat stress in the deletion mutant 

strains implies that the cell-wall integrity pathway participates in the growth and 

structure of cells at a higher temperature (Gustin, Albertyn et al. 1998).  Along with 

elevated temperatures (>30 oC), the presence of caffeine can also cause defects in the 

cell wall and eventually leads to lysis in the ∆slt2 mutant.  However, adding an 

osmotic stabilizer, such as sorbitol, is able to reverse lytic activity (Levin 2005).       

Given that MAP kinases generally trigger a variety of pathways, the Slt2 

pathway may potentially regulate peroxisome degradation in parallel with preserving 

cell wall integrity, in S. cerevisiae.  These observations are indicated by the 

experiments in this chapter, which examines the regulators in the particular pathway.            
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Figure 4-1:  Cell integrity pathway of S. cerevisiae.  Regulated by several different signals, 
such as changes in nutrients, temperature, osmolarity, and pheromones, the MAP kinase 
cascade pathway is activated by the upstream kinase Pkc1, which starts with the MAPKKK 
(MEK-kinase) Bck1p, redundant MAPKK (MEK) proteins Mkk1p and Mkk2p, which 
phosphorylate the MAP kinase, Slt2p.  Slt2p enters the nucleus and activates downstream 
transcription factors Swi4p/Swi6p and Rim1p (Vavassori, Wang et al. 2005). 
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Materials and Methods  

Peroxisome and pexophagy induction conditions with the addition of heat shock 
 

The S. cerevisiae knock-out kinase and phosphatase strains with the thiolase-

GFP fusion from R. Rachubinski were analyzed in this study.  The cells were pre-

grown overnight in liquid YPD medium, spun down at 4500 rpm, and transferred to 

oleate medium to obtain an OD600 of 0.5 OD/ml for 6 h.  The culture was split into 

fresh oleate medium at 30 oC and 37 oC and incubated overnight.  Next day, the cells 

grown in oleate at 30 oC were washed twice with SD-N medium and incubated in SD-

N medium for 24 h.  After 24 h, the lysate was prepared using the standard alkaline 

lysis method.                   

For biochemical studies, to observe peroxisome biogenesis and turnover 

conditions, 12% SDS-PAGE gel was used.  Using nitrocellulose membranes, western 

blotting was conducted using standard protocols, and was analyzed using the mouse 

antibody against GFP (1:3000).  The blot was stripped and probed with rabbit 

phospho-p44/p42 MAP Kinase antibody (1:1000). 

Results 
 
Analysis of pexophagy in mutants that positively regulate Slt2 
 

From our previous understanding of Slt2 specifically involved in pexophagy 

signaling in S. cerevisiae, we wanted to test if the canonical PKC1 pathway was 

monitoring peroxisome turnover.  

To analyze the components of the pathway that positively regulate Slt2p, 

which consist of Bck1p, Mkk1p, and Mkk2p, the thiolase-GFP processing assay was 
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used in mutants affecting these kinases.  In Figure 4-2, mutants ∆mkk1 and ∆mkk2 do 

not show a block in pexophagy.  On the other hand, the upstream MEK kinase mutant 

∆bck1, which was classified as a slow regulator of pexophagy (described in Chapter 2), 

showed a nearly complete defect in pexophagy.  One reason why Mkk1- and Mkk2-

deficient cells did not display the same result as ∆bck1 cells could be that these MEK 

proteins play redundant roles in the cell, as studies have indicated.  For instance, if 

Mkk1p were deleted, then Mkk2p would compensate for its absence, and vice versa.  

Also in Figure 4-2, Slt2 activity was detected with the phospho p44/p42 MAPK 

antibody, and the activation of pexophagy is accompanied by Slt2 phosphorylation. 

Slt2 was phosphorylated even when pexophagy was blocked, as seen in ∆atg1 mutant 

cells, suggesting that the Atg1 requirement in pexophagy is downstream of Slt2.    

Also, since Slt2 is upregulated in response to heat shock that disturbs cell wall 

morphology, we transferred cells to higher temperatures (37oC) once proper 

peroxisome biogenesis was reached in oleate for 6 h.  The heat shock treatment was 

included to observe Slt2 activity and its impact on pexophagy in the mutants that 

normally activate Slt2.  Stimulation of Slt2 by heat-shock alone did not trigger 

pexophagy in the mutants or the wild-type at higher temperatures (Figure 4-2).  This is 

an interesting result suggesting that activation of Slt2 by phosphorylation is necessary 

but not sufficient for the induction of pexophagy. 

 



56 

 

 

Figure 4-2:  Positive regulators of Slt2 analyzed using thiolase-GFP processing assay. 
∆mkk1 and ∆mkk2 cells showed a similar outcome as wild-type in the thiolase-GFP assay, 
since the two proteins are redundant in the PKC1 pathway. Pexophagy does not operate in 
∆bck1 cells, illustrating the involvement of this pathway in pexophagy.  Cells were incubated 
in oleate medium for 6 hours, split into fresh oleate medium at 30oC and 37 oC overnight, and 
transferred to SD-N medium for 24 h.  The top panel shows the western blot using thiolase-
GFP processing assay and probed with GFP.  The middle panel is the same blot stripped and 
probed with phospho- p44/p42 MAPK antibody to detect phosphorylated Slt2.   
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Analysis of pexophagy in mutants that negatively regulate Slt2 
 
 In addition to those that stimulate Slt2, the negative regulators of Slt2 were 

analyzed using the thiolase-GFP processing assay to examine if pexophagy occurred 

in the mutants that cannot dephosphorylate, and therefore inactivate, Slt2.  Thus, 

deletion mutants of Sdp1p, Msg5p, Ptp2p, and Ptp3p were tested.   

In Figure 4-3, dual specificity phosphatase mutants ∆sdp1and ∆msg5, along 

with protein tyrosine phosphatase mutants ∆ptp2 and ∆ptp3, displayed normal 

pexophagy as the wild-type.  This can clarify that their role in pexophagy, therefore, 

did not negatively affect Slt2 activity with respect to the signaling pathway.  The 

absence of each of these phosphatases at higher temperatures was tested in the same 

manner as the positively regulating mutants of Slt2, but the results did not exhibit any 

changes in pexophagy under conditions of upregulated Slt2 activity and no primary 

inhibitory effects (data not shown).   
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Figure 4-3. Analysis of negative regulators of Slt2.  Using the thiolase-GFP processing 
assay, ∆sdp1, ∆msg5, ∆ptp2, and ∆ptp3 showed similar results to wild-type.  The top panel 
shows the western blot detecting thiolase-GFP, and probed with mouse GFP antibody.   
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Discussion 

 To distinguish the pathway that required Slt2 activation to stimulate 

pexophagy in S. cerevisiae, we looked at the upstream positive and negative regulators 

of the MAP kinase.  We found that some of the classical components of the PKC1 

pathway were affected in the same manner as the Slt2-deficient mutant.    

 After testing the mutants with thiolase-GFP processing assay in normal 

conditions and heat shock stress, we found mutants ∆mkk1 and ∆mkk2 to not affect 

pexophagy, but ∆bck1 was almost completely defective in peroxisome turnover 

(Figure 3-2).  This is not unusual, since Mkk1 and Mkk2 have redundant roles that 

could compensate activation if one of the proteins is missing.  To confirm their 

involvement in peroxisome turnover, we will test a double mutant that has both 

activators deleted from the genome.  The conclusion that the canonical PKC1 pathway 

is involved in pexophagy can still be made, indicative of the results in the MEK kinase 

mutant ∆bck1.  Although Pkc1p is the upstream kinase that controls Slt2 activation, it 

is an essential kinase that administers many signaling processes in the cell, causing no 

cell viability in its absence.  To address this issue and test its involvement in 

pexophagy, we would want to examine an altered Pkc1p in which its activating 

domain is mutated. 

Although activators of Slt2 phosphorylation were affecting pexophagy, 

mutants affecting inhibitors of Slt2 (phosphatases) did not stimulate pexophagy, as 

might be expected.  However, upon upregulation of Slt2, such as in heat shock 

conditions, pexophagy was behaving in the same manner as wild-type cells, which 
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indicated that the phosphatase mutants that have been shown to negatively regulate 

Slt2 in the classical PKC1 pathway do not seem to participate in the pexophagy 

signaling pathway (data not shown).  In addition, Sdp1p has been shown to differ from 

the other phosphatase inhibitors in that it has been shown to directly prevent Slt2 

activation, whereas the others exhibit redundancy in their activities; however, with 

respect to pexophagy, there is no apparent change in activity amongst the phosphatase 

mutants.  Further studies may require testing double- or triple-mutants to observe if 

peroxisome turnover still takes place in the cells.     

Chapter 4 is currently being prepared to submit for publication of the material.  

The thesis author was the primary investigator and author of this paper. 
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Chapter 5: Conclusion 

 Analyzing kinase(s) or phosphatase(s) that affected pexophagy, the thiolase-

GFP processing assay was designed to conduct a genome-wide screen for kinases and 

phosphatases involved in S. cerevisiae.  Through the primary screening process, 13 

mutants were categorized as slow (6) and fast (7) regulators of pexophagy based on 

the thiolase expression levels in pexophagy-inducing conditions.  The most interesting 

finding, however, was the mutant slt2 that displayed a complete defect in peroxisome 

turnover, similar to the control mutant that is blocked in autophagy (Δatg1).  Studies 

have shown the MAP kinase, Slt2p, to be involved in the PKC1 pathway, starting with 

the main regulator Pkc1p that controls the MAP kinase cascade with Bck1p (MEKK), 

Mkk1p and Mkk2p (MEKs), and Slt2p (MAPK).  Along with its activators of Slt2 

phosphorylation, those that negatively regulate the MAP kinase protein are the Sdp1p, 

Msg5p, Ptp2p, and Ptp3p phosphatases.  Testing these positive and negative 

regulatory mutants with the thiolase-GFP processing assay, it was discovered that the 

canonical PKC1 pathway played a significant role in pexophagy signaling.   

In addition, many questions remain to be answered: 

1. Activated Slt2 in non-pexophagy inducing conditions is reported to be 

localized as punctate dots in the cytosol and an increased amount in the 

nucleus.  We would like to investigate where Slt2 is acting in the cell when 

pexophagy occurs. 

2. In P. pastoris, Atg30 is an essential phosphoprotein required for targeting 

peroxisomes to the vacuole, and was one of the reasons the screening 
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project for a particular kinase was initiated.  However, studies were 

conducted in S. cerevisiae, in which a homologous protein to Atg30 has not 

been found.  Thus, in order to study detailed pexophagy in the working 

model of P. pastoris, it would be interesting to find the kinase that 

phosphorylates Atg30 in P. pastoris.   

3. To look at specific protein interaction, it would also be beneficial to 

analyze which Slt2 domain is involved in pexophagy by deleting the entire 

domain or mutagenesis to test the effects on peroxisome turnover. 

4. It is still not completely understood if Slt2 is activating pexophagy at a 

transcriptional level or if it operates in the cytosol to target peroxisomes to 

the vacuole.  Thus, future directions would be to thoroughly investigate 

Slt2’s targets or its specific interactions with peroxins.   

5. If Slt2 affects pexophagy in a non-transcriptional way, Slt2 may contribute 

to actin cytoskeleton in the cytosol. TOR2 signals actin organization via 

Rho1 GTPase and Rom2 (GDP/GTP exchange factor), which activates 

Pkc1p and the MAP kinase cascade.  Studies have shown that actin may be 

required for peroxisome turnover.  Perhaps Slt2 signaling could be 

correlated to this phenomenon (Monastyrska, He et al. 2008).   

6. On a broader level, it would be interesting to observe Slt2’s impact in 

pexophagy in mammalian cells.  If the regulation is conserved in humans, 

this could help assess the involvement of signaling cascades in human 

disorders.      
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Chapter 5 is currently being prepared to submit for publication of the material.  

The thesis author was the primary investigator and author of this paper. 
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