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ABSTRACT OF THE THESIS 
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Recent discoveries suggest a role for the endoplasmic reticulum (ER) in 

peroxisome formation. Following the intra-ER sorting of peroxisomal membrane proteins 

(PMPs) to a site called the pre-peroxisomal ER (pER), the PMPs bud into pre-

peroxisomal vesicles (ppVs).  The de novo model of peroxisome biogenesis involves the 

budding of ppVs from the pER and their subsequent fusion to generate import-competent 



 

 xi 

peroxisomes. Although some of the important PMP cargos in the de novo pathway have 

been identified, their role and the mechanistic details of their actions remain unclear. In 

this study we investigate the trafficking and subcellular localization of docking and RING 

subcomplex PMPs, Pex17 and Pex12, respectively, in Pichia pastoris. By performing 

subcellular fractionation procedures and fluorescence microscopy imaging of 

endogenously expressed Pex17-GFP, we demonstrate an exclusive ER origin of Pex17-

GFP during the de novo pathway. Additionally, we show the co-packaging of Pex12 with 

the docking subcomplex vesicles, in a Pex3- and Pex19-dependent manner. To further 

investigate the role of Pex3 in de novo peroxisome biogenesis, we have created and 

characterized several Pex3 mutations. Site-directed mutagenesis is revealing the essential 

role of Pex3 domains in peroxisome biogenesis, although further analysis is required to 

uncover the mechanistic details of this complex process. 
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1. Introduction 

1.1. Peroxisome biogenesis 

The peroxisome is a single-membrane enclosed organelle present in the majority 

of eukaryotes. Peroxisomes were first classified as having two distinct properties: 1) the 

production of hydrogen peroxide (H2O2) via an assortment of oxidases, and 2) the 

breakdown of this highly toxic compound by catalase, a degradative enzyme (De Duve 

and Baudhuin, 1966). This discovery was a landmark finding because not only did the 

oxidation of fatty acids and other compounds demonstrate an alternate route for the cell 

to meet its metabolic requirements, but by sequestering catalase in the same organelle, 

the peroxisome created a safety mechanism with which it could detoxify these reactive 

oxygen species, preventing cellular damage. Since the discovery of this simple pathway, 

further research has identified many other important metabolic pathways of peroxisomes. 

Some of the more notable pathways include methanol oxidation in methylotrophic yeasts, 

the biosynthesis of plasmalogens in mammals, the glyoxylate cycle in plant glyoxysomes, 

and the relatively conserved α and ß-oxidation of long chain fatty acids in many 

peroxisome-containing organisms (van den Bosch et al., 1992). For the peroxisome to 

function properly in the cell however, these sequestered peroxisomal enzymes, most of 

which are matrix proteins, must be imported into the organelle. To facilitate this process, 

many of these peroxisomal matrix residents contain a distinct targeting sequence. Two 

very important peroxisomal targeting sequences are peroxisome targeting signal 1 (PTS1) 

and peroxisome targeting signal 2 (PTS2). Proteins with PTS1 are recognized by the 

cytosolic receptor, Pex5, and PTS2-containing proteins are bound by Pex7, facilitating 
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the ATP-dependent post-translational translocation of matrix proteins into peroxisomes 

(Lizard et al., 2012). 

 In response to the changing metabolic requirements of the cell, the cargo import 

process, and the overall enzymatic content of the peroxisomes, can be dynamically 

adjusted. For instance, when a methylotrophic yeast such as P. pastoris is exposed to 

methanol, peroxisomes have the ability to drastically vary their number and size to 

compensate for this newfound carbon source. If mutations in peroxisome-encoding (PEX) 

genes (genes that encode peroxins required for peroxisome biogenesis) disrupt a 

peroxisome’s dynamic character however, or if they inhibit any of the metabolic 

pathways involved in normal peroxisome function, there can be lethal consequences for 

the host organism. An example of this in humans is the prototype for peroxisomal 

disorders, the fatal cerebrohepatorenal syndrome, or Zellweger Syndrome (ZS). Due to a 

failure in the proper assembly of peroxisomes in ZS patients, there is a buildup of very 

long chain fatty acids (VLCFAs) in the blood, and a depletion of plasmalogens in 

erythrocytes (Brown et al., 1982; Heymans et al., 1983). Without the import of these and 

other proteins into the peroxisome matrix, the results are craniofacial, hepatological, and 

neurological aberrations in ZS patients (Wanders, 2013). Although the role of 

peroxisomes in ZS and other inherited peroxisome biogenesis disorders such as neonatal 

adrenoleukodystrophy, infantile Refsum's disease, and rhizomelic chondrodysplasia 

punctata are more well-defined (Wanders and Waterham, 2005), recent research has 

begun to link neurodegenerative age-related diseases like Alzheimer’s and dementia to 

peroxisomal origin as well. Some of the characteristic findings in these patients which 
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indicate a link to peroxisomal aberrations are altered brain levels of plasmalogens, 

VLCFAs, and docosahexaenoic acid (DHA) (Lizard et al., 2012). 

Past and current research suggests that the peroxisome biogenesis pathway is 

highly conserved between plants, mammals and yeast (Agrawal and Subramani, 2016). 

Yeast has been well established as a model organism for peroxisome biogenesis studies 

(Veenhuis et al., 1992). In addition to the genetic and biochemical tractability of this 

single cell organism, certain yeasts, such as P. pastoris, are easier to study due to the 

large size of their peroxisomes or their ability to be induced in methanol media, allowing 

for rapid peroxisome proliferation (Sibirny et al., 1988). The present study has utilized P. 

pastoris as the model organism.  

 

1.2. An emerging biogenesis model 

Research in the field of peroxisome biogenesis has long revolved around the 

prevailing growth and division model, in which preexisting peroxisomes are believed to 

be the exclusive source of new peroxisomes. This model proposed a similar biogenesis 

mechanism to that of mitochondria and chloroplasts, in which integral matrix and 

membrane proteins produced by free polyribosomes in the cytosol are post-translationally 

imported into the growing organelle.  Subsequent division would then lead to the creation 

of new daughter peroxisomes (Lazarow and Fujiki, 1985). There was much evidence 

supporting growth and division as the mechanism of peroxisome biogenesis, nonetheless, 

there were observations that this model failed to explain. One such feature of 

peroxisomes that was not normally seen in such autonomous organelles was their 

remarkable regenerative property, particularly the ability of pex mutant cells lacking any 
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peroxisomes to regenerate peroxisomes when complemented with the missing gene. 

Although prior electron microscopy analysis of mammalian peroxisomes had shown a 

unique relationship with the endoplasmic reticulum (ER) (Novikoff and Novikoff, 1972), 

due to an insufficiency in supporting evidence, an ER-contributing biogenesis model 

never caught on (Hoepfner et al., 2005). 

Recently however, this model has been given new life. In the absence of the PEX3 

or PEX19 genes, cells lack functional peroxisomes. Upon reintroduction of the missing 

gene to peroxisome-depleted cells however, biogenesis is restored (Hoepfner et al. 2005). 

Using real-time imaging in live cells, it was shown that Pex3 is routed through the ER 

leading up to the formation of the mature peroxisomes in a Pex19-dependent manner 

(Hoepfner et al. 2005). Another inconsistency with growth and division being the only 

mechanism of peroxisome formation is that yeast cells with a defect in peroxisomal 

inheritance machinery formed new peroxisomes in the daughter cells, without receiving 

them from the mother cell (Chang et al., 2009). These two inconsistencies in the growth 

and division model lend strong support towards an alternative process for peroxisome 

formation, one in which peroxisome formation can occur from the ER de novo. 

The mechanism by which this de novo biogenesis of peroxisomes occurs is 

currently an active area of investigation. Recent research suggests that PMPs are 

differentially sorted into distinct compartments of the ER often termed as the pre-

peroxisomal compartment of the ER, or pER. Following targeting of PMPs to the ER and 

intra-ER PMP sorting to the pER, peroxisomal factors mediate the budding of at least two 

distinct ppVs from the pER, with subsequent heterotypic fusion and protein import, 

eventually resulting in the formation of mature peroxisomes (Agrawal and Subramani, 
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2013). Characterizing the role of different PMPs and peroxins in P. pastoris will allow us 

to compare highly conserved pathways with their human homologs. As a result, we will 

be better prepared to elucidate the mechanisms by which varying peroxisome biogenesis 

disorders occur (Subramani, 1998). 

 
 
 

 
 
Figure 1. Overview of peroxisome biogenesis. Peroxisomes have long been thought to 
form from the growth and division of pre-existing peroxisomes. Recently however, 
research has suggested the de novo formation of peroxisomes from the endoplasmic 
reticulum (ER). This involves the sorting, budding, and fusion of ER-derived ppVs. 
Through the work of different environmental factors these peroxisomes can mature, 
followed by growth and division as a means of proliferation. 
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1.3. Intra-ER sorting and formation of pre-peroxisomal vesicles 

 Although some of the earlier biogenesis research suggested vesicular 

intermediates involved in the formation of peroxisomes, their identification and isolation 

remained elusive. After the discovery of Pex1 and Pex6 however, two AAA-ATPases 

that are required for ppV fusion, these ppV intermediates were finally purified in 

Yarrowia lipolytica (Titorenko and Rachubinski, 2000), but their subcellular origin was 

unclear. Two of the earliest vesicular subforms that were discovered, P1 and P2, 

contained distinct matrix proteins, indicating that they were already import competent. 

Additionally, Titorenko and colleagues also discovered four other subforms, P3-P6, 

which are more advanced intermediates in the process. P3 is created following the fusion 

of P1 and P2, with subsequent import and maturation leading to P4, P5, and P6. This was 

an important first step in identification of these ppVs, however, it was not until later that 

these ppVs were shown to be ER-derived, through a cell-free pre-peroxisomal vesicle-

budding reaction which followed various PMPs from the ER into vesicular carriers (Lam 

et al., 2010; Agrawal et al., 2011). The biomolecular requirements were also identified 

for the budding of these ppVs. The budding was found to be an ATP dependent process 

and required Pex19 (a predominately cytosolic peroxin). 

Subsequently, the focus shifted towards classifying the biomolecular requirements 

for the intra-ER sorting and budding involved in proper peroxisome assembly. During the 

sorting process, PMPs are trafficked to either the docking subcomplex (Pex13, Pex14 and 

Pex17) or the RING subcomplex (Pex2, Pex10, and Pex12). Each of these distinct ppVs 

contain part of the translocon components necessary for peroxisomal matrix protein 
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import, but is unable to form a properly functioning translocon complex until their fusion 

(van der Zand et al., 2012).  

In this study we observed that although Pex3 or Pex19-deficient cells lack 

observable peroxisomes, PEX3 knockout strains interestingly only seem to affect the 

formation of one of these ppVs, but Pex19 is required for the budding of both types of 

ppVs (Agrawal et al., 2016). As observed through an in vitro budding assay, budding of 

the docking subcomplex vesicles can occur in the absence of Pex3, whereas the RING 

subcomplex PMPs are unable to bud in pex3∆ cells (Agrawal et al. 2016). In addition, we 

discovered that Pex3 and Pex19 play a key role in the intra-ER sorting of only the RING 

subcomplex proteins, Pex2, Pex10 and Pex12, thus defining specificity to their packaging 

and budding. These findings provide insight into the early steps of peroxisome 

biogenesis, and the mechanism through which the RING and docking subcomplexes are 

kept segregated to prevent their pre-assembly at the ER. Interestingly, although the three 

RING subcomplex proteins all require both Pex3 and Pex19 for the intra-ER sorting to 

the pER, Pex2 is segregated by unknown mechanism to a distinct type of ppV called 

ppV-R. In contrast, Pex10 and Pex12 are sorted to another ppV, called ppV-D, in which 

the docking subcomplex proteins also reside (Agrawal et al. 2016). 

 

1.4. Additional requirements for intra-ER sorting of PMPs 

With recent studies suggesting a role of Pex3 and Pex19 in the intra-ER sorting of 

PMPs, it was questioned if other peroxisomal components may also be essential for this 

process. One hypothesis suggests that transmembrane domains on the PMP itself are 

necessary for intra-ER sorting. This idea was postulated after studies in Saccharomyces 
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cerevisiae demonstrated that the N-terminal 17-amino acid segment of Pex3 contained 

signals which facilitated its trafficking to the pER (Fakieh et al., 2013). In this study, it 

was shown that upon fusion of the Pex3 N-terminal region to the transmembrane and 

cytoplasmic segments of Sec66, an ER resident protein, Sec66 is also trafficked to the 

pER subdomain. Interestingly, since Sec66 does not colocalize with peroxisomes in these 

conditions, it indicates that a separate region on Pex3 must be necessary for ER exit. By 

using Pex3 as a model for other PMPs, it has led to the idea that PMPs may rely on their 

transmembrane segments for intra-ER trafficking (Agrawal 2015).  
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2. Approaches to study de novo biogenesis 

2.1. In vitro budding 

 The classic in vitro budding assay developed by Ruohola and colleagues was 

designed to establish the necessary factors for transit from the ER to the Golgi complex. 

By following prepro-α-factor along the secretory pathway, based on its post-translational 

modifications, researchers were able to utilize translocation into microsomes, to recreate 

ER to Golgi transport (Ruohola et al., 1988). Using this classical assay as a model, we 

have adjusted our own experimental conditions to study peroxisome biogenesis. Namely, 

we were interested in using this modified in vitro budding assay to follow PMP exit from 

the ER. By using PMP markers such as Pex11, we have been able to shed light on the 

biochemical requirements for their vesicular carriers (Agrawal et al., 2011).  

 

2.2. In vivo imaging 

By labeling PMPs with fluorescent tags, we can follow their route during 

peroxisome formation in WT cells, comparing their localization patterns within various 

mutant strains. In addition, we have designed PMP localization assays using inducible 

systems in which Pex19 is under the control of an alcohol oxidase promoter (PAOX). 

When Pex19 is reintroduced into pex19∆ cells, fluorescently tagged PMPs could be 

followed from the ER to the peroxisome (Yan et al., 2008; Agrawal et al., 2011). This has 

allowed us to follow de novo biogenesis under various conditions, and at distinct time 

points. 
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2.3. Co-immunoprecipitation 

 To determine the important requirements for various PMP interactions, we have 

utilized co-immunoprecipitation assays as a reliable method of analysis. By using strains 

lacking (or containing a mutant version of) essential peroxisomal proteins such as Pex3, 

Pex19, Pex1, or Pex6, we can determine the requirements needed for interaction of 

peroxins and PMPs, both in the RING and docking subcomplex vesicles (Agrawal et al. 

2016). Since these PMP interactions are often a prerequisite for proper peroxisome 

biogenesis, examining their spatial or temporal segregation could provide mechanistic 

insight into their role during necessary peroxisomal pathways.  

 

2.4. Methanol induction 

P. pastoris is a methylotrophic yeast. After exposure to methanol, peroxisomes 

proliferate rapidly in the cell, occupying up to 70% of the total cell volume (Sibirny et al. 

1988). Since the peroxisome is able to rapidly synthesize alcohol oxidase under these 

conditions (an enzyme responsible for catalyzing the oxidation of methanol), it allows the 

cell to use methanol as a viable source for energy. Because alcohol oxidase is primarily a 

peroxisome-sequestered enzyme, peroxisomes will proliferate in methanol medium, 

creating ideal conditions for studying this organelle. 
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3. Key proteins involved in peroxisome biogenesis 

3.1. Pex19 

 Our current knowledge on the requirements for PMP targeting and insertion into 

the peroxisomal membrane is less well established than our understanding of peroxisomal 

matrix proteins. Unlike peroxisomal matrix proteins, PMPs are not dependent on the 

PTS1 and PTS2 targeting mechanism (Sacksteder et al., 2000). This distinction made it 

difficult to connect PMP targeting to our prior knowledge in the field. With the discovery 

of the peroxin protein Pex19 and its binding to multiple PMP targeting signals (mPTSs) 

however, a better understanding of the targeting and insertion processes for PMPs soon 

began to unravel. 

 Pex19 is a primarily cytosolic protein vital to peroxisomal membrane formation.  

When the PEX19 gene is disrupted, peroxisomes cannot be detected, with a noticeable 

degradation and mislocalization of PMPs (Götte et al., 1998; Sacksteder et al., 2000). As 

shown by Kashiwayama and colleagues through the use of immunofluorescence 

microscopy, the wild-type and C-terminal truncated versions of the PMP70 gene resulted 

in PMP70 localization to the peroxisome, whereas N-terminal truncations of PMP70, in 

which the Pex19 binding site was deleted, displayed PMP70 disseminated throughout the 

cytosol (Kashiwayama et al., 2005). This brings up a role of Pex19 as a chaperone protein 

that mediates the insertion of newly synthesized PMPs into the growing peroxisome. 

Consistent with this role are the observations in humans that PEX19 has a C-terminal 

binding domain necessary for interaction with the mPTS sequence of PMPs, as well as an 

N-terminal binding domain that is required for binding PEX3, a membrane-anchored 
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peroxin (Fransen et al., 2005; Fujiki et al., 2006). Using pentapeptide scanning 

mutagenesis, Fransen and colleagues showed that in the absence of the N-terminal PEX3 

binding region, PEX19 did not dock at the peroxisomal membrane, preventing PMP 

import. Although observations such as these support a role of PEX19 as a chaperone and 

transport protein for PMPs in the growth and division model, recent publications have 

begun to offer support towards another role of PEX19 in the de novo synthesis of 

peroxisomes from the ER. 

 As discussed earlier, upon reintroduction of the wild-type PEX19 gene to pex19∆ 

yeast cells, peroxisome biogenesis can occur. This finding offers support for the de novo 

formation of peroxisomes, in which Pex19 plays a vital role beyond that of a simple 

chaperone protein. Although the mechanistic understanding as to how Pex19 functions in 

the de novo pathway is still poorly understood, recent insight has begun to provide clues 

as to its likely functions. During a time course which tracked YFP-labeled Pex19 in 

peroxisome deficient cells, Pex19 was observed to transiently localize at distinct foci on 

the ER, prior to the formation of import-competent peroxisomes (Hoepfner et al. 2005). 

Since Pex19 in the past had primarily been observed to be a cytosolic peroxin, with 

occasional docking on the surface of peroxisomes, this finding provides more support 

towards an ER-derived peroxisome model. How exactly Pex19 initiates peroxisome 

formation at the ER is still an active area of investigation, however, as discussed earlier, 

current research indicates its role in intra-ER sorting and ppV budding (Agrawal et al., 

2016). As shown in pex19∆ cells, some specific PMPs (RING peroxins), but not all of 

them (docking peroxins) are disseminated throughout the ER. Upon complementation 

with the PEX19 gene, however, these same PMPs will localize initially at distinct 
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structures on the peripheral ER (pER), followed by eventual peroxisome formation (van 

der Zand et al., 2010; Agrawal et al., 2016). By tracking various PMPs in similar 

experiments to these, researchers have been able to identify the PMPs which are sorted to 

the pER in a Pex19-dependent manner (e.g. RING subcomplex PMPs) and those that are 

sorted independently of Pex19 (e.g. docking subcomplex PMPs), shedding light on early 

steps in the de novo biogenesis pathway. 

 In addition to intra-ER sorting, Pex19 has been proposed to play an essential role 

in ppV budding as well. By following Pex11-2HA and Pex3-GFP in an in-vitro ER-

budding assay, it was shown that these proteins only appeared in the supernatant when 

WT cytosol was used. When tracking Pex11-2HA and Pex3-GFP using pex19∆ cytosol 

however, these proteins could not be detected in the supernatant, suggesting a failure to 

properly exit from the ER (Agrawal et al. 2011). As expected, cells which lack proper ER 

exit of ppVs also lack observable peroxisomes.  

To further study Pex19-dependent peroxisome formation, our laboratory utilized 

truncations of Pex19 to complement cells lacking the PEX19 gene, attempting to uncover 

the various domains required. Through our studies, we observed a Pex3 binding site of 1-

44aa, an mPTS (PMP) binding domain of 240-300aa, and an essential central domain (aa 

89-150) that is necessary for biogenesis to occur (Figure 2). Surprisingly, we established 

a role of another peroxin, Pex25, as a bridge between N-terminally truncated Pex19 and 

Pex3, which still allowed peroxisome biogenesis, but displayed a 14-24 h lag in growth 

as compared to wild-type cells (unpublished data). These findings suggest a role of Pex19 

beyond that of a chaperone protein, indicating its significance in the de novo formation of 

peroxisomes as well. 
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Figure 2. Characterization of Pex19 essential domains. Pex19 is a cytosolic peroxin 
vital to both the growth and division and de novo pathways of peroxisome biogenesis. 
Through deletion analysis, we were able to characterize a Pex3 binding site (1-44 aa) at 
the N-terminus of Pex19, a PMP binding site (240-300 aa) near the C-terminus of Pex19, 
and an essential central domain (135-150 aa) that was the minimal requirement for 
peroxisome synthesis. 
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3.2. Pex3 

 Pex3 is an integral membrane protein that functions as a receptor for the cytosolic 

peroxin, Pex19 (Schmidt et al., 2010). In the absence of Pex3, Pex19 fails to dock at the 

peroxisomal membrane and has even been shown to dock at heterologous organelles if 

Pex3 is inserted onto their surface (Fang et al., 2004). In addition, in cells lacking Pex3 

there is a failure of Pex19-dependent PMPs being directed to the correct location, 

preventing peroxisome synthesis. Upon complementation of these pex3∆ cells with the 

wild-type PEX3 gene however, peroxisome formation occurs.   

 The mechanism by which Pex3 mediates the formation of peroxisomes in 

peroxisome-deficient cells is not entirely known. In the de novo model of biogenesis 

however, it has been proposed that two distinct ppVs, the docking and the RING 

subcomplex, bud from the ER and eventually fuse together (van der Zand et al., 2012). 

Following this fusion event, peroxisomal matrix proteins are imported, leading to the 

formation of mature peroxisomes. In P. pastoris, Pex3 has been observed as a common 

constituent of both vesicles. While the absence of Pex3 does not seem to affect the 

assembly of the docking subcomplex or its constituents, in pex3∆ cells, the translocation 

subcomplex fails to properly assembly, with a noticeable reduction in the level of its 

components (Hazra et al., 2002). This raises the question of the role Pex3 plays in the 

maturation of pre-peroxisomes, with a possible sorting mechanism as a candidate in the 

process. To better understand this and the other essential roles of Pex3 in peroxisome 

biogenesis, researchers have attempted to classify the various domains which function in 

its activity. 
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In S. cerevisiae, Pex3 was truncated to observe the importance of the 46 N-

terminal amino acids in biogenesis. Although the cell was unable to synthesize mature 

peroxisomes in these conditions, using colocalization analyses, it was shown that the N-

terminal domain of Pex3 was sufficient to initiate the formation of a pre-peroxisomal 

compartment in the ER (Tam et al., 2005). Upon complementation by a Galactose-

inducible, full-length Pex3 expressed in these cells, the pre-peroxisomal compartments 

gained the ability to import peroxisomal matrix proteins and PMPs, with mature 

peroxisome being observed. Further studies on PEX3 in humans have used 

crystallographic analyses to characterize its structure to be that of a large helical bundle 

(Schmidt et al., 2010; Sato et al., 2010), while identifying three highly conserved 

domains on its surface: 1) the PEX19-binding region, 2) a hydrophobic groove and 3) an 

acidic cluster (Figure 2) (Schmidt et al., 2012). To determine the importance of each of 

these domains, Schmidt and colleagues used site-directed mutagenesis. Through their 

analyses they observed the importance of the PEX19 binding site for PEX19-PEX3 

interaction, as well as overall PEX3 stability, with peroxisome formation being inhibited 

when PEX19 binding was compromised. The hydrophobic domain was not necessary for 

pre-peroxisome formation, although cells with mutations in the hydrophobic groove 

could not form mature peroxisomes. From these results, it was hypothesized that the 

hydrophobic groove was a PMP binding site important in facilitating the post-

translational insertion of PMPs into the membrane. The acidic cluster did not appear to be 

functionally relevant in their studies. These results established a foundation for our 

knowledge on PEX3 domains in humans. However, to determine if Pex3 domains in P. 

pastoris mediated a similar function, we focused chapter 2 of this thesis on defining a few 
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of these key mutants, allowing us to better elucidate the role of these regions in 

peroxisome biogenesis. 

 

 

 

 

 
 
Figure 3. Critical sequences for Pex3 function. Pex3 is a membrane-anchored PMP 
necessary for peroxisome biogenesis. Two of its relatively conserved regions are the 
Pex19-binding site (L93, L408) and the hydrophobic groove (L73, L221), which are both 
required for peroxisome formation. In Pex3 mutants with a defect in Pex19-binding, there 
is also currently uncharacterized domain with which Pex25 will associate, to act as a 
bridge between Pex3 and Pex19. 
 
 
 
 
3.3. Peroxisome inheritance 

Much of our understanding of peroxisomal inheritance comes from studies in the 

budding yeast S. cerevisiae. Because S. cerevisiae undergoes asymmetrical division, it 
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has allowed researchers to study an organism which actively distributes cellular 

components from mother to daughter cells. Although the mechanism by which most 

organelles transport along cytoskeletal tracks during division is similar, the inheritance 

factors that regulate the process for each specific organelle tends to differ (Knoblach et 

al., 2013). For peroxisomes, transport from mother to daughter cells is reliant on the 

integral peroxisomal membrane proteins, Inp1 and Inp2. Through the careful regulation 

of these two factors, dividing cells can equitably distribute their peroxisomes between the 

bud and mother cell. 

The role of Inp2 in inheritance is that of a peroxisomal-specific receptor. In order 

to mediate peroxisome transport on actin cables, the class V myosin motor Myo2 must 

dock at Inp2 on the peroxisomal membrane (Munck et al., 2009). Without Inp2, the cell 

has severe segregation defects, with most peroxisomes being retained by the mother cell. 

On the other hand, an overexpression of Inp2 leads to severe retention defects, resulting 

in the majority of peroxisomes being shuttled to the growing bud (Fagarasanu et al., 

2006). Interestingly, this seems to be the opposite effect on inheritance than what the 

peripheral membrane protein Inp1 displays. Unlike Inp2 which is involved in peroxisome 

mobility, Inp1 is required for immobilization of peroxisomes to the cell cortex of the 

mother cell. In inp1∆ cells, peroxisomes are shown to be highly mobile with most 

shuttling to the growing bud, whereas cells in which Inp1 is overexpressed display no 

inheritance, with peroxisomes remaining anchored to the cortical membrane of the 

mother cell (Knoblach et al. 2013). Although the roles of Inp1 and Inp2 are vital for 

peroxisomal inheritance, they do not act alone, but require the help of Pex3 to maintain 

peroxisomes levels in mother and daughter cells. 
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While Pex3 has previously been shown to have an important function in 

biogenesis, in the yeast Y. lipolytica, it has also been shown that Pex3, and Pex3 

paralogue Pex3B, act as peroxisomal receptors for Myo2 to facilitate peroxisomal 

segregation (Chang et al. 2009). In cells where Pex3 or Pex3B was overexpressed, the 

majority of peroxisomes are received by budding cells. Additionally, 

immunofluorescence and fractionation experiments have demonstrated a role for Pex3 in 

peroxisomal retention. Recently it was shown in S. cerevisiae that Inp1 is able to dock 

peroxisomes at the cell cortex only through its interaction with Pex3, in which Inp1 

serves as a bridge between ER associated Pex3 and peroxisomal Pex3 (Knoblach et al. 

2013). Upon asymmetric division of peroxisomes, one peroxisome will remain tethered 

to the cortical membrane via Inp1, and the mobile peroxisome, lacking Inp1, will be 

transported to the budding cell. By mutating various domains of Pex3 in P. pastoris in 

our inheritance studies, we can begin to elucidate the important Pex3 domains necessary 

for delivery of peroxisomes from one generation to the next. 

 
 

3.4. Other proteins required for the de novo biogenesis of peroxisomes 

For successive generations of peroxisomes to be produced, many proteins work 

together at different steps of the biogenesis process. Two dynamin-related proteins which 

partake in peroxisome biogenesis by orchestrating membrane fission in S. cerevisiae, are 

Dnm1 and Vps1. In cells with single knockouts for either Dnm1 or Vps1, the result is a 

reduced numbers of peroxisomes, with a general enlargement in peroxisome size. In the 

double deletion dnm1Δ vps1Δ strain however, no peroxisomes, or aberrant ones, were 
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observed (Jourdain et al., 2008). Interestingly, it was discovered that Vps1 has two Pex19 

recognition sequences, which seem to assist its role in peroxisomal fission. When one of 

these Pex19 binding sites is deleted, the cell displays the same phenotype as vps1∆ cells, 

enlarged peroxisomes and at a reduced number (Vizeacoumar et al., 2006). 

In addition to Dnm1 and Vps1 in S. cerevisiae, there are many other essential 

proteins involved in peroxisome biogenesis for different organisms. Whereas in 

mammalian cells, Dlp1 and Fis1 are observed to play a role in peroxisomal fission (Koch 

et al. 2005, Li and Gould 2003), in H. polymorpha Pex11 partakes in fission. 

Interestingly, preliminary studies from our laboratory and elsewhere has highlighted the 

role of another Pex11 family protein, Pex25, in de novo peroxisome biogenesis. Though 

deletion of Pex25 itself has no pronounced effect on peroxisome formation, however, 

when Pex25 is deleted alongside other PMPs, a complete lack of peroxisome biogenesis 

is observed. 
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Chapter 1: Intra-ER sorting and trafficking of RING and docking subcomplexes 
during de novo peroxisome biogenesis. 
 

RING and docking subcomplex PMP localization during peroxisome biogenesis 

Localization of Pex2 and Pex17 in varying conditions 

The peroxisomal translocon complex is divided into two separate compartments, 

the docking subcomplex and the RING subcomplex (discussed in Section 1.3). During de 

novo peroxisome biogenesis, PMPs are believed to traffic through one of two vesicular 

compartments (ppV-D and ppV-R) from the ER, eventually fusing into a functional and 

import-competent peroxisome (van der Zand et al. 2012). To follow the route of PMPs 

through each of these distinct subcomplexes, and determine the requirements for intra-ER 

sorting, we used fluorescence microscopy to observe Pex2 (ppV-R cargo) and Pex17 

(ppV-D cargo) localization in various genetic backgrounds. 

As seen in WT cells, Pex2 and Pex17 normally forms a characteristic peroxisomal 

cluster after 24 h methanol induction (Fig. 4). In pex3∆, pex19∆, and pex19∆-pex3∆ cells 

however, Pex2 is disseminated throughout the ER (Fig. 4-1), while Pex17 localized at a 

punctate dot (Fig. 4-2). These findings suggest a requirement for Pex3 and Pex19 in the 

intra-ER sorting of Pex2 to the pER, but not Pex17. Additionally, although the 

localization of both proteins appears to be mostly ER-associated in these mutant 

backgrounds, due to the GAP promoter (PGAP) they are expressed from, some of the 

fluorescence looks cytosolic. We speculated this was likely a result of proteolytic 

cleavage of GFP from the PMP-GFP fusions, leading to increased cytosolic degradation 

and staining as time elapsed. To provide more conclusive evidence for the exclusive ER 
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origin of these PMPs however, we sought to express these proteins from a different 

promoter. 

 

 
Figure 4-1. Localization of Pex2 in WT and mutant backgrounds. Fluorescence 
microscopy analysis of methanol-grown cells (24h) expressing Pex2-GFP. Cells were 
grown in YPD and switched during exponential phase to methanol medium. DIC, 
differential interference contrast. Scale bar: 2µm. Co-localization of Pex2-GFP from the 
PGAP promoter with the ER marker, Sec61-mCherry in WT and mutant cells. 
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Figure 4-2. Localization of Pex17 in WT and mutant backgrounds. Fluorescence 
microscopy analysis of methanol-grown cells (24h) expressing Pex17- GFP. Cells were 
grown in YPD and switched during exponential phase to methanol medium. DIC, 
differential interference contrast. Scale bar: 2µm. Co-localization of Pex17-GFP 
expressed from the PGAP promoter with the ER marker, Sec61-mCherry in WT and 
mutant cells. 
 

 

Construction of PAOX and endogenously expressed strains 

To demonstrate the ER-association of PMPs and follow their trafficking without 

the effects of overexpression, we expressed specified PMPs from the inducible AOX 
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promoter and their endogenous promoter. By constructing plasmids containing Pex2, 

Pex12 (ppV-R), and Pex17 via PAOX expression (Fig. 5), we established a more controlled 

environment for observing PMP activity. Additionally, the usage of fluorescently-labeled 

PMPs under endogenous expression allowed us to reduce cytosolic staining caused by the 

proteolytic cleavage/degradation of GFP seen with the PGAP promoter. 
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Figure 5. Construction of the PAOX plasmids. Pex2, Pex12, and Pex17 were expressed 
from the PAOX promoter to more accurately control PMP expression. Cells would be 
grown in YPD medium and then induced in methanol prior to experimentation. Figure 5 
displays the plasmid map of PAOX -Pex12-GFP. Similar plasmids were created for Pex2 
and Pex17 using SnapGene. 
 

 

Pex17-GFP is exclusively membrane associated 

In fluorescence microscopy imaging, in addition to peripheral-ER localization, a 

diffuse cytosolic signal was observed for Pex2-GFP and Pex17-GFP in mutant cells (Fig. 

4). To rule out the possibility of cytosolic localization and direct import of these proteins 
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to the pER structures from the cytosol, we analyzed the membrane association of 

endogenously expressed Pex17-GFP (PPEX17-Pex17-GFP) using subcellular fractionation. 

Upon fractionation, it was clear that Pex17-GFP was strictly membrane associated in all 

backgrounds because it was present exclusively in the pellet fractions (20,000 g pellet 

[20kgP] and 200kgP), presumably associated with ER, vesicles, or peroxisome 

membrane, and was completely absent from the cytosolic 200,000 g supernatant 

(200kgS) fraction (Figure 6). PMPs present in the 20kgS fractions could be associated 

with vesicles or fragmented ER membranes as a result of the cell homogenization 

procedure. Interestingly, the GFP fragment was predominantly present in the 200kgS 

fraction (cytosol) and is the likely reason for diffuse cytosolic localization in fluorescence 

microscopy. These results show an exclusive association of Pex17-GFP with membrane 

fractions and rule out their direct import from the cytosol to the pER. 

 

 
Figure 6. Subcellular fractionation of Pex17-GFP. Cells expressing Pex17-GFP from 
the inducible AOX promoter were grown in methanol medium (8 h) and fractionated to 
obtain PNS, 20kgS, 20kgP, 200kgS, and 200kgP fractions as described in Materials and 
Methods. The pellet fractions were resuspended in the initial volume, and equal volumes 
of each fraction was analyzed by SDS-PAGE and immunoblotting. All the subcellular 
fractionation experiments were repeated three times with similar results. 
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To further assess the exclusive association of PMPs with the ER, the cellular 

localization of Pex2 and Pex17 was studied in WT, pex19∆, and pex3∆ cells. This time, 

we analyzed Pex17 expressed from the endogenous promoter (PPex17-Pex17-GFP) and 

Pex2 expressed from the AOX promoter, to ensure that ER-associated localization is not 

caused by overexpression of these PMPs.  Pex2, Pex17, and Sec61 (ER marker) were 

fused to fluorescent tags and localized at specified time intervals after peroxisome 

induction (see Materials and Methods). As expected, in WT cells switched to methanol 

medium, Pex2 and Pex17 localized to the typical punctate clusters (Fig. 7) representing 

mature peroxisomes, well segregated from the Sec61-mCherry decorating the cortical and 

perinuclear ER. As seen in Fig. 7-1, when cells were shifted to methanol medium (0 h), 

Pex17-GFP was localized at the cell periphery and occasionally formed a punctate 

structure over the perinuclear ER. This likely represents a subdomain of the ER (pER) 

where PMPs are localized before their exit (Hoepfner et al., 2005). Within 3 h, Pex17-

GFP was entirely localized on the peroxisome cluster with no significant ER localization 

(Fig. 7-1), suggesting that Pex17-GFP traffics to the pER after being located all over the 

ER. Upon methanol induction, Pex17 was sorted to the growing peroxisome structure 

within 1.5 h. Early time points demonstrate the absence of GFP staining in the cytosol. 

Only ER and peroxisome staining is observed. These results demonstrate that ER-

mediated trafficking of PMPs is not an artifact of overexpression. 
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Figure 7-1. Pex17-GFP is trafficked through the ER. Colocalization of Pex17-GFP 
expressed from its endogenous promoter with the ER marker Sec61-mCherry in WT and 
mutant cells. 
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Figure 7-2. Pex2-GFP is trafficked through the ER. Colocalization of Pex2-GFP 
expressed from the AOX promoter with the ER marker Sec61-mCherry in WT and 
mutant cells. 
 

Pex12 is copackaged with the docking subcomplex proteins 

As mentioned in section 1.3 of the introduction, during de novo peroxisome 

biogenesis PMPs are trafficked through one of two ppVs, which eventually fuse in a 

Pex1- and Pex6-dependent manner. While Pex2, Pex10, and Pex12 have been 

characterized as RING subcomplex PMPs, Pex13, Pex14, and Pex17 are believed to 



 

 

30 

associate with the docking subcomplex in S. cerevisiae (van der Zand et al. 2012). To 

provide further support for this idea in P. pastoris, we performed a vesicle isolation assay 

in pex1Δ and pex6Δ backgrounds. 

Interestingly, when heterotypic fusion of ppVs was blocked in pex1Δ and pex6Δ 

cells, Pex12 localized in the immunoisolated vesicles containing Pex17-HA (Fig. 8). This 

was surprising since Pex12 was previously thought to sort with Pex2 (van der Zand et al., 

2012). In our experiments, however, Pex12 was exclusively detected with the docking 

subcomplex. A very weak signal for Pex12 was detected in the vesicles isolated with 

Pex2-3HA in the WT cells, perhaps as a result of heterotypic fusion. Importantly, Pex12 

was not found in the Pex2-HA vesicles in pex1Δ and pex6Δ cells. Such uncharacteristic 

co-packaging of Pex12 raised two important questions: 1) is Pex12 required for sorting of 

other ppV-D PMPs, and 2) what are the sorting requirements for Pex12? 
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Figure 8. Immunoisolation and protein composition of preperoxisomal vesicles. 
Pex2-3HA and Pex17-3HA were used as anchors for isolation of vesicles from the 20kgS 
fraction. After antibodies coupled to Sepharose beads were used to capture the ppVs, 
beads were washed three times, and associated membranes were eluted in SDS sample 
buffer. The immunoisolate was analyzed with Pex12 antibody. The experiment was 
performed with cells harvested after 6 h in methanol medium. Immunoisolation was 
performed with 20kgS fractions from WT, pex1Δ, and pex6Δ cells expressing either 
Pex17-3HA or Pex2-3HA expressed from the constitutive PGAP promoter. 
Immunoisolation was performed with 20kgS fractions from WT, pex1Δ, and pex6Δ cells 
expressing either Pex17-3HA or Pex2-3HA. The expression of Pex2-3HA was 
considerably lower than that of Pex17-3HA in pex1Δ, pex6Δ and pex3Δ cells, and the blot 
(right) was exposed for a longer duration (∼10×). The experiment was repeated more than 
three times with similar results. 
 
 
Pex12 is required for peroxisome formation but not ppV-D sorting 

To examine whether Pex12 plays a role in the sorting of other ppV-D PMPs, 

fluorescence microscopy imaging of Pex17-mCherry was performed in a pex12∆ mutant 

strain. Initial imaging at 0 h methanol induction demonstrates a Pex17-mCherry protein 

spread throughout the peripheral ER, similar to Pex2-GFP (Fig. 9). Upon further 

induction time however, Pex17-mCherry and Pex2-GFP begin to display a punctate 

localization, in what appear to be peroxisome remnants. This localization demonstrates 

the importance of Pex12 in peroxisomal import pathways, since the characteristic 

peroxisomal clusters are not observed in the pex12∆ strain. Most importantly, the sorting 

of Pex17 was unaffected in the absence of Pex12. This is an important observation, since 

Pex12 was unexpectedly packaged into the ppV-D during the immunoisolation assay 
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(Fig. 8). Our results lead us to conclude that Pex12 does not affect the sorting or 

localization of ppV-D PMPs. 

 

 
Figure 9. ppV-D sorting is independent of Pex12. Pex17-mCherry was colocalized 
with Pex2-GFP in pex12∆ cells. Time points were taken as indicated. Bar, 2 µm. 
 
 
 
Pex3 sorts Pex12 with the docking subcomplex proteins 

One of the most interesting findings associated with the sorting of Pex12 with the 

ppV-D, was that Pex12 was absent in vesicles isolated from the pex3Δ cells using Pex17-

3HA. This was a surprise since docking subcomplex proteins have generally been 
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observed to bud independently of Pex3 (Pex13, Pex14, and Pex17), whereas only RING 

subcomplex proteins require Pex3 for budding (Agrawal et al. 2016). This finding 

suggests that although Pex12 was packaged with the docking subcomplex proteins, it is 

similar to a RING subcomplex protein in that its budding still requires Pex3. To address 

why Pex12 requires Pex3 for budding, we hypothesized that the intra-ER sorting of 

Pex12 to the pER might require Pex3. We tagged Pex12 with GFP and localized it in 

pex3Δ, pex19Δ, pex1Δ, and pex6Δ cells. Interestingly, Pex12 (like Pex2) localized near 

the cortical ER along with Sec61-mCherry in pex3Δ and pex19Δ cells, without any 

punctate localization, whereas in pex1Δ and pex6Δ cells, it relocated to the punctate 

structure, thus resembling the sorting pattern seen with Pex2 (Fig. 10). This clearly 

indicates that Pex3 and Pex19 are required for intra-ER sorting of Pex12, explaining the 

necessity of Pex3 for Pex12 budding into ppVs. 
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Figure 10. Localization of Pex12-GFP in WT and mutant cells. Pex12-GFP and 
mCherry-Sec61 localization in WT, pex19Δ, pex3Δ, pex1Δ, and pex6Δ cells (6h). Bar, 2 
µm. Each localization experiment was repeated three times with similar results. 
 
 
 

 

PMPs are trafficked in distinct peroxisomal vesicles 

Since vesicle fusion is blocked in the absence of Pex1, we wanted to test whether 

it would once again be restored upon Pex1 complementation to the deletion strain. For 

this, we expressed Pex1 from the inducible AOX promoter in pex1Δ cells, also expressing 
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Pex17-3HA and Pex2-GFP from the PGAP promoter. This strain grew on methanol and 

formed mature peroxisome clusters like WT cells (Fig. 11). When Pex17-3HA–

containing vesicles were immunoisolated from the 20kgS fraction of these cells, Pex2-

GFP was co-isolated, but only from cells that were grown in methanol, where Pex1 was 

expressed (Fig. 12). These results suggest a fusion of two vesicle types upon Pex1 

reintroduction, thus bringing Pex17 and Pex2 together. This was the first indication of 

heterogeneity in the vesicle population carrying PMPs. However, the vesicles isolated 

with Pex2-3HA from the WT cells showed a weak signal for Pex17, probably because of 

ppV fusion to form peroxisomes. 

Chapter 1, in part, has appeared in a publication in the Journal of Cell Biology, 

2016. Agrawal, Gaurav; Fassas, Scott N.; Xia, Zhi-Jie; Subramani, Suresh, The 

Rockefeller University Press, 2016. The thesis author was the secondary investigator and 

author of this paper.  
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Figure 11-1. PAOX-Pex1 is functional and rescues growth of pex1Δ cells. Cells 
transformed with the PAOX-Pex1 plasmid expressing Pex1 were assessed for growth in 
methanol medium. Cells were grown overnight in YPD, and ∼0.1 OD600/ml was further 
inoculated into methanol medium. Cell growth was measured after 48 h. Reintroduced 
Pex1 protein complemented the pex1Δ deletion mutant. The growth assay was repeated 
two times with similar results. 
 
 
 

 
Figure 11-2. Peroxisome formation occurs in pex1∆ cells complemented with PAOX-
PEX1. Pex2-GFP localization in pex1Δ cells expressing PAOX-PEX1 after 5 h in methanol 
medium. The localization experiment was repeated two times with similar results. DIC, 
differential interference contrast. 
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Figure 12. Immunoisolation of preperoxisomal vesicles. Immunoisolation of 
preperoxisomal vesicles was performed as described in Materials and Methods. Pex2-
3HA and Pex17-3HA were used as anchors for isolation of vesicles from the 20kgS 
fraction. After antibodies coupled to Sepharose beads were used to capture the ppVs, 
beads were washed three times, and associated membranes were eluted in SDS sample 
buffer. The immunoisolate was analyzed with specified antibodies. The experiment was 
performed with cells harvested after 6 h in methanol medium. Immunoisolation was 
performed with 20kgS fractions from WT, pex1Δ and pex6Δ cells expressing either 
Pex17-3HA and Pex2-GFP expressed from the PGAP promoter. pex1Δ cells expressing 
PAOX-Pex1 were switched from YPD to methanol medium (+Methanol) for 6 h or were 
continued in YPD (−Methanol) before immunoisolation of vesicles. 
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Chapter 2: Identifying Pex3 domains responsible for peroxisome biogenesis 

Construction of pex3 mutants using site-directed mutagenesis 

 Pex3 is a PMP vital for peroxisome homeostasis (discussed in Section 3.2), 

participating in pathways ranging from budding of ppVs, membrane import of PMPs 

(Agrawal et al. 2016), peroxisomal inheritance (Knoblach et al., 2013), and pexophagy 

(Burnett et al., 2015). Through mutagenesis studies in mammalian PEX3, two highly 

conserved regions have proved to be functionally significant in peroxisome biogenesis: a 

PEX19-binding region, and a hydrophobic groove. The PEX19-binding site allows 

PEX19 to dock at the peroxisomal membrane with PEX3 for its characteristic function, 

while the hydrophobic groove is thought to be important in post-translational insertion of 

membrane proteins. Mutations in either of these regions inhibits peroxisome formation 

(Schmidt et al. 2012).  

Previously, we performed random mutagenesis to create several pex3 mutants. 

These mutants, most of which contained multiple missense mutations, were examined for 

their effect on Pex3 function in peroxisome biogenesis. Mutants with the most interesting 

phenotypes (block in peroxisome biogenesis, abnormal peroxisome size, etc.), were 

analyzed and compared with previously studied mammalian PEX3 mutants. Based on the 

data collected from our pex3 mutants and the prior mutagenesis studies in mammalian 

PEX3, we created an additional set of single point mutants using site-directed 

mutagenesis (Table 1), and tested for their functional significance.  

 



 

 

39 

Table 1. Site-directed mutagenesis of Pex3. Both highly conserved Pex3 domains and 
unidentified regions were targeted in P. pastoris. The most interesting phenotypes, and 
those which will be further discussed in this thesis, are highlighted in red. 
 

 

 

Growth of pex3 mutants 

To examine the effect of our Pex3 point mutations on peroxisome proliferation, 

we induced cells in methanol (discussed in Section 2.4), measuring their optical density 

at specified time intervals over the course of a 72 h period (Fig. 13). PPY12 (WT) 

demonstrated the normal logarithmic growth of peroxisomes in methanol media. Of the 

ten mutants being tested, seven displayed a similar growth pattern to the WT cells. 

Among these seven point mutants exhibiting normal growth, Pex3(N430P) showed the 

most unique peroxisome morphology, as discussed later. Strains containing the 
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pex3(L72K), pex3(F220S/L221N), and pex3(L165P) mutants did not grow on methanol, 

similar to the pex3∆ cells. While it was expected that peroxisome formation will also be 

blocked in these non-growth mutants, we performed further analysis to determine their 

ability to interact with Pex19, and the localization of fluorescently-tagged PMPs. 

 

 

 
Figure 13. Growth of pex3 mutants in methanol medium. Cells were grown in YPD 
overnight, washed twice with water, and induced in YMA medium at 0.1OD600/mL. The 
pex3 mutant strains used co-expressed Pex19-Flag. Over a 72 h time course, normal 
growth was observed for PPY12 (WT), pex3(N430P), and six other pex3 mutants. Three 
of the pex3 mutations, pex3(L72K), pex3(F220S/L221N), and pex3(L165P), as well as 
pex3∆, displayed no growth following methanol induction. 
 

 

F220S/L221N and L165P mutations in Pex3 affect Pex19-binding  

The Pex3-Pex19 interaction is necessary for peroxisome biogenesis to occur 

(discussed in Section 3.1 and 3.2). In H. polymorpha, when this interaction is abrogated 

by a truncation of the amino terminal domain of Pex19, or the Pex3-binding site, Pex19 
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fails to dock on the peroxisomal membrane (Fransen et al. 2005). Furthermore, because 

Pex19 has a known function in targeting Type I PMPs to the peroxisomal membrane, any 

defect in Pex19-Pex3 interaction will also affect the membrane insertion of PMPs (Jones 

et al., 2004; Agrawal and Subramani, 2013). In mammalian cells, it was shown that 

mutations in the PEX19-binding site of PEX3 greatly reduces PEX19-binding, causing a 

delay in the peroxisome biogenesis process and the creation of an unstable PEX3 protein 

(Schmidt et al. 2012).  

We performed a co-immunoprecipitation assay (discussed in Section 2.3) to 

examine whether the pex3 mutants analyzed in our study had an effect on binding Pex19. 

Interestingly, the pex3(F220S/L221N) and pex3(L165P) mutants showed a severe defect 

in Pex19-binding, while the pex3(L72K) mutant retained its Pex19 interaction (Fig. 14). 

As noted above, the pex3(F220S/L221N) and pex3(L165P) mutants were unable to utilize 

methanol for sustaining growth. Due to the disruption in Pex19-binding, this could be the 

primary reason for the lack of peroxisome biogenesis in these mutants. While these 

results provided us with a likely mechanism for the peroxisome deficiency observed in 

these strains, we were interested in identifying the precise step at which the biogenesis 

pathway was inhibited. To analyze if this weak interaction had an effect on the intra-ER 

sorting of PMPs, we performed fluorescence microscopy of Pex2-GFP and Pex12-GFP in 

pex3(F220S/L221N) and pex3(L165P) mutant strains.  
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Figure 14. Interactions between mutant Pex3 proteins and Pex19. Cells were grown 
in YPD medium, followed by methanol induction for 6 h. 250 ODs were harvested from 
each sample to equalize contents. After glass bead lysis and a 1000 x g spin, Pex3 was 
immunoprecipitated and tested with anti-Flag antibody. Various Pex3 mutants containing 
Pex19-Flag were observed for their stability and Pex19-binding capability. Two of the 
mutants, pex3(F220S/L221N) and pex3(L165P) displayed lower levels of Pex3 in the 
input, with no Pex19 present in the Co-IP. Pex3(L72K), Pex3(E129V), and Pex3(S139G) 
all retained their ability to interact with Pex19-Flag, similar to the WT + Pex19-Flag. 
 

 

pex3(F220S/L221N) and pex3(L165P) mutants were unable to form peroxisomes 

In the absence of Pex3 or Pex19, Pex2 (Fig. 4-1) and Pex12 (Fig.10) fail to traffic 

to the pER. To provide further support for the idea that a stable Pex3-Pex19 interaction 

facilitates the intra-ER sorting of specific PMPs, we performed fluorescence microscopy 

in mutant strains that had a partial or complete defect in Pex3-Pex19 binding. In the 

pex3(F220S/L221N) and pex3(L165P) mutants, Pex2-GFP was disseminated around the 

ER, showing co-localization with Sec61-mCherry at 6 h post-methanol induction (Fig. 

15-1). Since Pex12 packages with the docking subcomplex in a Pex3- and Pex19-

dependent manner (Fig. 8), we were also interested in its localization when the Pex3-

Pex19 interaction was disrupted. Similar to Pex2-GFP, Pex12-GFP was also dispersed 
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around the ER in the pex3(F220S/L221N) and pex3(L165P) mutant strains (Fig. 15-2). 

These findings reconfirm the necessity for a stable Pex3-Pex19 interaction for the intra-

ER sorting of RING subcomplex PMPs. 

 

 
Figure 15-1. Pex2-GFP does not properly sort in pex3(F220S/L221N) and 
pex3(L165P) mutation strains. Pex2-GFP remains dispersed throughout the ER and 
perinuclear ER in pex3(F220S/L221N) and pex3(L165P) mutant strains, similar to Sec61-
mCherry. 
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Figure 15-2. Pex12-GFP does not properly sort in pex3(F220S/L221N) and 
pex3(L165P) mutation strains. Pex12-GFP remains dispersed throughout the ER and 
perinuclear ER in pex3(F220S/L221N) and pex3(L165P) mutant strains, similar to Sec61-
mCherry. 
 
 
 
 
 
Pex3 may exhibit a role in peroxisomal division 

Enlarged peroxisomes are formed in the pex3(L72K) mutant 

 Of the three mutants that failed to grow in methanol medium (Fig. 13), 

Pex3(L72K) was the only protein to still have an intact Pex19-binding site (Fig. 14). To 

analyze whether normal peroxisomal structures were still able to form in the pex3(L72K) 

mutant strain, we investigated PAOX-Pex2-GFP trafficking using fluorescence microscopy. 

Following methanol induction, PAOX-Pex2-GFP formed a small peroxisomal-like structure 

around the 6 h time point, which drastically increased in size over time (Fig.16A). This 

was a very surprising observation, primarily since most of the peroxin mutants that fail to 

grow on methanol medium invariably lack any detectable peroxisomal structures. 

Speculating that peroxisomal division or inheritance may be affected (discussed in 
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Section 3.3), we carefully analyzed the dividing cells for a transfer of peroxisomal 

material between mother and daughter cell. At 24h, we observed multiple budding cells 

with peroxisome-like structures in both the daughter and mother cell (Fig.16B). While 

this observation could certainly suggest that inheritance is not blocked, with the mother 

cell passing peroxisomes to the daughter, it also could be a result of the de novo 

biogenesis of peroxisomes in the daughter cell, due to a block in division and inheritance. 

Additionally, if budding was inhibited in this pex3 mutant, Pex2-GFP may be 

accumulating at an enlarged RING subcomplex, rather than a peroxisome. 

 To investigate the pex3(L72K) mutant further, we also performed fluorescence 

microscopy with Pex12-GFP and Pex17-GFP expressed from the PAOX and PPEX17 

promoters, respectively. Following methanol induction, Pex17-GFP displayed a 

localization similar to that of Pex2-GFP, with peroxisome-like structures being formed at 

6 and 24 h (Fig. 17-1). Because Pex12 is co-packaged with Pex17 in the ppV-D, we 

expected Pex12-GFP to also localize at a large peroxisome-like structure. Surprisingly, 

Pex12-GFP was observed to localize at a punctate dot at the cell periphery by 24h post-

methanol induction, presumably the pER, and did not localize to an enlarged peroxisome-

like structure (Fig. 17-2). Furthermore, Pex12 did not disseminate around the ER as it did 

in the pex3∆ background (Fig. 10). This finding could suggest that the Pex3(L72K) 

mutant protein causes a defect in the de novo pathway after intra-ER sorting has 

occurred. Additionally, if Pex12 is indeed absent from peroxisomes, this will affect the 

formation of a functional translocon complex, leading to a defect in matrix protein import 

as well. 
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Figure 16. Pex2-GFP expressed from the PAOX promoter localizes to a large 
peroxisome-like structure following methanol induction of the pex3(L72K) mutant 
strain. A) Fluorescence microscopy analysis of pex3(L72K) mutant strain expressing 
Pex2-GFP. Cells were grown in methanol medium with microscopy being performed at 
the indicated time points. At 24 h, enlarged peroxisome-like structures were formed. B) A 
close-up view of a budding cell demonstrates the presence of the same enlarged structure 
in the mother and daughter cells. 
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Figure 17-1. Pex17-GFP expressed from the PPex17 promoter localizes to an enlarged 
peroxisome-like structure following methanol induction of the pex3(L72K) mutant 
strain. Fluorescence microscopy analysis of pex3(L72K) mutant strain expressing Pex2-
GFP. Cells were grown in methanol medium with microscopy being performed at the 
indicated time points. Slightly enlarged peroxisome-like structures were formed by 24 h. 
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Figure 17-2. Pex12-GFP expressed from the PAOX promoter localizes to a punctate 
dot following methanol induction of the pex3(L72K) mutant strain. Fluorescence 
microscopy analysis of pex3(L72K) mutant strain expressing PAOX-Pex12-GFP. Cells 
were grown in methanol medium with microscopy being performed at the indicated time 
points. PAOX-Pex12-GFP is not observed to traffic to the peroxisome in the pex3(L72K) 
mutant strain, remaining localized at the pER. 
 
 
 
Peroxisome formation in oleate is independent of the pex3(L72K) mutation 

 Peroxisomes are dynamic, altering their expression to meet the metabolic needs of 

the cell (discussed in Section 1.1). In addition to methanol medium, peroxisomes have the 

ability to proliferate in other conditions, such as oleate induction. To metabolize 

methanol or fatty acids, peroxisomes can differentially regulate their gene expression, 

producing specific enzymes for separate metabolic processes (Gurvitz and Rottensteiner, 

2006). For example, the Pex11-Fis1 interaction in P. pastoris is necessary for 
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peroxisomal division in oleate medium, but not in methanol (Joshi et al., 2012). 

Unpublished results from our laboratory have indicated that mutants of certain division-

related proteins formed enlarged peroxisomes and displayed normal growth in oleate 

medium, however did not grow or form peroxisomes in methanol medium (unpublished 

findings). The key difference between these mutants and Pex3(L72K) however, is that the 

Pex3(L72K) mutant forms peroxisomal structures in methanol medium, even when 

growth is disrupted. 

To examine peroxisome expression with fatty acids as the sole energy source, we 

induced the pex3(L72K) mutant strain in oleate medium, and compared it to the growth of 

the pex3(L72K) mutant strain in methanol medium. While, the pex3(L72K) strain in 

methanol medium once again exhibited no growth, growth in oleate medium was 

comparable to the WT (Fig. 18). Furthermore, upon examination of PAOX-Pex2-GFP, 

PAOX-Pex12-GFP, and PPEX17-Pex17-GFP localization in oleate medium, all three proteins 

were properly trafficked to the peroxisome by 24 h (Fig. 19). These findings indicate the 

variation in biogenesis requirements between methanol and oleate, and may even suggest 

a differing role of Pex3 in division during these two processes. 
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Figure 18. Pex3(L72K) mutant displays normal growth in oleate medium. Cells were 
grown in YPD overnight, washed twice with water, and induced in either methanol or 
oleate medium at 0.1OD600/mL. The pex3(L72K) mutant strain expressing Pex2-GFP 
from the PAOX promoter displayed normal growth in oleate medium (48 h), while failing 
to grow in methanol medium. The WT strain grew in both mediums, while pex3∆ did not. 
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Figure 19-1. Pex2-GFP expressed from the PAOX promoter localizes to the 
peroxisome following oleate induction of the pex3(L72K) mutant strain. Fluorescence 
microscopy analysis of pex3(L72K) mutant strain expressing PAOX-Pex2-GFP. Cells were 
grown in oleate medium with microscopy being performed at 24 h. pex3(L72K) and WT 
both displayed small peroxisomes located around the cell periphery. In pex3∆ cells, PAOX-
Pex2-GFP was not sorted to the pER. 
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Figure 19-2. Pex12-GFP expressed from the PAOX promoter localizes to the 
peroxisome following oleate induction of the pex3(L72K) mutant strain. Fluorescence 
microscopy analysis of pex3(L72K) mutant strain expressing PAOX-Pex12-GFP. Cells 
were grown in oleate medium with microscopy being performed at 24 h. pex3(L72K) and 
WT both displayed small peroxisomes located around the cell periphery. In pex3∆ cells, 
Pex12-GFP was not sorted to the pER. 
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Figure 19-3. Pex17-GFP expressed from the PPex17 promoter localizes to the 
peroxisome following oleate induction of the pex3(L72K) mutant strain. Fluorescence 
microscopy analysis of pex3(L72K) mutant strain expressing PPex17-Pex17-GFP. Cells 
were grown in oleate medium with microscopy being performed at 24 h. pex3(L72K) and 
WT both displayed small peroxisomes located around the cell periphery. In pex3∆ cells, 
Pex17-GFP expressed from the PPex17  promoter localized at the pER. 
 
 
Dual localization of Pex2-GFP during peroxisome formation in pex3(N430P) 

 While targeting of Pex3 to the pER is dependent on its transmembrane segment 

(discussed in Section 1.4), it is unknown whether other PMPs rely on similar 

transmembrane regions for their intra-ER sorting. Since we have demonstrated that Pex3 

is necessary for sorting of RING PMPs, a less stable interaction between Pex3 and the 

PMPs could result in a prolonged sorting process. 

Of the four interesting mutations that we discovered (Table 1), Pex3(N430P) was 

the only mutant to display normal growth (Fig. 13). Upon further analysis of 

Pex3(N430P) during fluorescence microscopy studies however, we observed a distinct 
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peroxisome morphology. In the pex3(N430P) mutant, there was a unique dual 

localization of Pex2-GFP. A significant portion of Pex2-GFP was observed at the 

enlarged peroxisome, while some remained localized at the perinuclear ER (Fig. 20). 

This sort of dual localization was not previously observed in any other Pex3 mutants, 

leading us to believe the Pex3(N430P) region of Pex3 impacts efficient sorting of PMPs 

from the ER.  

Due to the slow trafficking of Pex2-GFP to the peroxisome, as well as its enlarged 

size, we were surprised that Pex3(N430P) did not display a growth defect. As discussed 

in Chapter 1, Pex3 and Pex19 work together during the intra-ER sorting of PMPs, as well 

as throughout multiple other steps of peroxisome biogenesis. Since, Pex3(N430P) is very 

close to the Pex19-binding region of mammalian PEX3, and because Pex19 was 

overexpressed in all of the pex3 strains tested in the initial growth curve (PAOX-Pex19-

Flag), we questioned whether this overexpression was rescuing growth and counteracting 

the effect of this pex3 mutant. To test this, we performed a growth analysis, comparing 

the pex3(N430P) mutant strain with and without overexpression of Pex19. Interestingly, 

the Pex3(N430P) mutant without an overexpressed Pex19 demonstrated a significant 

growth defect 24h post-methanol induction (Fig. 21). By 48h however, the growth of this 

Pex3(N430P) mutant was restored to that of the WT and pex3(N430P) mutant strain with 

Pex19 overexpressed.  

Secondly, to determine if oleate induction rescued cell growth as observed with 

the pex3(L72K) mutant (Fig. 18), we induced pex3(N430P) (without overexpression of 

Pex19) in both methanol and oleate mediums simultaneously. Similar to pex3(L72K), 

when grown in oleate medium, the pex3(N430P) mutant grew similar to the WT (Fig. 
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22). These findings indicate that overexpression of Pex19 may be able to compensate for 

a disruption in Pex3-PMP binding during intra-ER sorting in methanol medium. In 

addition, the function of Pex3 was not affected by the Pex3(N430P) mutation in oleate 

medium, as observed in methanol. 
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Figure 20. Pex3(N430P) mutant displays abnormal peroxisome size and dual 
localization of Pex2-GFP. A) Pex2-GFP and Sec61-mCherry were co-localized in the 
pex3(N430P) mutant strain over a course of 24 h. B) Pex2-GFP displays a co-localization 
at the perinuclear ER, as well as on enlarged peroxisomes. 
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Figure 21. The growth delay observed with Pex3(N430P) is rescued by 
overexpression of Pex19 in methanol medium. Cells were grown in YPD overnight, 
washed twice with water, and induced in methanol medium at 0.1 OD600/mL. The 
pex3(N430P) mutant strain with Pex2-GFP expressed from the PAOX promoter 
demonstrates a delayed growth compared to the WT strain. By 48 h however, growth was 
restored. The pex3(N430P) mutant background with PAOX-Pex19-Flag displayed a normal 
logarithmic growth throughout, similar to the WT. 
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Figure 22. The Pex3(N430P) mutant displays normal growth in oleate medium. Cells 
were grown in YPD overnight, washed twice with water, and induced in either methanol 
or oleate medium at 0.1OD600/mL. The Pex3(N430P) mutant strain expressing Pex2-GFP 
from the PAOX promoter displayed normal growth in oleate medium at 24 h, but not in 
methanol medium. The WT strain grew in both mediums, while pex3∆ did not. 
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Discussion and implications 

The emerging role of the ER in peroxisome formation is an upcoming avenue in 

peroxisome research. By reintroduction of a missing PEX19 or PEX3 gene into a 

peroxisome-depleted cell, peroxisome biogenesis can be rescued (Hoepfner et al. 2005). 

These observations led to an alternative model of biogenesis, the de novo model. Unlike 

the growth and division model, in which peroxisomal matrix and membrane proteins are 

imported post-translationally from the cytosol (Lazarow and Fujiki, 1985), the de novo 

model proposes a unique process by which PMPs traffic through separate 

subcompartments of the ER, eventually generating new peroxisomes. While the budding 

requirements of these distinct peroxisomal subcomplexes are becoming more clearly 

defined, the requirements for intra-ER sorting and packaging of PMPs at the pER has 

been less clear. The work discussed in this thesis describes the mechanism behind the 

sorting and packaging of ER-derived PMPs, while highlighting some of the key factors 

involved in this intricate process. Our findings provide new insight into the compositional 

characterization of these vesicles, the requirements for their formation, and a multifaceted 

role of Pex3 in this pathway. 

 

ER-association of PMPs 

 Early electron microscopy imaging demonstrated an interesting relationship 

between peroxisomes and the ER (Novikoff and Novikoff, 1972). Unfortunately, the lack 

of supporting evidence prevented this unique association from gathering wide interest. 

Later studies refocused the field towards an involvement of the ER in peroxisome 
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biogenesis (Hoepfner et al., 2005; Tam et al., 2005; Kim et al., 2006). Our study provides 

multiple lines of evidence to further support this idea, by demonstrating an ER-routed 

trafficking of PMPs. Because our initial microscopy imaging of ER-associated PMPs was 

gathered using overexpressed proteins (Fig. 4), it could be argued that the ER-association 

was really just an artifact of overexpression. Additionally, cytosolic staining caused by 

GFP cleavage from the PMP-GFP fusions did not provide conclusive data as to an ER 

origin. To remedy these concerns, we performed subcellular fractionation to clearly 

demonstrate that Pex17-GFP is membrane bound, and only the free GFP proteolytically 

cleaved from Pex17-GFP is cytosolic (Fig. 6). In WT, pex3∆ and pex19∆ backgrounds, 

Pex17-GFP exclusively associates with the membrane fractions. Providing further 

support for this membrane-association, we used fluorescence microscopy to observe 

endogenously expressed Pex17-GFP as it trafficked through the ER, en route to 

peroxisome formation (Fig. 7). Since the Pex17-GFP was not overexpressed, the ER 

association cannot be an artifact of overexpression. Furthermore, the weak cytosolic 

staining observed in these images can be rationalized by the presence of free GFP 

observed in the subcellular fractionation. 

 

Essential function of Pex3 in intra-ER sorting of PMPs 

 Some of the first evidence suggesting a role of Pex3 and Pex19 in the intra-ER 

sorting of PMPs was obtained using fluorescence microscopy. When following PMP 

trafficking in various backgrounds, we noticed that in pex3∆ or pex19∆ strains, Pex2 

remained spread around the ER (Fig. 4-1), whereas in pex1∆ or pex6∆ strains, it was 

localized at a punctate structure, presumably the pER (Agrawal et al. 2016). In 
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comparison, Pex17 remained localized at a punctate structure in pex3∆ or pex19∆ 

backgrounds (Fig. 4-2), as well as in pex1∆ or pex6∆ strains (Agrawal et al. 2016). In all 

of these backgrounds however, peroxisomes were not observed. These results verified 

findings made by Hazra and colleagues in which Pex3 only affected formation of the 

RING, but not the docking, subcomplex (Hazra et al. 2002). Surprisingly, our findings 

that Pex3 and Pex19 are also responsible for Pex12 sorting with the docking subcomplex 

demonstrate that Pex3 and Pex19 may play a role in the sorting of some ppV-D 

constituents as well.  

Through analysis of various pex3 mutants, we provide further support for a role of 

Pex3 in intra-ER sorting, through a stable Pex3-Pex19 interaction. During our 

mutagenesis studies, we identified two mutants that showed a nearly complete abolition 

of Pex19-binding to Pex3 (Fig. 14). These mutants demonstrated a block in Pex2-GFP 

and Pex12-GFP trafficking to the pER, presenting a similar phenotype to that of a pex3∆ 

or pex19∆ mutant strain. These results confirm that the reason Pex19 is required for the 

intra-ER sorting is because the Pex3-Pex19 interaction is necessary. 

 

Unique packaging of RING subcomplex PMPs 

In the de novo model of biogenesis, fusion of two distinct vesicle subpopulations 

can lead to the creation of import competent peroxisomes. While our findings indicate a 

strong inclination towards this two vesicle model, the composition of these vesicles differ 

from that previously described in S. cerevisiae (van der Zand et al. 2012). Through 

immunoisolation analysis of ppVs, we discovered a unique association of Pex12 and 

Pex10 with Pex17-3HA, a docking subcomplex protein (Fig. 8). Remarkably, Pex12 
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showed weak to no association with vesicles isolated by immunoprecipitating Pex2, as 

had been previously demonstrated in S. cerevisiae. When tested if Pex12 was critical for 

sorting of other ppV-D proteins in pex12∆ cells, we discovered normal sorting of Pex17-

mCherry, similar to the WT conditions. Interestingly, in this mutant strain, Pex12 is 

required for formation of import-competent peroxisomes, since Pex2-GFP and Pex17-

mCherry did not display the classical features of a peroxisomal cluster (Fig. 9). 

 Although Pex12 was co-packaged with the docking subcomplex, our findings 

indicate sorting requirements that mimic those of Pex2. During our vesicle purification 

experiments, Pex3 was required for the sorting, packaging, and budding of Pex12 with 

Pex17-3HA (Fig. 8). Upon further investigation with fluorescence microscopy, we 

observed a distribution of Pex12-GFP around the ER in pex3∆ and pex19∆ backgrounds 

(Fig. 10). These results indicate a necessary participation of both of these proteins in the 

intra-ER sorting of Pex12, and further reinforce their importance during the de novo 

biogenesis of peroxisomes. 

 

Distinct processes regulate peroxisome biogenesis in methanol and oleate medium 

 Glucose and other related sugars provide an ideal environment for yeast to thrive. 

In the presence of simple sugars, genes encoding enzymes for the metabolism of 

alternative energy sources are often repressed. This is true with the expression of 

peroxisomal proteins (Gancedo, 2008). When simple sugars are not widely accessible for 

consumption however, the cell needs to utilize other sources of energy. In methylotrophic 

yeast, peroxisomes are known to metabolize methanol and fatty acids. 



 

 

63 

 During analysis of our site-directed pex3 mutants, we observed two mutants that 

showed atypical growth in methanol medium, while demonstrating normal growth in 

oleate medium. In methanol medium, Pex3(L72K) exhibited no growth (Fig. 18), while 

Pex3(N430P) showed a delay in growth (Fig.22). Upon fluorescence microscopy imaging 

of Pex2-GFP expressed from the PAOX promoter, we found that both mutant strains 

displayed enlarged peroxisomes (Fig. 16, Fig. 20) in methanol medium, but normal 

peroxisomes in oleate medium (Fig.19-1, Fig. 23). These findings suggest that Pex3 not 

only plays a significant role in intra-ER sorting of PMPs, but also has a unique function 

in peroxisome division. Furthermore, due to the different requirements and protein 

interactions involved in methanol medium as opposed to oleate medium, the impact was 

more pronounced in methanol medium. 

Recently, it has been shown that after switching from a glucose-rich to fatty-acid 

rich environment, the fluctuation in abundance of peroxisomes is greatly reduced if 

peroxisome fission factors are absent from the cell (Mukherji and O'Shea, 2014). Thus, 

growth and division may be the predominant mechanism of peroxisome proliferation in 

the presence of fatty acids, while de novo biogenesis is a more utilized pathway during 

other growth conditions. In the Pex3(L72K) mutant, the majority of Pex12-GFP 

accumulates at a distinct location during de novo biogenesis in methanol medium, 

presumably the pER. If peroxisome formation in oleate is not as reliant on de novo 

formation however, it is plausible that the upregulation of division machinery in fatty 

acid conditions will allow biogenesis to continue as normal. This could explain why 

Pex3(L72K) does not present with a growth defect. Meanwhile, in the pex3(N430P) 

mutant strain, the partition of Pex2-GFP between the perinuclear ER and the enlarged 
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peroxisome (Fig. 20) may demonstrate a slow trafficking of PMPs to the peroxisome, 

which again would not be as affected in a fatty-acid rich environment. Additionally, due 

to the differential expression of peroxisomal proteins between oleate and methanol 

medium (Gurvitz and Rottensteiner, 2006), it is a distinct possibility that one of the 

proteins unique to oleate medium is rescuing the effect of pex3 mutants. Nevertheless, 

these findings demonstrate the importance of Pex3 in multiple steps of biogenesis, and an 

interesting direction for further characterization of this protein. 

. 
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Materials and Methods 

Strain Construction 

P. pastoris strains were constructed by transforming linearized plasmids into Pex3 mutant 

cells. The transformants were selected using PCR identification, fluorescence 

microscopy, or western blotting with the respective antibodies. 

 

Pex3 Site-Directed Mutagenesis 

The New England BioLabs Q5® Site-Directed Mutagenesis Kit (E0554) and 

corresponding protocol was followed to produce point mutations in various Pex3 

domains. 

 

Competent Cell Preparation and Plasmid Transformation 

Mutant strains were cultured in YPD media and harvested during mid log-phase between 

1.2-2 OD600/mL.  Approximately 150 OD600 of cells were then resusupended in 20mL 

mixture containing YPD, 20mM HEPES pH 8.0, and 25mM DTT, followed by 15-min 

incubation in 30°C with continual rotation at 80rpm.  Cells were then pelleted at 5000rpm 

in 4°C, and resuspended in 50mL cold sterile water.  After repeating two more times for 

thorough washing, cells were washed one final time in 10mL cold 1M sorbitol. The pellet 

was then resuspended in 0.2mL cold 1M sorbitol, with incubation for 1 h on ice.  Fresh 

competent cells were then transformed by mixing 50µl of cells with 4µl of linearized 

plasmid in pre-chilled cuvettes. Electroporation of cells was performed after 10 min 

incubation on ice, followed by resuspension in 1mL 1M ice cold sorbitol. Transformed P. 
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pastoris were then incubated between 1-24 h and plated on selection plates based upon 

the acquired selection marker. 

 

Growth Media 

Cell growth occurred at 30°C with continual rotation at 250rpm for all experimental 

procedures.  Strains were cultured initially in YPD (1% yeast extract, 2% glucose, 2% 

peptone), with subsequent induction in methanol media. Different methanol media used: 

YYHR + methanol (1.78g/L YNB, 1g/L yeast extract, 5g/L ammonium sulfate, 0.02g/L 

L-His, 0.02g/L L-Arg, 0.5% methanol) and YMA (1.7g/L yeast nitrogen base, 5g/L 

ammonium sulfate, 50mg/L L-His, 50mg/L L-Arg, 0.5% methanol). 

 

Cell Viability Assay 

Mutant strains were grown in YPD media and harvested at 0.1 OD600 /mL during mid 

log-phase. Cells were washed twice with water to remove residual YPD, and then 

transferred to YMA media. Upon methanol induction, cell growth was recorded every 12 

h at OD600, for a total of 72 h. 

 

Co-Immunoprecipitation Assay 

Cells were grown in 100mL YPD to 1.5-2 OD/mL. Cells were then pelleted and washed 

twice with water, followed by a 6 h induction in YYHR + methanol medium. Cell ODs 

were equalized to approximately 250 ODs. Cells were resuspended in 1.5mL lysis buffer 

(50 mM Tris-Cl pH 7.4, 500 mM NaCl, 5mM EDTA, 0.5% CHAPS, 1 mM PMSF, 5mM 

NaF, 5 ng/ml aprotinin, 5ng/ml leupeptin, yeast protease inhibitor cocktail). The cell 
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suspension and glass beads were added to 2 mL tubes with 5-min shaking in 4 °C room, 

followed by a minute off, and repeated once more. After lysing, the lysate was spun at 

1000 x g for 8 min at 4 °C to pellet beads and cellular debris. The supernatant was 

extracted with a syringe and spun at 20,000 x g for 25 min at 4 °C. 1 mL of supernatant 

was extracted, collecting 80 µL for the input. The input was mixed with 40 µL 2x SDS, 

boiled 10 min, and then frozen at 80°C. The rest of the solution was incubated on mutator 

with 10 µL each of Pex3 antibody, at 4 °C for 2 h. Gamma bind beads (pre-washed in 

lysis buffer three times) were then added at 100 µL to mixture and left to incubate 

overnight. In the morning the mixture was spun at 1000 x g for 8 min at 4 °C and then 

washed with 1mL lysis buffer. This step was repeated twice to remove all non-specific 

material. Beads were then mixed with 100 µL 2x SDS and boiled for 10 min. Before 

loading on gel the samples were spun at 20,000 x g for 5 min, with subsequent Western 

blot analysis and SDS-PAGE gel electrophoresis being performed. 

 

TCA precipitation and subcellular fractionation 

Cells were grown in YPD and switched to methanol medium (8 h) before the procedure. 

For TCA precipitation, 2 OD600 cells were harvested, and 145 µl of 100% TCA was 

added and the samples were stored overnight at −80°C. The next day, the cells were 

pelleted and washed twice with 80% acetone. The pellets were air-dried and resuspended 

in 2× SDS sample buffer and analyzed by SDS-PAGE followed by Western blotting with 

anti-GFP antibody (Roche; Fig. 4 A). For subcellular fractionations, methanol-induced 

cells (350 OD600 units) were pelleted and spheroplasted in Zymolase buffer (0.5 M KCl, 5 

mM MOPS/KOH buffer, pH 7.2, and 10 mM Na2SO3) with Zymolase-100T (0.5 mg 
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Zymolase per g of cells, 4 ml Zymolase buffer). Cells were then pelleted at 2200 g, 4°C, 

and resuspended in homogenization buffer (5 mM MES/KOH, pH 5.5, with 1 M sorbitol 

and 20 mM EDTA, pH 8.0) and gently lysed with a Dounce homogenizer (20 strokes). 

Unbroken cells and nuclear material were removed by spinning the lysate at 1000 g for 

10 min (repeated three times) to form the PNS, which was spun again at 20,000 g for 0.5 

h to form 20kgP and 20kgS. The pellet was resuspended in equal volume as the 20kgS. 

Similarly, 20kgS was further spun in an ultracentrifuge (Optima MAX-E, MLA 130 

rotor; Beckman Coulter) at 200,000 g for 0.5 h to obtain 200kgP and 200kgS. All the 

spins were performed at 4°C. TCA precipitates were prepared from all fractions, and 

equivalent volumes of each fraction were analyzed by SDS-PAGE and Western blotting 

with anti-GFP antibody (Roche). Because the expression of pex3Δ and pex19Δ was lower 

compared with WT cells for Pex17-GFP, twice the amount of each fraction was analyzed 

for the mutant strains, and the blots were developed with femto-sensitivity ECL; the WT 

blots were developed with regular (nano-sensitivity) ECL. 
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