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Abstract

Peroxisomal membrane proteins (PMPs) traffic to peroxisomes by two mechanisms: direct 

insertion from the cytosol into the peroxisomal membrane and indirect trafficking to peroxisomes 

via the endoplasmic reticulum (ER). In mammals and yeast, several PMPs traffic via the ER in a 

Pex3- and Pex19-dependent manner. In Komagataella phaffii (formerly called Pichia pastoris) 

specifically, the indirect traffic of Pex2, but not of Pex11 or Pex17, depends on Pex3, but all PMPs 

tested for indirect trafficking require Pex19. In mammals, the indirect traffic of PMPs also requires 

PEX16, a protein that is absent in most yeast species. In this study, we isolated PEX36, a new gene 

in K. phaffii, which encodes a PMP. Pex36 is required for cell growth in conditions that require 

peroxisomes for the metabolism of certain carbon sources. This growth defect in cells lacking 

Pex36 can be rescued by the expression of human PEX16, Saccharomyces cerevisiae Pex34, or by 

overexpression of the endogenous K. phaffii Pex25. Pex36 is not an essential protein for 
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peroxisome proliferation, but in the absence of the functionally redundant protein, Pex25, it 

becomes essential and less than 20% of these cells show import-incompetent, peroxisome-like 

structures (peroxisome remnants). In the absence of both proteins, peroxisome biogenesis and the 

intra-ER sorting of Pex2 and Pex11C are seriously impaired, likely by affecting Pex3 and Pex19 

function.
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Introduction

Peroxisomes are ubiquitous, single membrane-bound organelles present in almost all 

eukaryotic cells. They participate in a wide variety of metabolic processes, many of which 

are related to the metabolism of lipids and reactive oxygen species. Although great advances 

have been made in elucidating the mechanisms and players involved in the import of 

peroxisomal matrix proteins, the traffic of peroxisomal membrane proteins (PMPs) to 

peroxisomes has been the subject of much debate because evidence points to the direct, post-

translational import of PMPs to the membrane of pre-existing peroxisomes, as well as to the 

trafficking of many PMPs to peroxisomes via the endoplasmic reticulum (ER) during de 
novo peroxisome biogenesis, especially when pre-existing peroxisomes are absent [1].

About 35 PEROXIN mutants are currently known across various species, and almost all of 

them contain peroxisome remnants, consisting of peroxisomal membranes (containing 

PMPs) but defective in the import of some or most matrix constituents. However, only 

mutations in genes encoding two peroxins in yeast (Pex3 and Pex19) and three in mammals 

(PEX3, PEX16, and PEX19) lack such peroxisomal membrane remnants [1, 2].

Strikingly, the re-expression of these missing peroxins in the appropriate mutant cells causes 

the reappearance of functional peroxisomes. These observations suggest that the cells can 

replenish pre-existing peroxisomes not only by growth and division but also via an 

alternative de novo peroxisome biogenesis pathway that does not require morphologically 

recognizable, pre-existing peroxisomal membranes. These findings establish PEX3, PEX16, 

and PEX19 as key factors in early peroxisome membrane synthesis.

In Saccharomyces cerevisiae, the size and number of peroxisomes depend on the Pex11 

family proteins, which include Pex11, Pex25, Pex27, and Pex34 [3–5]. Several studies in 

yeast and mammals have clearly demonstrated the role of Pex11 in peroxisomal division, but 

the functions of Pex25, Pex27, and Pex34 remain more elusive.

Pex3 and Pex19, along with PEX16 in mammals, are key factors in peroxisome biogenesis 

and are implicated in both the growth and division and the de novo pathways of peroxisome 

biogenesis [6–8]. In the growth and division pathway, these proteins function in the direct 

peroxisomal traffic of PMPs from the cytosol. Pex19 is a cytosolic chaperone and an import 

receptor for PMPs, Pex3 is the peroxisome docking proteins for Pex19, and PEX16 is an 

integral membrane-bound receptor for PEX3. PEX16 is mostly present in higher eukaryotes, 
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with the exception among yeasts being Yarrowia lipolytica. However, surprisingly, Y/Pex16 

is not essential for peroxisome biogenesis; it functions in peroxisome division and not in 

PMP import [9]. During de novo peroxisome biogenesis, Pex3 and Pex19, plus PEX16 from 

mammals, function in the indirect traffic of PMPs to peroxisomes via the ER. Despite some 

controversy about the contribution of indirect PMP trafficking to the de novo peroxisome 

pathway (formation of new peroxisomes) or to the growth and division pathway 

(replenishing with PMPs and membrane for newly divided peroxisomes), convincing 

evidence exists that the ER contributes to the biogenesis of peroxisomes.

Recent findings suggest that at least a subpopulation of PMPs in yeast, plant, and vertebrate 

cells are targeted first to the ER, and sort from there to a punctate ER subdomain (pER), 

from which ppVs bud to form peroxisomes. In S. cerevisiae and humans, independent 

studies suggest that Pex3, and in yeast probably Pex13 and Pex14 as well, insert into the ER, 

post-translationally via the Sec61 translocon [10–12]. In the same yeast, two ER-resident 

peroxins, Pex30 and Pex31, contribute to the generation of the pER [13]. In Komagataella 
phaffii (formerly called Pichia pastoris), two intra-ER sorting routes to the pER are 

described [14]. In K. phaffii cells, the RING-domain proteins Pex2, Pex10, and Pex12 sort to 

the pER dependent on Pex3 and Pex19, although Pex2 is packaged in a different ppV than 

Pex10 and Pex12. The docking subcomplex protein, Pex17 (and probably its interacting 

partners, Pex13 and Pex14), sorts to the pER independent of Pex3 and Pex19, but it is co-

packaged together with Pex10 and Pex12. Finally, both ppVs contain Pex3. All tested PMPs 

require Pex19 to bud from the pER as shown in K. phaffii and S. cerevisiae cells [14–16]. 

However, in K. phaffii cells, Pex3 is required for budding of Pex2, but is dispensable for the 

budding of Pex17- and Pex11-containing ppVs.

Furthermore, the ER-to-peroxisome trafficking of PMPs in mammals appears to be 

dependent on PEX16, whereby PEX16 itself targets initially to the ER and does so in a co-

translational manner. Thereafter, at the ER, PEX16 appears to recruit other PMPs, and 

together, they traffic to peroxisomes in a yet-to-be identified manner.

However, the de novo model was challenged by a recent study that revealed the existence of 

pre-peroxisomal vesicles (ppVs) and reticular structures near the perinuclear ER (pn-ER) in 

Ogataea polymorpha (formerly called Hansenula polymorpha) cells lacking Pex3 or Pex19 

[17]. These ppVs had eluded detection because they were degraded by autophagy [18–20]. 

Cells that lack Pex3 and Atg1, which is required for autophagy, contain ppVs that can 

mature into functional peroxisomes when Pex3 is re-expressed [17, 20]. This study also 

showed the presence of ppVs in cells lacking Pex19 and Atg1, but it does not explain how 

cells devoid of ppVs can form new peroxisomes [17, 21], or how mother cells, devoid of 

peroxisomes due to forced asymmetrical peroxisome segregation into daughter cells, can 

also form new peroxisomes [22]. In addition, this study did not eliminate the possibility that 

Pex3 itself could be trafficked via ER-derived ppVs and delivered to these pre-peroxisomal 

structures. The authors also speculated that these pre-peroxisomal structures could be 

derived either from pre-existing peroxisomes or from the ER. If the latter is true, it would be 

in agreement with their previous study in O. polymorpha demonstrating the de novo 
formation of peroxisomes from the pn-ER compartment [23].
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One possible explanation for the disparate results seen with the PMP import to peroxisomes 

could be that an individual PMP may not be confined to a single pathway and might be 

sorted either directly to pre-existing peroxisomes or indirectly through the ER. However, the 

mechanism and factors that regulate and mediate when, where, and how a PMP will follow a 

particular route are unknown.

Our data describe a new PMP, Pex36, which shares some functional homology with PEX16 

family proteins and ScPex34. We found that the pex36 mutant cells have a serious growth 

defect in peroxisome proliferation media, and when combined with the pex25 mutation, the 

phenotype of the double mutant becomes synthetic lethal. Pex25 and Pex36 play redundant 

roles in bridging the interaction between Pex3 and Pex19, and their absence mimics most 

phenotypes observed in pex3 mutant cells, which display an intra-ER sorting defect for Pex2 

and Pex11C.

Results

Pex36 is a new PMP

An unknown ORF (PAS_chr1-1_0326, PEX36 hereafter) from K. phaffii was initially 

identified from a collection of peroxisome degradation-defective (pexophagy) mutants 

generated by UV mutagenesis [24]. The screened pexophagy phenotype of the UV-generated 

mutant PEX36 (pex36UV) was confirmed by the slow rate of alcohol oxidase 1 (AOX1) 

degradation in the mutant, in comparison to wild-type (WT) cells, after shifting cells from 

methanol to glucose medium without nitrogen (SD-N, pexophagy conditions) (Fig. S1 A). 

However, this defect in pex36UV cells was indirectly caused by a peroxisomal matrix 

protein import defect (described later) in which the AOX1 protein was mostly cytosolic and 

thereby escaped degradation by pexophagy. However, separate from AOX1, the peroxisome 

membrane protein Pex12 was normally degraded. Surprisingly, pex36Δ cells expressing 

Pex3 fused to the monomeric red fluorescent protein (Pex3–mRFP) were proficient for 

pexophagy, as judged by the red vacuolar staining (Fig. S1B) and by the appearance of free 

mRFP (Fig. S1C, due to vacuolar processing of Pex3-mRFP) during conditions suitable for 

peroxisome proliferation such as methanol medium (SM). In S. cerevisiae and mammals, 

such phenotypes have also been recently described in cells deleted for, or mutated in, the 

PEX1, PEX6, or PEX15/26 genes [25, 26]. Similarly, in K. phaffii, deletion of these genes 

also induced peroxisome degradation, and deleting the autophagy gene, ATG5, blocked 

peroxisome degradation caused by the deletion or mutation of the PEX1, PEX6, or PEX36 
genes, confirming that the phenotype of the single, autophagy-proficient PEROXIN mutants 

tested was due to induced pexophagy (Fig. S1B, C).

Homologs of Pex36 protein are restricted to members of Saccharomycetaceae, particularly 

to the genus Komagataella, Ogataea, and Candida, but are absent in Saccharomyces. A low 

sequence similarity with Pex11 and Pex25 from yeasts and PEX11γ from higher eukaryotes 

was found after a second iteration of PSI-Blast (Fig. S2A), suggesting that Pex36 might be a 

member of the Pex11 family of proteins, comprising S. cerevisiae Pex11, Pex25, Pex27, and 

Pex34. K. phaffii contains Pex11, Pex11C, and Pex25, but lacks the Pex27 and Pex34 

homologs.
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Pex36 tagged at its N-terminus with GFP (GFP-Pex36) was functional (see later), 

colocalizing with peroxisomes labeled with Pex3-mRFP and with the peroxisomal matrix 

protein marker, BFP tagged with a PTS1 peptide (BFP-SKL) (Fig. 1A, 16 h). However, 

unlike Pex3-mRFP, after 3 h in methanol medium, GFP-Pex36 was not evenly distributed 

around the peroxisome cluster; rather it accumulated where the peroxisomes face the cell 

periphery. In pex19Δ cells lacking peroxisomes, GFP-Pex36 localized mostly at the ER, as 

seen by the partial colocalization with the resident ER protein Sec61 (Sec61-mCherry) (Fig. 

1B). Most of the GFP-Pex36 localized at the pn-ER, but in some cells, a single-dot structure 

was often observed near the pn-ER, which did not colocalize with the transitional ER 

protein, Sec13 (Sec13-mCherry) (Fig. 1B). These results suggest that Pex36 is a bona fide 

PMP that traffics via the ER to peroxisomes. Like most PMPs, GFP-Pex36 trafficked 

normally to peroxisome remnants, known to be present in mutants lacking key peroxins 

implicated directly in the import of peroxisomal matrix proteins, such as Pex1–2, 4–6, 8, 10, 

12–14, 17, and 22 (Fig. 1C).

Organelle extraction after 6 h of peroxisome induction in oleate medium was used to 

determine the sub-organellar location of Pex36. Organelles in the P20 (20,000g pellet) 

fraction were subjected to hypotonic lysis in Tris buffer, followed by ultracentrifugation at 

200,000g to yield a supernatant (Tris-S200) fraction enriched for soluble proteins and a 

pellet (Tris-P200) fraction enriched for membrane proteins (Fig. 1D). GFP-Pex36 co-

fractionated with the PMP Pex12, and the peroxisomal peripheral membrane protein Pex14, 

to the Tris-P200 fraction, whereas a considerable fraction of the soluble peroxisomal matrix 

protein, Pex8, was in the Tris-S200 fraction.

The P20 fraction was also extracted with alkaline Na2CO3 and subjected to 

ultracentrifugation. This treatment releases proteins in the matrix and those associated with, 

but not integral to, membranes [27]. GFP-Pex36 was detected exclusively in the pellet 

(Carb-P200) fraction enriched for integral membrane proteins, like Pex12, and no GFP-

Pex36 was released into the supernatant (Carb-S200) fraction, like the peripheral membrane 

protein, Pex14. Finally, the integral membrane proteins, together with the rest of the 

peroxisomal proteins, were extracted from the P20 fraction with a detergent mix 

(TritonX-100/Chaps) and subjected to ultracentrifugation. As expected, GFP-Pex36 co-

fractionated to the supernatant (Deter-S200) fraction, with all peroxisomal proteins tested. 

These data suggest that Pex36 is an integral PMP, consistent with the predictions of two 

topology prediction programs HMMTOP† and TMpred‡ that predict two trans-membrane 

spanning regions in Pex36, whose membrane topology is described later.

Since the Pex36 protein sequence does not provide any functional information regarding its 

role in peroxisome biogenesis, a GAL4-based yeast two-hybrid screen was performed to 

discover any putative interacting partners. To test whether our laboratory's collection of 

yeast two-hybrid (Y2H) functional peroxins interacted with Pex36, plasmids containing a 

binding domain (BD)-PEX36 and activation domain (AD)-PEX36 were transformed into the 

reporter strain AH109, in combination with a range of BD-peroxin and AD-peroxin 

†http://www.enzim.hu/hmmtop/
‡http://www.ch.embnet.org/software/TMPRED_form.html
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constructs. Double transformants were analyzed for reporter gene expression by assaying the 

growth in -His + 3-amino-1,2,4-triazole (3-AT) plates (Figs. 1E and S3). Only a single 

double-transformant, BD-PEX36 and AD-PEX19, grew in the -His + 3-AT in considerable 

amounts. No obvious function could be elucidated from these data, as most of the PMPs 

interact with Pex19, a PMP receptor, as part of their own traffic to the peroxisomes. 

However, the interaction with Pex19 also confirmed Pex36 as a new K. phaffii PMP.

Phenotype of cells lacking the PEX36 gene

Peroxisome biogenesis was assessed by cell growth in media (methanol and oleate) 

requiring peroxisomal metabolic pathways in K. phaffii. Due to the induced pexophagy 

phenotype of K. phaffii pex36Δ cells (pex36Δ), we did a growth analysis in two different 

background strains, WT and atg30Δ (a specific pexophagy mutant). As expected, WT cells 

grew in both media and pex1Δ cells did not, and no difference was observed in both media 

when the ATG30 gene was deleted because this gene is not required for peroxisome 

biogenesis (Fig. 2A). Cells lacking PEX36 showed a serious growth defect in carbon sources 

requiring peroxisome biogenesis, with an extended lag phase and slow doubling time, at 

least in methanol medium. A slight growth improvement was observed for pex36Δ cells in 

methanol medium when pexophagy was blocked by ATG30 deletion. Nevertheless, the 

growth of the double mutant pex36Δ atg30Δ cells was still seriously compromised relative to 

that of WT cells, being delayed for more than 40 h, indicating that deficient peroxisome 

biogenesis, and not the slightly enhanced pexophagy, is the main cause of the growth defect.

Next, we used fluorescence microscopy of single focal planes to analyze protein import via 

the main peroxisomal targeting signal pathways, which are PTS1, PTS2, and mPTS-

containing proteins. K. phaffii WT cells (atg30Δ for this study) showed one small 

peroxisome per cell in glucose medium with the three different PTS-fusion proteins used—

the PTS1-tagged GFP (GFP-PTS1) and the PTS2-tagged GFP (PTS2-GFP) peroxisomal 

matrix proteins expressed from the strong, constitutive promoter of the glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene and the mPTS containing protein, Pex3-GFP, 

expressed from the PEX3 gene promoter (Fig. 2B, C). However, in the same conditions and 

with the same PTS-fusion reporters, no peroxisome-like structures were observed in pex36Δ 

cells (pex36Δ atg30Δ). Instead, the PTS1 and PTS2 reporters were mislocalized to the 

cytosol and Pex3-GFP was not detected. After a short incubation (6 h) in methanol or oleate 

to induce peroxisome proliferation, most WT cells showed many large import-competent 

peroxisomes. However, in some of the pex36Δ cells, Pex3-GFP was seen localizing in one 

small, bright, dot-like structure and less than 4% of the pex36Δ cells contained an import-

competent peroxisome when observed with PTS1 or PTS2 fusion proteins. After long 

periods of peroxisome induction in methanol or oleate media, most pex36Δ cells showed 

import-competent peroxisomes, although their morphology and numbers were compromised 

compared to WT cells (Fig. 2B, C). The morphology of peroxisomes in K. phaffii changes 

dramatically upon growth in different carbon sources. In oleate medium, peroxisomes are 

small and numerous and spread around the cell, whereas in methanol medium, peroxisomes 

are big, less numerous, and clustered. Interestingly, peroxisome morphology in pex36Δ cells 

was affected in opposite ways in both media, being less numerous, clustered, and bigger than 
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oleate-induced peroxisomes relative to WT cells, and more numerous, clustered, and smaller 

than methanol-induced peroxisomes, in comparison with WT cells.

Peroxisome formation in pex36Δ cells was seriously delayed and only prolonged induction 

under peroxisome proliferation conditions could rescue this defect (Fig. 2A). The 

mislocalization of PTS1- and PTS2-containing proteins in this mutant was often observed 

with the absence of peroxisomes (Fig. 2B), suggesting that the peroxisomal matrix protein 

import defect was likely a consequence of insufficient peroxisomes. The phenotypic absence 

of peroxisomes in pex36Δ cells in glucose medium, and even after short induction under 

peroxisome proliferation conditions, resembles the phenotypes seen in pex3Δ and pex19Δ 

mutants in yeast [28] and pex3, pex16, and pex19 mutants in mammals [29–31].

Pex36 is the functional homolog of ScPex34 and Pex16 proteins

In order to gain information about the functions of K. phaffii Pex36 (KpPex36), we set up 

several complementation assays using pex36Δ cells and putative KpPex36 homologs. To 

assess the complementation, we focused on the simple, and probably the more reliable, 

assay for peroxisome function, which is cell growth in media requiring peroxisomal 

metabolism. For these assays, we used a few PEX11 family proteins, because Pex11 and 

Pex25 from yeast and PEX11γ from birds share a slight homology with KpPex36 (Fig. 

S2A). In addition, K. phaffii has Pex11, Pex11C and Pex25, but lacks proteins such as S. 
cerevisiae Pex27 (ScPex27), ScPex34 and Y. lipolytica Pex11/25 (Y/Pex11/25) (Fig. 3A). 

We also included Pex16 proteins because they are the only PMPs absent in most yeast 

species, except Y. lipolytica and filamentous fungi (Fig. 3A). Moreover, although we did not 

find protein sequence homology with Pex16 proteins using PSI-Blast (several iterations), 

this family was of interest because the human PEX16 mutants also lack peroxisomes, like 

cells lacking Pex3 and Pex19. Consistent with this interest, when we aligned sequences 

using the multiple-sequence alignment prediction (Clustal Omega), although we found only 

weak protein sequence homology between KpPex36, ScPex34, and PEX16 proteins (Homo 
sapiens PEX16 [HsPEX16] and Y/Pex16) (Fig. S2B, C), a strong similarity between the 

predicted protein structures was detected (Fig. S2D).

All these putative orthologs were cloned in a K. phaffii integration vector, expressed from 

the KpPEX36 promoter, and transformed into pex36Δ cells. As expected, the expression of 

GFP-KpPex36 complemented the methanol growth defect of pex36Δ cells and the growth 

was comparable to that of WT cells (Fig. 3B). Among the putative orthologs tested, GFP-

ScPex34, Myc-Y/Pex16, and GFP-HsPEX16, but not GFP-ScPex27, GFP-Y/Pex11/25, and 

GFP-HsPEX11 proteins, clearly improved the growth of pex36Δ cells in methanol medium. 

We confirmed that all of the genes, encoding the GFP fusion proteins that did not 

complement pex36Δ cells (GFP-ScPex27, GFP-Y/Pex11/25, GFP-HsPEX11α, GFP-

HsPEX11β, and GFP-HsPEX11γ), were properly integrated in the genome and expressed 

(Fig. S4A, and B). At least one of them, GFP-HsPEX11γ, complemented the peroxisome 

morphology defect of Kppex11Δ cells (Fig. S4), while some others (GFP-HsPEX11α, GFP-

ScPex27, and GFP-Y/Pex11/25) showed some partial complementation.

The partial complementation of GFP-ScPex34, Myc-Y/Pex16, and GFP-HsPEX16 in 

pex36Δ cells might be due to the low expression of some of these heterologous genes. 
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Because the tRNA pools vary between different organisms, the rates of transcription and 

translation of a particular coding sequence can be less efficient in a non-native context. To 

rule out the possibility that lower protein levels caused the partial complementation, we 

expressed the putative ortho-logs from the strong, constitutive GAPDH promoter, and 

performed growth curves and PTS1 import assays (Fig. 3C). Cells overexpressing the fusion 

proteins, GFP-ScPex34, Myc-Y/Pex16, and GFP-HsPEX16, but not those transfected with 

the empty plasmid control, behaved similarly to the overexpressed endogenous GFP-

KpPex36 and fully complemented the growth defect of pex36Δ cells, as well as the PTS1 

import defect, as seen by the appearance of import-competent peroxisomes labeled with 

BFP-PTS1, which colocalized with the GFP-tagged proteins. These results suggest that 

KpPex36 is the functional homolog of ScPex34, and more significantly, that these two 

proteins, ScPex34 and KpPex36, might be the yeast homologs of mammalian PEX16.

To independently confirm this conclusion that KpPex36 is the functional homolog of human 

PEX16, we expressed GFP-KpPex36 in HeLa cells and found that like GFP-HsPEX16, it 

was properly targeted to peroxisomes, as seen by colocalization with PTS1-tagged mRFP 

(mRFP-SKL) (Fig. 3D). Moreover, in cells from the human fibroblast cell line GM06231, 

lacking peroxisomes because of a mutated PEX16 gene, introduction of KpPEX36, co-

expressing untagged KpPEX36 and mRFP-SKL from a single plasmid, led to the appearance 

of new import-competent peroxisomes labeled with mRFP-SKL, indicating that KpPex36 

can complement at least some HsPEX16 functions, such as de novo peroxisome formation 

and PTS1 import (Fig. 3E).

These complementation results in yeast and mammalian cells were rather surprising and 

unexpected mainly because Pex16 functions, topology, and localization seem to be 

substantially different between species. In Y. lipolytica, for instance, Pex16 is an 

intraperoxisomal peripheral membrane protein that participates in peroxisome division [9, 

33]. In contrast, human PEX16 is an integral membrane protein with its N- and C-termini 

facing the cytosol [34]. S. cerevisiae Pex34 is a PMP with three potential transmembrane 

domains [3].

With the goal of confirming or revoking at least the previously described protein topology, 

we investigated the conformation assumed by these proteins in K. phaffii using protease 

protection assays with GFP-tagged, N-terminal fusion proteins. First, we confirmed that all 

of these fusion proteins localized with peroxisomal membrane fractions (P27) by cellular 

fractionation in WT cells (Fig. S5A). Then, using the peroxisomal membrane fractions, we 

checked the sensitivity of these proteins and a few other peroxisomal proteins to a proteinase 

K/trypsin cocktail in the absence and presence of detergent (Fig. S5B, C). In this system, 

peroxisomal matrix proteins (e.g., Pex8) should be protected and peripheral proteins (e.g., 

Pex17) are expected to be susceptible to protease in the absence of detergent. Our data 

indicate that for GFP-HsPEX16, GFP-Y/Pex16, GFP-ScPex34, and GFP-KpPex36, N-

terminal epitope tags were sensitive to protease in the absence of detergent, like Pex17, 

whereas Pex8 was only sensitive to protease in the presence of detergent (Fig. S5B). These 

results indicate that in K. phaffii, all of the Pex16-like proteins tested showed a common 

topology with their N-termini facing the cytosol.
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Finally, we further characterized KpPex36 topology by tagging both its N- and C-termini 

(GFP-Pex36-HA) and subjecting these proteins to the same protease protection assay. We 

found that KpPex36 has both its N- and C-termini facing the cytosol (Fig. S5C), in 

agreement with the two predicted transmembrane domains, and similar to the topology 

reported for human PEX16 [34].

The pex25Δ pex36Δ cells have numerous, small import-incompetent peroxisome remnants

In S. cerevisiae, Pex34, the functional homolog of KpPex36, has genetic and physical 

interactions with several peroxisome division proteins [3]. ScPex34 interacts, in yeast two-

hybrid, with ScPex11, ScPex25, ScPex27, and ScFis1. In addition, the absence of some of 

these proteins, when combined with cells unable to express ScPex34, enhanced the defect in 

peroxisome biogenesis when compared to cells lacking only one of these proteins. For 

example, Scpex25Δ and Scpex34Δ cells have import competent peroxisomes in glucose 

medium, but the deletion of both these genes results in a strain without observable functional 

peroxisomes in glucose medium, although peroxisome biogenesis is restored by inducing 

peroxisomes with oleate medium [3]. The Scpex34Δ cells share the same peroxisome 

morphology as Kppex36Δ cells grown in oleate media (fewer and larger peroxisomes), 

although Kppex36Δ cells had a lot more in common with the phenotype described for the S. 
cerevisiae double-deletion mutant pex25Δ pex34Δ (no peroxisomes in glucose medium, and 

fewer and larger peroxisomes in oleate medium). This prompted us to investigate the 

phenotype of pex25Δ pex36Δ cells in K. phaffii. We used atg30Δ as our background in order 

to avoid induced pexophagy in our mutants, and we followed the phenotype by monitoring 

PTS1 protein import (BFP-SKL), growth in peroxisome proliferation conditions, and 

peroxisome morphology (Fig. 4A, B). Remarkably, for pex25Δ pex36Δ atg30Δ cells, growth 

was completely impaired in any analyzed condition (Fig. 4A) and cells were devoid of 

peroxisomes that imported PTS1 proteins (Fig. 4B). In addition, similar to pex36Δ atg30Δ 

cells, Pex3-GFP was detected only in half of the pex25Δ pex36Δ atg30Δ cells, and when 

present, it was in a small dot-like structures often at, or adjacent to, the pn-ER, labeled with 

Sec61-mCherry (red fluorescence displayed only in the merge panel). Surprisingly, the 

pex25Δ atg30Δ mutant did not show any noticeable defect in Pex3-GFP targeting to the 

peroxisomes or for PTS1 import (BFP-SKL) in methanol medium, despite a partial growth 

defect (Fig. 4A).

The synthetic lethality of PEX25 and PEX36 genes in peroxisome proliferation conditions 

suggested that the products of these genes might play a redundant role. We addressed this 

possible redundancy through the overexpression of KpPex25 (GFP-KpPex25 or mCherry-

KpPex25) in cells lacking KpPex36 (Fig. 4C, D). A partial complementation of the growth 

defect was obtained when we overexpressed GFP-KpPex25, but not KpPex3-GFP, or upon 

transfection with the empty plasmid (Fig. 4C). After growth in methanol medium for 24 h, 

only a few pex36Δ cells had recognizable peroxisomes labeled with Pex3-GFP, but almost 

every pex36Δ cell overexpressing mCherry-KpPex25 contained recognizable peroxisome-

like structures in which there was colocalization of Pex3-GFP with mCherry-KpPex25 (Fig. 

4D). These results are consistent with the hypothesized redundant role of these proteins.
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To confirm the fluorescence microscopy analysis, which suggested that K. phaffii pex25Δ 

pex36Δ cells were devoid of functional peroxisomes, electron microscopy of methanol-

grown cells was used to confirm the status of peroxisomes (number, size, presence, or 

absence) (Fig. 4E and Table S3). At least 40 cells for each the different background were 

analyzed (Table S3). The atg30Δ, pex2Δ atg30Δ, and pex36Δ atg30Δ mutant cells contained 

numerous peroxisomes after 16 h in methanol medium. Peroxisomes in WT and pex25Δ 

atg30Δ cells were electron-dense, characteristic of import-competent peroxisomes, but only 

some peroxisomes in pex36Δ atg30Δ cells were electron-dense. Similar to our fluorescence 

microscopy observations, the peroxisomes were smaller and more numerous as compared to 

the WT cells. The WT cells had an average of 5 peroxisomes/cell with an average 

peroxisome area of 311 ηm2, pex25Δ atg30Δ cells contained an average of 13 peroxisomes/

cell with an average peroxisome area of 89 ηm2, and pex36Δ atg30Δ cells contained an 

average of 9 peroxisomes/cell with an average peroxisome area of 84 ηm2. In addition, we 

observed that the peroxisomes of most pex36Δ atg30Δ cells were often grouped in two 

separate regions of the cell. Finally, most pex36Δ atg30Δ cells showed larger cytosolic and 

nuclear aggregates, most probably containing peroxisomal matrix proteins, such as AOX1, a 

very abundant protein during growth in methanol that is mislocalized for extended periods in 

this mutant. Unexpectedly, we also observed peroxisome-like structures in pex25Δ pex36Δ 

atg30Δ cells, which were on average 7/cell and 27 ηm2 in area. Similar to pex36Δ atg30Δ 

cells, the double mutant also contained the large aggregates in the cytosol and nucleus. 

However, the total number of cells containing peroxisomes or peroxisome-like structures 

was drastically different in pex36Δ atg30Δ and pex25Δ pex36Δ atg30Δ cells when compared 

to WT cells. Seventy-three percent of the WT cells, 60% of pex25Δ atg30Δ cells, 47% of 

pex36Δ atg30Δ cells, and only 17% for pex25Δ pex36Δ atg30Δ cells had peroxisome-like 

structures. The peroxisome-like structures in pex25Δ pex36Δ atg30Δ cells appeared as 

peroxisome clusters and also as dispersed vesicles in the cytosol often in proximity to the 

cell periphery. These peroxisome-like structures in the double mutant are reminiscent of 

import-incompetent peroxisome remnants because the mutant cells did not grow under 

peroxisome proliferation conditions and mislocalized BFP-SKL protein to the cytosol (Fig. 

4A, B).

Role of Pex25 and Pex36 in peroxisome biogenesis

The presence of peroxisome remnants, and the defect in BFP-PTS1 import in pex25Δ 

pex36Δ cells prompted us to further investigate PMP import. In addition, the strong 

phenotype obtained by the double mutant and the functional redundancy of KpPex25 and 

KpPex36 motivated us to focus more on the phenotype of the double mutant (pex25Δ 

pex36Δ).

It is known that the absence of some peroxins destabilizes other PMPs and can provide some 

information about the function of the peroxin; for example, the absence of Pex3 and Pex19 

destabilizes most PMPs [28] and mammalian PEX1 mutants destabilize the interacting 

proteins PEX5 and PEX6 [35]. We found that after 6 h of peroxisome proliferation, 

independent of the media, most of the PMPs we checked (Pex2, Pex3, Pex5, Pex6, and 

Pex17) were unaffected by the absence of Pex25, Pex36, or both in the atg30Δ background 

(Fig. 5A). When induction was prolonged to 48 h, some instability was observed for Pex3, 
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Pex5, and Pex6 in pex25Δ pex36Δ atg30Δ cells, and to a lesser extent in pex36Δ atg30Δ 

cells. The low levels of Pex3 in pex25Δ pex36Δ atg30Δ and pex36Δ atg30Δ cells could be 

the reason for the peroxisome biogenesis defect, although the overexpression of Pex3-GFP 

in pex36Δ cells was unable to rescue the defect, ruling out this hypothesis (Fig. 4D). The 

low levels of Pex6, and probably Pex1, might be the reason for the induced-pexophagy 

observed in pex36Δ cells (Fig. S1). We also found that deletion of the ATG30 gene was 

unable to fully rescue PMP instability in the pex1Δ mutant. This is different from the result 

seen in S. cerevisiae [36], indicating that in K. phaffii pex1Δ cells, these PMPs are down-

regulated by a mechanism other than just autophagy-related pathways.

In yeast and mammals, PMPs can be directly inserted into the peroxisome membrane from 

the cytosol or traffic through the ER to peroxisomes. A few steps of this traffic of PMPs 

through the ER have been elucidated, such as PMP insertion into the ER membrane, intra-

ER sorting of PMPs to the pER, and ppV budding from the ER. Because mammalian PEX16 

has been implicated in the direct insertion of PEX3 into the ER and peroxisomal membrane 

[1], and as pex36Δ cells can be complemented by human PEX16, we followed PEX3 

localization by differential centrifugation assays. As shown in Fig. 5B, none of the mutants 

tested, including the pex25Δ pex36Δ atg30Δ cells, mislocalized Pex3 to the cytosolic 

fraction (S200), and all of the strains tested showed Pex3 associating with the membrane 

fraction. As expected, the peroxisomal matrix protein, thiolase, was partially mislocalized to 

the cytosolic fraction in atg30Δ pex36Δ cells and fully mislocalized in pex25Δ pex36Δ 

atg30Δ cells. These data confirm the fluorescence microscopy data for Pex3 and show that it 

still associates with the membrane fraction in pex36Δ afg30Δ and pex25Δ pex36Δ atg30Δ 

cells, ruling out a role for Pex36 in PMP insertion into membranes in K. phaffii.

After insertion at the ER, PMPs sort to the pER. Two routes have recently been described in 

K. phaffii, one dependent on Pex3 and Pex19, and another independent of these proteins 

[14]. To assess the role of Pex25 and Pex36 in intra-ER PMP sorting, the cellular 

localization of several peroxins (Pex2, Pex3, Pex8, Pex11C, and Pex17) was examined in 

detail (Figs. 5C and S6; Table S4). In addition to atg30Δ and pex25Δ pex36Δ atg30Δ cells, 

we included pex1Δ atg30Δ cells as a control because they contain peroxisome remnants and 

are not implicated in the import of PMPs [37]. We also included pex3Δ atg30Δ cells because 

they do not contain peroxisome remnants and are implicated in PMP import. All of the 

strains expressed the GFP fusions of the specific PMPs along with Sec61-mCherry to label 

the ER (cortical and perinuclear). BFP-PTS1 was not included because none of the mutants 

import peroxisome matrix proteins, and in the WT strain, methanol-induced peroxisomes are 

easily differentiated from other structures. As expected, in atg30Δ cells grown in methanol 

medium (6 and 24 h), all of the PMP-GFP fusions tested decorated the cluster of 

peroxisomes, which were well segregated from the cortical and pn-ER (Figs. 5C and S6; 

Table S4). In the same conditions, pex25Δ pex36Δ atg30Δ cells, similar to the pex3Δ atg30Δ 

cells, showed most of the Pex2-GFP and GFP-Pex11C in a ring-like structure, which fully 

colocalized with the pn-ER (Figs. 5C and S6; Table S4), in agreement with the role of Pex3 

in the intra-ER sorting of Pex2 [14]. Such localization of Pex2-GFP or GFP-Pex11C was 

never found in the pex1Δ atg30Δ cells. However, distinct from pex3Δ atg30Δ cells, not all of 

the pex25Δ pex36Δ atg30Δ cells showed a Pex2-GFP and GFP-Pex11C intra-ER sorting 
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defect and some cells displayed dot-like structures, some colocalized with the pn-ER, and 

some showed cytosolic labeling, but often near the pn-ER.

Next, we followed the localization of Pex17-GFP in the same mutant strains and found the 

same localization profile, dot-like structures mostly in the cytosol, irrespective of the mutant 

strains. These results indicate that none of these PMPs (Pex1, Pex3, Pex25, and Pex36) are 

implicated in the Pex17 ER-to-peroxisome remnant trafficking.

Remarkably, GFP-Pex8, a peroxin whose import depends on PTS1 and/or PTS2 signals, 

showed the same distribution as Pex17-GFP in pex3Δ atg30Δ and pex25Δ pex36Δ atg30Δ 

cells, suggesting that the punctate structures might also contain Pex14, as well as the PTS1 

and/or PTS2 receptors. Lastly, and in agreement with the role of Pex1 in import of 

peroxisomal matrix proteins, no punctate structures were observed for GFP-Pex8 in pex1Δ 

atg30Δ cells and the entire fluorescent signal was cytosolic. Finally, we found that ER-to-

peroxisome traffic of Pex3-GFP was not affected in pex25Δ pex36Δ atg30Δ, when compared 

to pex1Δ atg30Δ cells, and it localized and distributed like Pex17.

To confirm the defect in ER-to-peroxisome remnant traffic of Pex2 and Pex11C, we 

performed the in vitro budding assay described previously [15] (Fig. 5D). To force ppV 

budding in yeast, we used strains devoid of peroxisomes in glucose media by replacing the 

PEX19 promoter with the tightly regulated, methanol-inducible AOX1 promoter, which 

makes cells dependent on methanol to generate new, import-competent peroxisomes. Cells 

expressing Pex2-3HA were induced for peroxisome biogenesis by growing them in 

methanol for 3 h. The assay consists of permeabilized yeast cells (PYCs) expressing 

Pex2-3HA combined with an S1 (cytosolic) fraction lacking the HA-tagged PMP (crude 

cytosol), with concomitant addition of an ATP-regenerating system and incubation at 20 °C 

for 90 min. In the controls, PYCs were pretreated with apyrase to deplete ATP before the 

addition of the S1 fraction. PYCs were separated from the released vesicular fraction via a 

brief centrifugation step; the supernatant was then analyzed by Western blot with an 

antibody against the HA tag. As expected from our previous results [14], we detected 

Pex2-3HA in the budded fraction of WT cells. However, in control reactions with apyrase, 

or when TBPS buffer was substituted for cytosol, the budding of Pex2-3HA was 

dramatically decreased or absent. In PYCs prepared from pex19Δ cells, no budding of Pex2 

was observed, confirming its essential role in the trafficking of RING-domain PMPs to 

ppVs. As in WT cells, pex36Δ and pex25Δ single mutants showed normal budding of 

Pex2-3HA. However, in pex25Δ pex36Δ cells, Pex2-3HA was not detected in the budded 

fraction. These results confirm the defect in ER-to-peroxisome remnant trafficking observed 

by fluorescence microscopy in pex25Δ pex36Δ cells, showing a role for these proteins 

during the budding of ppVs. The total absence of ppVs containing Pex2 in the double 

mutants, but the presence of some Pex2-GFP in dot-like structures in the cytosol in pex25Δ 

pex36Δ atg30Δ cells, suggests either that some Pex2 might bud at an efficiency below levels 

of detection of this assay, or that some Pex2 may be imported to the peroxisome remnants 

through a different pathway.

The observed defect in intra-ER sorting and ppV budding in cells lacking Pex25 and Pex36 

suggests that these proteins are directly implicated in this process. Very little is known about 
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these mechanisms in K. phaffii, other than that Pex19 is an essential component for this 

process and Pex3 is indirectly required through its role in intra-ER sorting of Pex2. It is well 

known that Pex19 directly interacts with most of the PMPs, and it is possible that Pex25 and 

Pex36 assist in the interactions between PMPs and Pex19 at the ER.

We studied Pex3–Pex19 interaction in vivo by using the bimolecular fluorescence 

complementation (BiFC) assay [38], in which the Venus yellow fluorescent protein (vYFP) 

is split into two fragments, VN (N terminus of vYFP) and VC (C terminus of vYFP), and the 

appearance of vYFP fluorescence is an indication of close proximity between the fusion 

proteins, which enables the formation of the full fluorescent protein. We fused VN to Pex19 

and VC to Pex3 and tested for proximity and colocalization in several genetic backgrounds 

(Fig. 6 and Table S3). We tested the proximity of VN-Pex19 and Pex3-VC during 

peroxisome proliferation conditions. These fusion proteins were expressed from the 

inducible AOX1 promoter, and similar protein levels were observed in all analyzed strains 

(Fig. S6). When expressing both VN-Pex19 and Pex3-VC, 80% of atg30Δ cells showed 

vYFP decorating a characteristic peroxisome cluster distinct from Sec61-mCherry, which 

indicates that these proteins are close to each other at the peroxisome surface (Fig. 6 and 

Table S3). We studied their proximity in pex1Δ atg30Δ cells and found that at least 50% of 

cells showed vYFP fluorescence in a single dot-like structure which was distributed in a 

similar pattern as Pex3-GFP in pex1Δ atg30Δ cells (Figs. 5C, S6, and 6A; Table S4). 

However, in pex25Δ pex36Δ atg30Δ cells, vYFP fluorescence was not detected. This result 

suggested that Pex25 and Pex36 might facilitate the direct interaction of Pex3 and Pex19 or 

might affect the proper conformation of at least one of the proteins, which will affect the 

proximity of the two vYFP moieties. Independent of which of the two models (interaction or 

conformation) is the reason for the lack of vYFP fluorescence, this is probably how Pex25 

and Pex36 affect the proper trafficking of Pex2 and Pex11C.

Finally, we studied the interaction of Pex19 and Pex3 in pex25Δ pex36Δ atg30Δ cells by 

immunoprecipitation of Pex19-6HA after 6 h in methanol media (Fig. 6B). Surprisingly, the 

interaction between Pex19 and Pex3 was not affected by the absence of Pex25 and/or Pex36, 

nor were the interactions between Pex19 and either Pex2 or Pex17. The discrepancy between 

the BiFC and co-immunoprecipitation results might be due to direct versus indirect 

interactions, or a change in conformation without the loss of interaction.

Pex36 has non-overlapping functions to Pex16 and Pex34

Because Pex25 and Pex36 play redundant roles during peroxisome biogenesis, we 

hypothesized that human PEX16 might be the functional ortholog of both PMPs. 

Surprisingly, when we overexpressed Y/Pex16, HsPEX16, Y/Pex34, and KpPex36 in 

pex25Δ pex36Δ cells, only KpPex36 partially complemented the growth defect in methanol 

medium, as well as the PTS1 import (Fig. 7). These results indicate that Pex36 has 

additional functions, absent in Y/Pex16, HsPEX16, and Y/Pex34 proteins. Hence, we named 

Pex36 as a new peroxin, rather than as a Pex16- or Pex34-like protein.
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Discussion

We have identified a new peroxin in K. phaffii, Pex36, involved in peroxisome biogenesis. 

This protein is conserved among several yeasts, but is absent in S. cerevisiae and higher 

eukaryotes. Pex36 has a weak protein sequence homology with Pex11 family proteins, but it 

has strong, predicted structural homology with PEX16 proteins, despite the absence of 

primary sequence homology. We found that endogenous expression of Pex34 from S. 
cerevisiae and PEX16 from H. sapiens and Y. lipolytica partially complemented the 

peroxisome biogenesis defect of K. phaffii pex36Δ cells. Furthermore, in cells from the 

human fibroblast cell line GM06231, which lacks peroxisomes due to a mutated PEX16 
gene, introduction of KpPex36 protein led to the appearance of new import-competent 

peroxisomes, indicating that KpPex36 is a functional homolog of PEX16. In addition, we 

found that Pex25 and Pex36 have redundant functions, overexpression of K. phaffii Pex25 

partially rescues the lack of Pex36, and double deletion of PEX25 and PEX36 genes is 

synthetic lethal in peroxisome proliferation conditions. Surprisingly, none of the functional 

homologs of K. phaffii Pex36 (ScPex34, Y/Pex16, and HsPEX16) could complement the 

absence of both Pex25 and Pex36 upon overexpression, suggesting that Pex36 has additional 

function(s), which is not present in its functional homologs. These differences, in addition to 

the absence of an adequate sequence homology, persuaded us to name it as a new peroxin.

The pex36Δ cells have a growth defect in oleate and methanol media and cell growth is 

delayed more than 20 h when compared to WT cells, and peroxisome size and number are 

compromised. The pex36Δ cells grown for a short period in peroxisome proliferation 

conditions barely contain any import-competent peroxisomes (less than ~4%) but longer 

induction partially rescues this phenotype. Deletion of the PEX36 gene, like deletion of 

other peroxin genes such as PEX1, PEX6, and PEX15/26, induced pexophagy during 

peroxisome proliferation conditions and deletion of autophagy-related genes prevented this 

phenotype.

Pex36 is a PMP that traffics to peroxisomes via the ER, where it accumulates in the absence 

of Pex19, like some yeast PMPs and PEX16 in higher eukaryotes [16, 39, 40]. In addition, 

the lack of Pex36, together with its redundant protein Pex25, affects ER-to-peroxisome 

traffic of some PMPs, independent of the length of the peroxisome induction. The pex25Δ 

pex36Δ atg30Δ cells accumulated most of their Pex2 and Pex11C at the ER, mostly around 

the pn-ER and, in some cases, in a dot-like structure overlapping with the pn-ER. However, 

a small fraction of Pex2 and Pex11C could leave the ER and were localized in a dot-like 

structure in the cytosol adjacent to the pn-ER, likely representing peroxisome remnants 

which were observed by electron microscopy in a similar abundance. It is important to note 

that the expression levels of Pex2, Pex3, and Pex11C were seriously affected in pex25Δ 

pex36Δ atg30Δ cells, similar to pex19Δ cells, but this was not a consequence of induced 

pexophagy. We confirmed that the Pex2 intra ER-sorting defect resulted in a ppV budding 

defect in pex25Δ pex36Δ atg30Δ cells. In contrast, Pex3 and Pex17 trafficking, and 

presumably budding, was unaffected by the lack of Pex25 and Pex36.

Remarkably, most of the defects observed in pex25Δ pex36Δ atg30Δ cells resembled those 

previously reported for cells lacking Pex3. As mentioned before, the lack of Pex25 and 
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Pex36 also affects the stability of several PMPs, including Pex3, which could explain the 

trafficking deficiency phenotypes. However, the overexpression of Pex3 was not able to 

rescue the defect of the triple mutant. In trying to understand the mechanistic basis of the 

impaired intra-ER sorting of Pex2 in the absence of Pex25 and Pex36, we found using BiFC 

that the proximity between the C-terminal of Pex3 and the N-terminal of Pex19 was altered, 

suggesting that Pex25 and Pex36 might bridge/facilitate the direct interaction between Pex3 

and Pex19 or affect the conformation of at least one of the proteins during peroxisome 

biogenesis to preclude their interaction. These results are in line with our recent report about 

the role of Pex25 bridging the Pex3 and Pex19 interaction and implicate an additional factor 

to support their direct interaction [41].

In conclusion, we characterized a new PMP in K. phaffii named Pex36. Cells lacking Pex36 

display a major growth defect in methanol medium and a slight defect in oleate medium. 

Methanol induced-peroxisomes in the pex36 mutant cells are twice as abundant, and one-

fourth the size, when compared to those in WT cells. Overexpression of Pex25, a non-

essential PMP by itself, partially restores the growth defect of the pex36 mutant cells, 

suggesting redundant roles for Pex25 and Pex36. Double deletion of PEX25 and PEX36 is 

synthetic lethal in all tested media requiring peroxisomal metabolic pathways. In mutant 

cells lacking both proteins, peroxisome biogenesis and the intra-ER sorting of Pex2 and 

Pex11C are seriously impaired, likely due to the loss of a direct interaction between Pex3 

and Pex19 at the ER membrane. Despite the strong defect in peroxisome biogenesis in the 

pex25Δ pex36Δ double mutant, 20% of these cells contain peroxisome remnants, which are 

one-tenth of the area of peroxisomes in WT cells. Finally, Pex36 shares some functional and 

structural homology with human PEX16 and ScPex34 proteins.

Materials and Methods

Strains and plasmids are described in Supplemental Tables S1 and S2.

Media used to grow strains

YPD (2% glucose, 2% bacto-peptone, 1% yeast extract), YNB (0.17% yeast nitrogen base 

without amino acids and ammonium sulfate, 0.5% ammonium sulfate), nitrogen starvation 

medium or SD-N (0.17% yeast nitrogen base without amino acids and ammonium sulfate; 

2% glucose), oleate medium (2xYNB, 0.02 g histidine/L, 0.02 g arginine/L, 0.05 mM biotin, 

0.02% Tween-40, 0.2% oleate), and methanol medium (2xYNB; 0.02 g histidine/L, 0.02 g 

arginine/L, 0.05 mM biotin, 1% methanol). All cultures were grown at 30 °C.

Isolation of K. phaffii pex36 UV-induced and construction of pex36 deletion mutant

A collection of UV-induced K. phaffii mutants defective in pexophagy was isolated using a 

plate-screening assay for elevated residual peroxisomal alcohol oxidase activity after shift of 

mutagenized colonies from methanol to glucose or ethanol-containing media [24].

The K. phaffii PEX36 gene was isolated from a genomic library by functional 

complementation of a UV-induced pdg1 (peroxisome degradation) mutant (named pex36 
herein). To select for complementation, we made use of a partial growth defect of the initial 

pex36 mutant on methanol plates. From the pex36 mutant cells transformed with a genomic 
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library, multiple transformants were obtained that restored WT phenotype with respect of 

methylotrophic growth and pexophagy. Several complementing plasmids were recovered 

after retransformation into Escherichia coli, and all were overlapping in the genomic DNA 

fragment carrying the unknown ORF encoding a protein of 363 amino acid residues, later 

designated as K. phaffii PEX36.

The shortest plasmid carrying the PEX36 gene, named pOS1, when retransformed into the 

original pex36 mutant, fully complemented the mutant phenotype as judged by growth and 

alcohol oxidase colony assay [42]. Next, the integrative plasmid pOS6 containing smaller 

subfragment of the genomic DNA insert from pOS1 was constructed by subcloning into the 

plasmid pBL-HIS [43], a 1.36-kb-long EcoRV fragment comprising entire PEX36 ORF with 

105 nucleotides of the upstream promoter sequence and 161 nucleotides downstream of its 

terminator. pOS6 was shown to fully complement phenotype of the UV-induced pex36 
mutant. Sequencing of the PEX36 genomic DNA isolated from this UV-induced mutant 

revealed that the PEX36 harbored a single-point mutation causing in-frame stop codon and 

producing a truncated Pex36 protein of only 71 N-terminal amino acids.

Biochemical studies of pexophagy

In K. phaffii, peroxisomes were induced by incubation of cells in methanol medium (starting 

OD600 of 0.2) for 15–16 h and transferred to SD-N medium at an OD600 of 2 to induce 

pexophagy. One milliliter of cells was collected at different times as described in the figures; 

trichloroacetic acid precipitated and analyzed by Western blot.

Electron microscopy

Cells were grown in YPD overnight and then switched to methanol medium. After 40 h of 

induction, 10 OD600 of cells were placed on a 0.45-µm filter (Millipore), washed with 10 

mL 0.1 M cacodylate (pH 6.8), and fixed overnight at 4 °C. Then, they were washed with 50 

mM KPi (pH 7.5) and spheroplasted with 0.5 mg Zymolyase-100 T for 40 min at 37 °C. 

After this, the cells were washed with 0.1 M cacodylate buffer and incubated in 1.5 mL 2% 

cacodylate-buffered OsO4 for 1 h on ice. Subsequently, they were incubated in 1.5 mL 2% 

UrAc for 1 h at room temperature. The cells were dehydrated with ethanol washes. Later, 

they were incubated in 50% acetone/50% SPURR. Finally, the cells were resuspended in 

100% SPURR, baked at 80 °C overnight, and stained with lead citrate and UrAc. Images 

were captured on a transmission electron microscope (1200 EX II; JEOL, Peabody, MA) 

coupled to a digital camera (Orius 600; Gatan, Pleasanton, CA) and processed using the 

Gatan Digital Micrograph and Adobe Photoshop software (San Jose, CA). Areas of 

individual peroxisomes were measured using AxioVision software. Details of the EM 

analysis can be found in Supplemental Excel Table S3.

Fluorescence microscopy

Yeast cells were grown in YPD media (1% yeast extract, 2% bacto peptone, 2% dextrose) 

overnight at 30 °C to approximately 1 OD600/mL. The cells were then washed twice to 

remove dextrose and resuspended in methanol media [0.67% yeast nitrogen base without 

amino acids, 0.02 g histidine/L, 0.02 g arginine/L, 1% (vol/vol) methanol, 0.05 mM biotin]. 

Peroxisome biogenesis was induced via shaking at 250 rpm at 30 °C. At desired time points, 
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cells were imaged using 100× magnification on an Axioskop fluorescence microscope. 

Images were taken on an AxioCam digital camera and processed on AxioVision software. 

Methodology to count the peroxins in different background strains is as follows: cells 

showing distinct ER labeling with Sec61-mCherry were first marked and counted. Then, 

these cells were analyzed for localization of GFP-tagged peroxins. Details of the 

fluorescence microscopy analysis for Fig. 5C can be found in Supplemental Excel Table S4.

BiFC

Plasmids containing both halves of the split Venus GFP were inserted into a plasmid 

containing two A0X1 promoters. The various peroxin genes were amplified from K. phaffii 
genomic DNA and inserted into these plasmids. The plasmids were linearized and used to 

transform WT and mutant strains already containing Sec61-mCherry (marker for ER). 

Pictures, acquisition, and analysis were performed as described in the fluorescence 

microscopy section.

Carbonate extraction

Cells were grown in YPD medium and then switched to oleate medium [0.67% yeast 

nitrogen base without amino acids, 0.02 g histidine/L, 0.02 g arginine/L, 0.2% (vol/vol) oleic 

acid, 0.02% (vol/vol) Tween-40]. After 6 h of induction, 250 OD600 of cells was 

spheroplasted in 3 mL Zymolyase solution [0.5 M KCI, 5 mM Mops/KOH (pH 7.2), 10 mM 

Na2SO3, 12.5 mg Zymolyase-100 T/mL] at 30 °C for 30 min. The cells were then spun 

down at 2200g for 8 min at 4 °C and resuspended in 1.5 mL homogenization buffer (5 mM 

Mes, 1 M sorbitol, 5 mM NaF, 20 mM EDTA). After this, they were lysed using a Dounce 

homogenizer (15 strokes). The PNS was generated by collecting the supernatant after the 

second centrifugation at 1000g for 10 min. 20kgS and 20kgP samples were formed from the 

further centrifugation of the PNS at 20,0000g for 30 min; the 20kgP sample was 

resuspended in the same amount of homogenization buffer. The 20kgP was then aliquoted 

into four tubes. In one tube, the pellet was switched to Tris buffer [10 mM Tris/HCl (pH 8)]. 

In another, the pellet was placed in carbonate solution [100 mM sodium carbonate, 10 mM 

Tris/HCl, (pH 11.5)]. The pellet in the third tube was dissolved in detergent solution [10 mM 

Tris/HCl (pH 8), 2% Chaps, 2% Triton-X100]. The last tube remained the 20kgP sample in 

homogenization buffer. After 30 min of incubation, the buffer, carbonate and detergent 

samples were centrifuged at 200,000g for 30 min, generating S200 and P200 samples for 

each condition. The samples were analyzed via SDS-PAGE and Western blot using anti-GFP 

antibody (Roche).

Growth curves

Cells were grown in YPD medium overnight to around 1–2 OD600/mL. Then, they were 

diluted to 0.2 OD600/mL with fresh YPD medium and left to grow to approximately 1 

OD600/mL. They were then washed twice and resuspended in either methanol or oleate 

medium to a concentration of 0.2 OD600/mL. The growth of the cells was measured twice 

daily using a Beckman DU730 spectrophotometer, until a plateau in growth was reached.
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Yeast two-hybrid assay

The GAL4-based matchmaker (Clontech) was used for yeast two-hybrid studies. K. phaffii 
PEX36 and PEX3 genes were inserted into the BD plasmid, pGBT9; PEX19 was inserted 

into the AD plasmid, pGAD-GH. S. cerevisiae strain AH109 was used in the transformation. 

Strains were selected on SD medium (Leu−, Trp−), then streaked on SD medium (His−, 

Leu−, Trp−) with various concentrations of 3-AT.

Subcellular fractionation

Cells were grown in YPD and then switched to oleate medium for 6 h. One hundred OD600 

of cells was spheroplasted in 1.5 mL Zymolyase solution for 30 min at 30 °C. Cells were 

then resuspended in 1 mL homogenization buffer and lysed using a Dounce homogenizer 

(15 strokes). Intact cells and cellular debris were removed via centrifugation at 1000g for 10 

min at 4 °C. The resulting PNS sample was then spun at 200,000g for 30 min to separate 

the : membrane (P200) from the cytosol (S200) fractions. The samples were TCA-

precipitated using 12.5% TCA to concentrate the proteins. They were analyzed by SDS-

PAGE and Western blot analysis with anti-Pex3 antibody.

Budding assay

Cytosol fraction preparation (S1)—K. phaffii strains were grown in YPD medium 

overnight at 30 °C to approximately 2.0 OD600/mL. The cells were switched to YYHR 

medium (1.7 g/L yeast nitrogen base, 1 g/L yeast extract, 5 g/L ammonium sulfate, 0.02 g/L 

L-His, 0.02 g/L L-Arg, 0.5% methanol) medium for 12 h. Two thousand OD600 of cells was 

spheroplasted in 650 mL spheroplasting medium [1% yeast extract, 1 M sorbitol, 0.05 M 

Kpi (pH 7.5), 0.05 M ß-mercaptoethanol, 20 mg Zymolyase-100 T] at 37 °C for 30 min. 

After this, the cells were pelleted at 3000 rpm for 5 min at 4 °C and resuspended in 1.3 L 

recovery medium (1% yeast extract 1 M sorbitol). The cells were then incubated 37 °C for 

90 min. The cells are pelleted and resuspended in 3.5 mL 20 mM Hepes/KOH (pH 7.6) to 

release the contents from the membrane fraction. The solution was centrifuged three times at 

3000 rpm for 10 min, and the supernatant was collected.

Membrane Fraction Preparation (PYC)—K. phaffii strains expressing Pex2-3HA and 

Pex17-3HA proteins were grown in YPD medium overnight at 30 °C to approximately 1 

OD600/mL. The cells were induced in YYHR medium for 3 h. Seventy-five OD600 of cells 

was washed and resuspended in 25 mL spheroplasting solution. After incubation at 37 °C for 

30 min, the cells were transferred to 50 mL recovery medium and left at 37 °C for 30 min. 

Then, they were pelleted and resuspended in permeabilization buffer [100 mM KOAc, 200 

mM sorbitol, 20 mM Hepes/KOH (pH 7.2), 2 mM MgCl2]. After this, the cells were pelleted 

and resuspended in 50 µL column buffer [20 mM Hepes/KOH (pH 7.4), 250 mM sucrose, 

250 mM DTT, 1 mM EGTA]. Finally, the cells were washed and resuspended in TBPS 

buffer [250 mM Hepes/KOH (pH 7.2), 1 M KOAc, 25 mM Mg(OAc)2, 250 mM sorbitol, 

PIC yeast] to a concentration of 4.5 OD600/25 µL.

The ppV budding reaction—Each 80 µL reaction comprised 1–1.5 mg S1 and 4.5 

OD600 PYC. In the NTP condition, an ATP-regenerating cocktail was added. In the apyrase 

condition, apyrase was added to deplete the source of energy. As a control for the PYC, 4.5 
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OD600 of PYCs was mixed with apyrase and brought up to a total volume of 80 µL with 

TBPS buffer. The samples were incubated at 20 °C for 90 min. After this, the samples were 

centrifuged at 13,000 rpm for 1 min, and the supernatant was saved. The samples were 

analyzed via SDS-PAGE and Western blot with HA-tag antibodies.

Co-immunoprecipitation assay

Cells were grown in YPD medium overnight to approximately 2 OD600/mL and then 

switched to methanol medium. After 6 h of induction, 250 OD600 of cells was harvested and 

resuspended in 4 mL Zymolyase solution. The cells were spheroplasted at 30 °C for 30 min. 

Next, they were spun down and resuspended in 1.5 mL lysis buffer [20 mM Hepes/KOH (pH 

7.4), 0.15 M NaCl, 5 mM NaF, 20 mM EDTA (pH 8.0), 50 µg leupeptin/mL, 50 µg 

aprotinin/mL, 1 mM PMSF, PIC yeast]. The cells were lysed by vortexing in the presence of 

acid-washed glass beads. The lysate was centrifuged at 20,000g for 20 min at 4 °C to 

remove the cytosolic fraction. The pellet was resuspended in 1.5 mL lysis buffer (with 1% 

Chaps) and placed on a rotator at 4 °C for solubilization. The samples were then spun at 

20,000g for 20 min. The supernatant was collected and mixed with specified antibody 

affinity matrix (Sigma-Aldrich EZview Red Anti-HA) to pull down HA-Pex19. They were 

left to incubate overnight before washing the beads four times with lysis buffer. One hundred 

twenty microliters of sample buffer was added to the beads and placed in boiling water for 5 

min. The eluate was analyzed via SDS-PAGE and Western blotting for anti-HA, anti-Pex3, 

anti-Pex2, and anti-Pex17 antibodies.

Protease protection assay

Cells were grown in YPD and then switched to oleate medium for 6 h. Three hundred fifty 

OD600 of cells was washed and spheroplasted in 5.4 mL Zymolyase buffer for 30 min at 

30 °C. They were then transferred to 2 mL homogenization buffer and lysed using a Dounce 

homogenizer (15 strokes). Intact cells and cellular debris were removed via centrifugation at 

1000g × 10 min at 4 °C. The resulting PNS was then spun at 20,000g × 15 min to isolate the 

membrane fraction. The pellet was resuspended in 2 mL homogenization buffer and 

aliquoted in three tubes. For the protease condition, 80 µg proteinase K and 40 µg trypsin 

were added. For the detergent condition, 0.5% Triton X-100 was added in addition to the 

proteinase K and trypsin. For the buffer condition, additional homogenization buffer was 

added. Samples were taken at various time points and preserved using liquid nitrogen. The 

samples were TCA-precipitated using 12.5% TCA to concentrate the proteins. They were 

analyzed via SDS-PAGE and Western blotting for anti-GFP and anti-HA antibodies.

Mammalian cell culture and transfection

HeLa (human cervical carcinoma) cells were grown in Dulbecco's modified Eagle's medium 

high-glucose medium supplemented with 10% fetal calf serum and antibiotics in a 

humidified atmosphere containing 5% CO2 at 37 °C. HeLa cells were transfected with 

mammalian expression plasmids using Fugene6 (Roche Diagnostics Corp., Indianapolis, IN) 

as follows: Cells were seeded onto glass coverslips in one well of a 6-well plate until they 

reached 60% confluency, followed by lipofection. Per well, the lipofection mix contained 1 

µg total DNA and 3 µL Fugene6 in 100 µL serum-free medium. After 15-min incubation 

time, the lipofection mix was added dropwise onto the cells. Cells were analyzed by 
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fluorescence microscopy 24–48 h after transfection. Primary fibroblasts of patients lacking 

peroxisomes because of a mutated PEX16 gene (cell line GM06231 obtained from Coriell 

Institute for Medical Research) were grown in Dulbecco's modified Eagle's high-glucose 

medium supplemented with 2 mM glutamine, 10% fetal calf serum, and antibiotics in 5% 

CO2 at 37 °C. Transfections of primary human fibroblasts were performed using the Basic 

Nucleofector Kit for Primary Mammalian Fibroblasts (Cat No. VPI-1002, Lonza Group 

Ltd., Basel, Schweiz). In short, 1 × 106 cells were electroporated with 1 µg total plasmid 

DNA in 100 µL electroporation buffer using the Nucleofector (Lonza Group Ltd.) with 

program A-024 and seeded onto cover slips in pre-warmed medium directly after 

electroporation. Cells were analyzed by microscopy not earlier than 48 h after lipofection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BiFC bimolecular fluorescence complementation

ER endoplasmic reticulum

pER punctate endoplasmic reticulum subdomain/pre-peroxisomal ER

PMP peroxisomal membrane protein
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PTS peroxisome targeting signal
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Fig. 1. KpPex36 is a PMP
(A) GFP-Pex36 colocalizes with the chimeric PMP, Pex3–mRFP, and with the peroxisomal 

matrix protein, BFP-SKL, to punctate structures. The bar represents 5 µm. (B) Fluorescence 

microscopy images of WT and pex19Δ cells expressing GFP-Pex36, Sec61-mCherry (ER), 

and Sec13–mCherry (transitional ER). The bar represents 5 µm. (C) Fluorescence 

microscopy images of GFP-Pex36 in WT and pex mutant cells. The bar represents 5 µm. (D) 

GFP-Pex36 localizes to the P20 organelllar fraction enriched for peroxisomes. Immunoblot 

analysis of equivalent portions of the S20 and P20 fractions from cells expressing GFP-

Pex36 was performed with antibodies to GFP-Pex36, the peroxisomal peripheral membrane 
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protein, Pex14, and to the peroxisomal matrix protein, Pex8. Organelles in the P20 fraction 

from cells expressing GFP-Pex36 were treated with 10 mM Tris–HCI, pH 8.0, to lyse 

peroxisomes and were processed to yield the supernatant (Tris-S200) fraction enriched for 

matrix proteins and the pellet (Tris-P200) fraction enriched for membrane proteins. The P20 

fraction was also treated with 0.1 M Na2CO3, pH 11.3, and separated into the supernatant 

(Carb-S200) fraction enriched for matrix and peripheral membrane proteins, and the pellet 

(Carb-P200) fraction enriched for integral membrane proteins. Finally, the P20 fraction was 

treated with detergents and separated into the supernatant (Deter-S200) fraction enriched 

with most of the peroxisomal proteins and the pellet (Deter-P200) fraction enriched with 

detergent-insoluble proteins. (E) Pex36 (BD-Pex36) interacts with Pex19 (AD-Pex19) in 

yeast-two-hybrid. 3-AT, 3-amino-1,2,4-triazole; AD, activation domain; BD, DNA binding 

domain.
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Fig. 2. Phenotypes of cells lacking Pex36
(A) Growth curves of several strains pre-grown up to mid-log phase in YPD liquid medium, 

washed, and added to methanol or oleate medium in shaking cultures at 30 °C, using starting 

inocula at an optical density at 600 nm (OD600) of ~ 0.2. (B) Fluorescence microscopy of 

atg30Δ and pex36Δ atg30Δ cells expressing GFP-PTS1, PTS2-GFP, or Pex3-GFP in 

glucose, methanol, and oleate media. (C) Fluorescence microscopy of atg30Δ and pex36Δ 

atg30Δ cells co-expressing BFP-PTS1 and Pex3-GFP in methanol media. The bar represents 

5 µm.
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Fig. 3. Pex36 is the functional homolog of ScPex34 and Pex16 proteins
(A) A survey of the Pex11 protein family, Pex16 and Pex36 (adapted from Ref. [32]). (B) 

Growth curves of WT and pex36Δ strains expressing putative Pex36 orthologs under the 

control of the PEX36 promoter in methanol medium. (C) Growth curves in same conditions 

as panel B of WT and pex36Δ strains expressing BFP-SKL and putative Pex36 orthologs 

from the strong GAPDH promoter. Fluorescence microscopy of some of the strains used for 

the growth curves after 46 h in methanol media. BFP-SKL and GFP fluorescence of the 

putative orthologs is shown when present. The bar represents 5 µm. (D) fluorescence 

microscopy of HeLa cells 48 h after transfection with plasmids expressing RFP-SKL and 
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either GFP, GFP-HsPEX16, or GFP-Pex36, along with DAPI staining. The bar represents 5 

µm. (E) Fluorescence microscopy of Pex16-deficient fibroblast cell line (GM06231) 48 h 

after transfection of a single plasmid co-expressing RFP-SKL, and either HsPEX16 or 

KpPex36. The bar represents 5 µm.
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Fig. 4. The pex25Δ pex36Δ cells have numerous, small import-incompetent peroxisomes
(A) Growth curves of WT and atg30Δ strains in combination with various pex mutants in 

methanol or oleate media. Deletion of both Pex25 and Pex36 results in a synthetic lethality 

phenotype, whereas deletion of only Pex25 or Pex36 results in delayed growth. (B) 

Fluorescence microscopy of several strains expressing BFP-SKL, Pex3-GFP, and Sec61-

mCherry after 6h in methanol and oleate media. Sec61-mCherry is displayed only in the 

merge panel (red fluorescence). The bar represents 5 µm. (C) Growth curves in methanol 

medium of pex36Δ strains overexpressing GFP-tagged PMPs. The overexpression of Pex25 

rescues the growth phenotype of pex36Δ cells, albeit not as quickly as Pex36 
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overexpression. (D) Fluorescence microscopy of WT and pex36Δ strains expressing Pex3-

GFP and mCherry-tagged, overexpressed Pex25 after 24 h in methanol medium. The bar 

represents 5 µm. (E) Transmission electron microscopy pictures of WT and pex mutant cells, 

showing labeled peroxisomes and peroxisomal remnants, after 16 h induction in methanol 

medium. The asterisks indicate protein aggregates that accumulate in the pex36Δ atg30Δ and 

pex25Δ pex36Δ atg30Δ strains. The inset table shows the numbers and average sizes of 

peroxisomes per cell, as well as the number of cells with peroxisomes, in each strain. 

Additional data and statistics are available in Table S3. The bar represents 5 µm. The pex25Δ 

pex36Δ cells have numerous, small import-incompetent peroxisomes. (A) Growth curves of 

WT and atg30Δ strains in combination with various pex mutants in methanol or oleate 

media. Deletion of both Pex25 and Pex36 results in a synthetic lethality phenotype, whereas 

deletion of only Pex25 or Pex36 results in delayed growth. (B) Fluorescence microscopy of 

several strains expressing BFP-SKL, Pex3-GFP, and Sec61-mCherry after 6 h in methanol 

and oleate media. Sec61-mCherry is displayed only in the merge panel (red fluorescence). 

The bar represents 5 µm. (C) Growth curves in methanol medium of pex36Δ strains 

overexpressing GFP-tagged PMPs. The overexpression of Pex25 rescues the growth 

phenotype of pex36Δ cells, albeit not as quickly as Pex36 overexpression. (D) Fluorescence 

microscopy of WT and pex36Δ strains expressing Pex3-GFP and mCherry-tagged, 

overexpressed Pex25 after 24 h in methanol medium. The bar represents 5 µm. (E) 

Transmission electron microscopy pictures of WT and pex mutant cells, showing labeled 

peroxisomes and peroxisomal remnants, after 16 h induction in methanol medium. The 

asterisks indicate protein aggregates that accumulate in the pex36Δ atg30Δ and pex25Δ 

pex36Δ atg30Δ strains. The inset table shows the numbers and average sizes of peroxisomes 

per cell, as well as the number of cells with peroxisomes, in each strain. Additional data and 

statistics are available in Table S3. The bar represents 5 µm.
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Fig. 5. The pex25Δ pex36Δ atg30Δ cells affect peroxin stability, localization, and ppV budding 
from the ER
(A) Western blot of various PMPs in a variety of strains after 6 and 48 h of methanol or 

oleate induction, respectively. F1β was used as a loading control. (B) Western blot of the 

membrane bound and cytosolic fractions of Pex3, thiolase, and GAPDH in various deletion 

strains after 6 h in oleate medium. (C) Schematic showing the localization of various GFP-

tagged peroxins in various strains after 24 h of methanol induction. Percentages indicate the 

subset of the peroxin population that localizes to the indicated intracellular site. Percentages 

lower than 6% and cells without fluorescence were included in the analysis, but not 

presented. (D) Budding of Pex2-containing ppVs from the ER is inhibited in pex25Δ pex36Δ 
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cells, but not in pex25Δ or pex36Δ cells. Western blot of Pex2-3HA visualized with anti-HA 

antibodies in WT and various mutants. PYC, permeabilized yeast cells; S1, cytosolic 

proteins; NTP, ATP-regenerating cocktail + GTP; TBPS, budding buffer.
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Fig. 6. Pex25 and Pex36 are required for the direct interaction of Pex3 and Pex19
(A) fluorescence microscopy of atg30Δ and mutant cells expressing Sec61-mCherry, and the 

split Venus-tagged Pex3 (Pex3-VC) and Pex19 (VN-Pex19) after 6 h of methanol induction. 

The bar represents 5 µm. (B) Western blot of the immunoprecipitation assay in which 6xHA-

tagged Pex19 was pulled down to determine its interaction with other PMPs proteins (Pex2, 

Pex3, and Pex17) in PMP mutant strains. F1β was used as a negative control.
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Fig. 7. Overexpression of Pex36 functional orthologs cannot rescue growth or peroxisome 
formation in cells lacking Pex25 and Pex36
Growth curve of WT and mutant strains overexpressing KpPex25 and Pex36 functional 

orthologs in methanol medium, fluorescence microscopy of the GFP-tagged PMPs and BFP-

SKL in some of the strains shown in the growth curves after 40 h in methanol medium. The 

bar represents 5 µm.
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