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Chapter 2

Abstract
Pex3 has been proposed to be important for the exit of peroxisomal membrane proteins (PMPs) 

from the ER, based on the observation that PMPs accumulate at the ER in Saccharomyces cerevisiae 

pex3 mutant cells. Using a combination of microscopy and biochemical approaches, we show 

that a subset of the PMPs, including the receptor docking protein Pex14, localizes to membrane 

vesicles in S. cerevisiae pex3 cells. These vesicles are morphologically distinct from the ER and 

do not co-sediment with ER markers in cell fractionation experiments. At the vesicles, Pex14 

assembles with other peroxins (Pex13, Pex17, and Pex5) to form a complex with a composition 

similar to the PTS1 import pore in wild type cells.

Fluorescence microscopy studies revealed that also the PTS2 receptor Pex7, the importomer 

organizing peroxin Pex8, the ubiquitin conjugating enzyme Pex4 with its recruiting PMP Pex22, as 

well as Pex15 and Pex25 co-localize with Pex14. Other peroxins (including the RING finger complex 

and Pex27) did not accumulate at these structures, of which Pex11 localized to mitochondria. In 

line with these observations, proteomic analysis showed that in addition to the docking proteins 

and Pex5, also Pex7, Pex4/Pex22 and Pex25 were present in Pex14 complexes isolated from pex3 

cells. However, formation of the entire importomer was not observed, most likely because Pex8 

and the RING proteins were absent in the Pex14 protein complexes.

Our data suggest that peroxisomal membrane vesicles can form in the absence of Pex3 and that 

several PMPs can insert in these vesicles in a Pex3-independent manner.
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Introduction
Peroxisomes are highly dynamic, multifunctional organelles that occur in most eukaryotic cells 

[1,2]. It is well established that peroxisomes can multiply by fission and several proteins involved 

in this process have been identified and characterized in detail [3]. Peroxisomes can also form de 

novo from the endoplasmic reticulum (ER) [4,5]. However, it is still debated whether this process 

only occurs in mutant cells lacking pre-existing organelles or also takes place at normal conditions 

in wild type (WT) cells [6]. Our current knowledge on the molecular mechanisms involved in de 

novo peroxisome formation from the ER is mainly based on the analysis of organelle formation in 

cells of yeast pex3 or pex19 deletion strains upon reintroduction of the corresponding genes [4]. 

This model is supported by the outcome of in vitro studies, which revealed that vesicles containing 

peroxisomal membrane proteins (PMPs) bud o� from the ER [7,8].

It has generally been accepted that yeast pex3 cells fully lack peroxisomal membrane remnants 

[9,10]. Because peroxisomes reappear in these cells upon reintroduction of Pex3, they cannot 

be formed from pre-existing ones and hence should originate de novo from another membrane 

template. Many observations pointed to a role of the ER in this process. It has been proposed that 

during de novo peroxisome formation in Saccharomyces cerevisiae, all peroxisomal membrane 

proteins (PMPs) first sort to the ER and subsequently exit this compartment in two types of vesicles 

in a Pex3/Pex19-dependent manner [10,11]. These vesicles subsequently fuse in a Pex1/Pex6-

dependent manner to form nascent peroxisomes [11]. This model is in line with the observation 

that PMPs accumulate at the ER in S. cerevisiae pex3 cells [10]. However, this result may be related 

to the fact that in this study PMPs were overproduced, because overproduction of PMPs can 

result in mistargeting to the ER [12]. Indeed, earlier observations by Hettema and colleagues 

suggested that in S. cerevisiae pex3 and pex19 cells PMP that were not overproduced mislocalized 

to the cytosol. However, in this study only three PMPs (Pex11, Pat1, Pex15) were analyzed [9]. 

Unexpectedly, recent studies have shown that in S. cerevisiae pex3 cells Pex11 mislocalizes to 

mitochondria [13,14]. Moreover, analysis of Hansenula polymorpha pex3 mutant cells revealed the 

presence of peroxisomal membrane structures that contain a subset of the PMPs [15].

These results prompted us to reinvestigate the localization of PMPs in S. cerevisiae pex3 cells. 

Electron microscopy and sub-cellular fractionation experiments showed that pex3 cells contain 

small vesicular structures that harbor Pex14 and are independent from ER and mitochondria. 

Fluorescence microscopy analysis of the localization of nineteen additional peroxins showed 

that nine of them (partially) colocalized with Pex14 (Pex5, Pex7, Pex13, Pex17, Pex8, Pex4, Pex22, 

Pex15 and Pex25). Proteomic studies indicated that S. cerevisiae pex3 cells contain the Pex14/
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fusion proteins of Pex10, Pex11, Pex13, Ant1 were probed with mouse monoclonal antiserum 

against green fluorescence protein (GFP; Santa Cruz Biotechnology, sc-9996). Anti-rabbit IgG 

IRDye800CW-conjugated secondary antibody was used and the membranes were visualized 

with Odysseyfi infrared imaging system (LI-COR Bioscience, Bad Homburg, Germany). Antimouse 

secondary antibodies conjugated to horseradish peroxidase were also used for detection.

Construction of strains

Construction of BY4742 pex3

Deletion of the PEX3 gene in S. cerevisiae BY4742 pex3 strain was confirmed by colony PCR using 

primers TER202 and TER203. Next, ATG1 was disrupted by replacing the ATG1 region with the 

nourseothricin resistance gene using a PCR fragment containing the selective marker and 50 bp 

of ATG1 flanking regions. The PCR fragment was amplified with the primers TER208 and TER209 

using plasmid pAG25 [28] as a template, and then transformed into pex3 cells. Nourseothricin 

resistant transformants were selected and the correct integration was checked by colony PCR 

using the primers TER210 and TER211, and confirmed by Southern blotting.

To obtain pex3 Pex14-mGFP and pex3 atg1 Pex14-mGFP, a fragment containing PEX14-mGFP was 

amplified using primers TER216 and TER217 from the yeast Euroscarf GFP fusion collection and 

transformed into pex3 and pex3 atg1 cells, respectively. Subsequently, correct integration of 

PEX14-mGFP was confirmed by colony PCR using TER198 and TER199.

A fragment encoding 50 bp flanking regions of Pex14 and mCherry was cloned from plasmid 

pARM001 [29] using primers TER214 and TER215, and then transformed into BY4742 WT and 

pex3 atg1 cells, respectively. Hygromycin resistant transformants were selected and correct 

integration was confirmed by colony PCR with primers TER216 and TER217. The PEX8-mGFP 

fragment was amplified with primers TER234 and TER235 using plasmid pMCE7 [30] as a template. 

A fragment encoding mGFP-PEX8 under the control of the NOP1 promoter (PNOP1) was amplified 

with TER306 and TER307 using genomic DNA of strain AK259 as a template. PEX10-mGFP, PEX11-

mGFP, PEX13-mGFP, Ant1-mGFP fragments were amplified from the yeast GFP fusion library with 

primers TER218 and TER219, TER222 and TER223, TER226 and TER227, TER299 and TER300, 

respectively. The above PEX8-mGFP, PEX10-mGFP, PEX11-mGFP, PEX13-mGFP, Ant1-mGFP fragments 

were transformed into BY4742 WT and pex3 atg1 Pex14-mCherry cells. Correct integration was 

confirmed by colony PCR using the primers TER236/TER237, TER220/TER221, TER224/TER225, 

TER228/TER229, and TER301/TER302, respectively.
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Generation of the pex3 atg1 Pex14-mCherry Sur4-GFP strain

A pex3 atg1 strain producing Pex14-mCherry and Sur4-GFP as an ER marker [36] was constructed 

by crossing pex3 atg1 Pex14mCherry with a WT strain producing Sur4-GFP [37]. The correct strain 

was selected a�er sporulation.

Fluorescence and electron microscopy

To quantify Pex14-mGFP spots in pex3 and pex3 atg1 strains, cells were grown for 16 h on MM-O. 

Random images were taken as a stack using a confocal microscope (LSM800, Carl Zeiss) and 

photomultiplier tubes (Hamamatsu Photonics) and Zen 2009 so�ware (Carl Zeiss). Z-Stack images 

were made containing fourteen optical slices and the GFP signal was visualized by excitation with 

a 488 nm argon ion laser (Lasos), and a 500-550 nm bandpass emission filter. Live cell imaging 

was performed using a Zeiss LSM800 confocal microscope. The temperature of the objective and 

object slide was kept at 30 °C and the cells were grown on 1% agar in medium. GFP fluorescence 

was analyzed by excitation of the cell with a 488 nm laser, and emission was detected using a 

490-535 nm bandpass emission filter. DsRed fluorescence was analyzed by excitation with a 561 

nm laser, and emission was detected using a 535�700 nm bandpass filter. Eight z-axis planes were 

acquired every 20 min.

Fluorescence microscopy was performed by making single plain images for brightfield, mGFP and/

or mCherry. All images were captured at room temperature using the AxioScope A1 microscope 

(Carl Zeiss), equipped with a 100 ×1.30 NA Plan-Neofluar objective (Carl Zeiss), a digital camera 

(Coolsnap HQ2; Photometrics) and the Micro-Manager 1.4 so�ware. Oleic acid grown cells were 

washed with water twice before image acquisition to remove oleic acid.

GFP fluorescence was visualized with a 470/40 nm bandpass excitation filter, a 495 nm dichromatic 

mirror, and a 525/50 nm bandpass emission filter. mCherry fluorescence was visualized with a 

587/25 nm bandpass excitation filter, a 605 nm dichromatic mirror, and a 647/70 nm bandpass 

emission filter. Image analysis was carried out using ImageJ and Adobe Photoshop CS6 so�ware.

Immuno-electron microscopy (immune-EM) and correlative light and electron microscopy (CLEM) 

was performed using cryosections as described previously [38]. The 6-nm gold particles that 

were used for immuno-EM were also used for alignment of the tomograms. For CLEM, sections 

were imaged on an Observer Z1 (Carl Zeiss) using Zen 2.3 so�ware equipped with an AxioCAM 

MRm camera (Carl Zeiss) and a 63× 1.25 NA Plan-Neofluar objective (Carl Zeiss). GFP fluorescence 

was visualized with a 470�40 nm bandpass excitation filter, a 495 nm dichromatic mirror, and a 
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KOAc, and 5 mM MgOAc, pH 7.5) in the presence of protease inhibitors, disrupted with glass beads, and 

cell debris was sedimented at 1500 ×g for 10 min in an Eppendorf 5810R centrifuge. The membranes 

were sedimented for 1 h at 100,000 ×g in a Sorvall T-647.5 rotor for 1 h. Sedimented membranes 

were resuspended and solubilized for 1 h 30 min in lysis bu�er containing 1% digitonin (Calbiochem) 

at 3.3 mg/ml protein concentration. The solubilization of membrane proteins was followed by 

centrifugation for 1 h at 100,000 ×g in a Sorvall T-647.5 rotor to remove not solubilized membrane 

proteins. The supernatants were incubated overnight in the presence of human IgG-Sepharose 

resin [40]. The complexes were eluted by digestion with TEV protease (Invitrogen) for 2 h at 16 °C. 

For size-exclusion chromatography, eluted complexes from WT and pex3 atg1 cells were applied to 

a Superose 6 PC3.2/30 column (GE Healthcare) pre-equilibrated with lysis bu�er and 0.1% digitonin.

Quantitative LC-MS analysis of Pex14 complexes from the pex3 atg1 strain

Pex14 complexes were a�inity-purified from digitonin-solublized membranes of pex3 atg1 cells 

expressing TPA-tagged or untagged (control) Pex14 in the CB199 background as described above 

in three independent replicates. Eluted proteins were precipitated with acetone, separated by 

SDS-PAGE using a 4-12% NuPAGE BisTris gradient gel (Life Technologies) and visualized by colloidal 

Coomassie Brilliant Blue. Gel lanes were cut into twenty two equal slices each and processed for 

LC-MS analysis including reduction of disulfide bonds, subsequent alkylation of free thiol groups, 

and tryptic digestion essentially as described before [41]. LC-MS analyses were performed on an 

Orbitrap Elite mass spectrometer (Thermo Scientific, Bremen, Germany) coupled to an UltiMate 

3000 RSLCnano HPLC system (Thermo-Scientific, Dreieich, Germany) as described previously [42].

Mass spectrometric raw data were processed using MaxQuant/Andromeda (version 1.5.2.8; 

[43] [44]). For protein identification, MS/MS data were searched against the S. cerevisiae 

Genome Database and a set of common contaminants provided by MaxQuant considering 

carbamidomethylation of cysteine residues as fixed and acetylation of protein N-termini and 

methionine oxidation as variable modifications. Proteins were identified with at least one unique 

peptide comprising a minimum of six amino acids and a false discovery rate of < 0.01 on peptide 

and protein level. Relative protein quantification was based on MS intensities determined by 

MaxQuant. Protein abundance ratios (Pex14-TPA/control) were calculated and mean log2 ratios 

across all three replicates as well as the p-value of each protein were determined using Perseus 

[45]. To be considered significantly enriched in Pex14 complexes, proteins were required to meet 

the following criteria: (i) identified in 3/3 Pex14-TPA purifications with at least 2 MS/MS counts in 

2/3 replicates and (ii) identified in Pex14-TPA purifications only with a sequence coverage �20% 

or exhibiting a mean abundance ratio > 5 (sequence coverage: �5%) and a p-value < 0.05. For 
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